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Abstract: High-power, broad-area, semiconductor lasers are attractive sources for material processing,
aerospace, and laser pumping. The design of the active region is crucial to achieve the required
high power and electro-optical conversion efficiency, since the temperature significantly affects the
performance of the quantum well, including the internal quantum efficiency and mode gain. In this
work, the temperature effects on the active region of a 808 nm high-power semiconductor laser were
investigated theoretically and experimentally. The simulations were performed with a Quasi-3D
model, which involved complete steady-state semiconductor and carrier confinement efficiency
combined with a new mathematical method. The critical aluminum content of the quantum barrier
was proposed and the relationship between temperature and various loss sources was disclosed in
the temperature range of 213 to 333 K, which provides a reliable reference for the design of epitaxial
structures of high-power semiconductor lasers in different operating conditions. Subsequently,
the optimized epitaxial structure was determined and used to fabricate standard laser bar chips
with a cavity length of 2 mm. The experimental electro-optical conversion efficiency of 71% was
demonstrated with a slope efficiency of 1.34 W/A and an injection current of 600 A at the heatsink
temperature of 223 K. A record high electro-optical conversion efficiency of 73.5% was reached at the
injection current of 400 A, while the carrier confinement efficiency was as high as 98%.

Keywords: semiconductor laser; temperature effects; carrier confinement; internal quantum efficiency

1. Introduction

High-power semiconductor lasers have various excellent characteristics, including
high output power and electro-optical conversion efficiency, compact structure, high re-
liability, long operating lifetime, and simple electric driving conditions, and have thus
already been widely applied in material processing, the medical field, communication,
aerospace, laser pumping, and so on [1]. In some specific fields, such as communication
and aerospace, semiconductor lasers are required to adapt to harsh working conditions,
especially drastic temperatures, which will cause the device performance to deteriorate
sharply or even fail. Therefore, the temperature characteristic of high-power semiconductor
lasers has always been a research hotspot. This paper mainly studies the performance
of semiconductor lasers in the temperature range of 213 to 333 K, which is a common
requirement for industrial applications [2]. Generally, temperature has significant effects on
the properties of semiconductor materials, including mobility [3], energy band structure [4],
carrier concentration, and refractive index [5], as well as dynamic processes, including drift-
diffusion equations, current injection [6], current distribution [7], and gain-absorption [8],
making the temperature analysis of semiconductor lasers rather complicated. From the
perspective of the vertical epitaxial structure, temperature affects the active region more
significantly than other non-active layers, including internal parameters such as mode

Crystals 2023, 13, 85. https://doi.org/10.3390/cryst13010085 https://www.mdpi.com/journal/crystals1
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gain, injected carrier concentration, carrier leakage, and internal optical absorption loss,
which ultimately affect the threshold current, slope efficiency, voltage, and resistance [9].
For this reason, this paper mainly focuses on the design of the active region and analyzes
differences in performance in the active region at different temperatures.

There is extensive literature on many aspects of epitaxial design from the perspective
of temperature. In 2017, Y. F. Song reported 808 nm semiconductor laser arrays with a
1.5 mm cavity length and conduction cooling package. When the temperature dropped from
298 to 233 K, the electro-optical conversion efficiency increased from 56.7% to 66.8% and the
carrier leakage ratio dropped from 16.6% to 3.1%, indicating that the significant reduction in
carrier leakage loss was the main reason leading to the increased electro-optical conversion
efficiency at low temperature [10]. In 2015, C. Frevert elaborated on the power and voltage
characteristics of 9xx nm GaAs-based semiconductor lasers in the temperature range of
208 to 298 K, showing the ratio of quantum barrier height to temperature, ΔE/(kBT), had a
remarkable effect on the differential internal quantum efficiency. These results showed that
the carrier leakage was significantly affected by temperature when ΔE/(kBT) was less than
seven [11]. In 2017, K. H. Hasler conducted low-temperature research on 9xx nm GaAs-
based high-power semiconductor lasers and analyzed the quantum barrier and waveguide
at 200 and 300 K for AlGaAs materials with different aluminum (Al) contents. The results
indicated that the increase in the mode gain of the active region and the decrease in the
accumulation of free electrons in the P-waveguide layer at a low temperature of 200 K led to
a decrease in the threshold current and an increase in the slope efficiency, thereby increasing
the power and electro-optical conversion efficiency [12]. In 2019, M. P. Wang studied the
output power, electro-optical conversion efficiency, and spectral variation of high-power
semiconductor lasers in the temperature range of 213 to 273 K. The results showed that
the energy distribution of injected carriers became narrower at low temperatures, so the
leakage of carriers was reduced. Coupled with the decrease in the transparent carrier
concentration and internal optical loss, the threshold current eventually decreased as the
temperature dropped [13].

Although temperature characteristics research of high-power semiconductor lasers is
relatively intensive, few studies have been able to match theory and experiment perfectly.
For one thing, studies only utilized experimental methods to obtain output data and
qualitatively describe related internal physical quantities. However, lasers designed for
a specific temperature scope are not always suitable for all other temperature ranges.
Therefore, the variable temperature-dependent experimental test with a fixed structure did
not reflect the best performance of the device, reducing the practicality of the experimental
data. For another, the related theoretical analysis of internal quantum efficiency, ηi, and
material gain, g0, is less reported. There is no distinct explanation describing how carrier
leakage loss is affected by temperature and barrier height, or how the gain of the active
region changes with temperature and materials, which is inconvenient to the design of the
active region at a specific temperature.

In this work, the epitaxial structure of the 808 nm GaAs-based semiconductor laser was
optimized in detail. The active region consisted of a commonly used InAlGaAs/AlGaAs
strained quantum well, and the other epitaxial layers were based on an asymmetric, wide
waveguide structure [14]. The trends of ηi and g0 were theoretically investigated in the
scope of the active region. To simplify the calculation of ηi, a mathematical model to
calculate the specific amount of carrier leakage in quantum wells was uniquely proposed
and its approximate expression and application scope were derived, which was simple,
time-saving, and accurate. Together with simulation tools, this model can make accurate
judgments on the output performance of semiconductor lasers at different temperatures.

In Section 2, the mathematical model for internal quantum efficiency and mode gain
was derived, and then temperature dependence was preliminarily analyzed. Section 3
is devoted first to the introduction of the simulation tools and then to the summary of
the most relevant physical effects of the model. In Section 4, the mathematical model of
Section 2 was embedded in the simulation tools of Section 3 to analyze the temperature
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effects. In Section 5, the simulated results are compared with the experimental data to verify
the correctness of analysis in Section 4. The paper ends with a conclusion in Section 6.

2. Theory

The core output performance of a semiconductor laser is the output power, Pout, and
its empirical equation is [15]:

Pout = ηslop(I − Ith) =
hc
qλ

ηi
αm

αi + αm
exp

(−ΔT
T1

)[
I − WL

Jtr

ηi
exp

(
αi + αm

Γg0

)
exp

(
ΔT
T0

)]
(1)

where

ηslop is the slope efficiency;
Ith is the threshold current;
h is the Planck’s constant;
c is the speed of light in vacuum;
q is the amount of elementary charge;
λ is the lasing wavelength;
ηi is the internal quantum efficiency;
αm is the mirror loss, and αi is the internal optical loss;
ΔT is the temperature rise of the active region relative to the heatsink;
T0 and T1 are the characteristic temperatures that depict the temperature sensitivity of

threshold current and slope efficiency, respectively;
L is the length of the resonant cavity, and W is the width of the device electrode;
Jtr is the transparent current density;
Γg0 is the mode gain, which is the product of the optical confinement factor Γ in the

quantum well and the material gain g0.

According to Equation (1), it is essential to reduce the threshold current and increase
the slope efficiency as much as possible to increase the output power. Generally, the state
of the active region has the most significant influence on these two parameters. Therefore,
the relationships among the internal quantum efficiency ηi, the material gain g0 and the
temperature T are derived as follows based on the theory of semiconductor lasers.

The internal quantum efficiency is defined as the ratio of the number of photons
generated in the active region to the electron-hole pairs injected from the electrode. Due
to the existence of impurity defects in the active region, the heterojunction interface state,
the carrier leakage in the quantum well, etc., the electron-hole pairs injected into the active
region cannot produce 100% radiative recombination, so ηi is always less than 1. According
to the reasons for the loss in carrier utilization, the internal quantum efficiency can be
divided into three parts, as follows:

ηi = ηinj · ηcon · ηrad (2)

where ηinj is the ratio of the carriers injected into the active area to those injected from the
electrode, which is assumed as 1 in this paper [6].

ηcon is defined as the proportion of carriers injected into the active region that is effec-
tively confined in the quantum well. This part of loss is mainly caused by the insufficient
height of the quantum barrier and the excessively high temperature of the active region,
causing the carriers to cross over the barrier into the waveguide layer. Therefore, it is
critical to study the barrier height of the active region at different ambient temperatures to
improve internal quantum efficiency.

ηrad is the ratio of the number of photons generated by effective radiation recombina-
tion to the number of carriers confined in the quantum well [16].

Next, the new carrier confinement efficiency model is derived. The electron concentra-
tion in the energy range from the bottom of the conduction band Ec in the quantum well to
any higher energy level E′ is:

3
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n
(
E′) =

E′∫
Ec

gc(E) f (E)dE (3)

Similarly, the hole concentration in the energy range from the bottom of the valence
band Ev in the quantum well to any lower energy level E′ is:

p
(
E′) =

E′∫
Ev

gv(E)[1 − f (E)]dE (4)

where gc(E) and gv(E) are the state density of the conduction band and valence band,
respectively. f (E) is the Fermi-Dirac distribution function. The leakage of carriers in the
quantum well originates from the part over the quantum barrier height [17]. Therefore,
ηcon is approximately equal to the ratio of the carriers confined in the potential well ΔEc
and ΔEv to the carrier concentration over the whole energy band:

ηcon =
n(Ec,barrier)+p(Ev,barrier)

n(∞)+p(−∞)
=

∫ Ec,barrier
Ec,well

gc(E) f (E)dE+
∫ Ev,barrier

Ev,well
gv(E)[1− f (E)]dE∫ ∞

Ec,well
gc(E) f (E)dE+

∫ −∞
Ev,well

gv(E)[1− f (E)]dE

≈ e−x1−e−x2

e−x1

(5)

where Ec,barrier and Ev,barrier are the bottom of the conduction band and valence band in the
quantum barrier, respectively, and the position of the Fermi energy level is crucial to the
accuracy of the model, which is extrapolated by the simulation tools.

The first-order approximation of the model was derived when ignoring the hole
confinement and the higher subband in the quantum well, as well as approximating the
Fermi distribution function as a Boltzmann distribution. This is shown in the second line of
Equation (5), where x1 = Ei1+Ec−EF

kBT , x2 = ΔEc+Ec−EF
kBT . Ei1 is the energy difference between

the first electron subband and the conduction band bottom of the quantum well, ΔEc is
the energy difference between the conduction band bottom of the quantum well and the
quantum barrier, and kB is the Boltzmann constant.

It can be deduced that the carrier confinement efficiency is mainly affected by the
barrier height (ΔEc and ΔEv), the active region temperature T, and the injected current
density J (affecting the position of the Fermi energy level). As for the AlGaAs quantum
barrier, the larger the Al content, the higher the ΔEc and ΔEv, and thus, the better the carriers
are confined. However, high Al content will cause the resistance to increase, resulting
in lower electro-optical conversion efficiency. Thus, for different operating temperatures,
choosing a suitable Al content for the barrier layers can maximize the power and electro-
optical conversion efficiency of the semiconductor laser.

In terms of the material gain in the quantum well, the gain spectrum equation is as
follows [15]:

g(�ω) = ∑
n,m

gmax[ f n
c (Et = �ω − Een

hm)− f m
v (Et = �ω − Een

hm)]H(�ω − Een
hm) (6)

where gmax is the peak gain and H
(
�ω − Een

hm
)

represents the unit step function. The
occupation probability of electrons in the nth conduction subband and the mth hole subband
are shown as follows, respectively [15],

f n
c (Et = �ω − Een

hm) =
1

1 + e[Een+(m∗
r /m∗

e )(�ω−Een
hm)−Fc ]/kBT

(7)

f m
v (Et = �ω − Een

hm) =
1

1 + e[Ehm−(m∗
r /m∗

h)(�ω−Een
hm)−Fv ]/kBT

(8)
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When f n
c > f m

v , population inversion is achieved, and the net gain will be generated.
According to Equation (6), the active region temperature T mainly affects the energy
distribution states f n

c and f m
v of the injected carriers, thereby changing the gain peak.

Simultaneously, the temperature also causes the quantum well subband transition energy
Een

hm to change and then shifts the peak wavelength.

3. Simulation Model and Epitaxial Parameters

The simulation tools we applied were exploited to analyze the performance of different
types of semiconductor devices, such as F-P lasers [18], tapered semiconductor optical
amplifiers (SOA) [19], VCSELs [20], and LEDs [21], where it has demonstrated predictive
capabilities. In brief, the program self-consistently solves the complete steady-state electri-
cal, optical, and thermal equations for customers. The simulators included Maxwell’s wave
equation solver for the normal modes in the waveguide; the 3D electrical solver of Poisson
and continuity equations; the energy band structure solver with strain effect, quantum
effect, and band-mixing effect; and the 3D thermal solver of heat-flow equation. Table 1
summarizes the basic physical effects included in the simulations and their dependence on
temperature, carrier concentration, and wavelength.

Table 1. Main physical effects included in the simulations.

Physical Effects Notes

Temperature dependence of energy
band structure Adopting k-p theory

Carriers capture and escape process in the
quantum well Defined by electron and hole capture times

Temperature dependence of electron and
hole mobility

Affected by temperature, carrier concentration
and applied electric field

Main non-radiative recombination Including Auger recombination and
Shockley-Hall-Read (SHR) recombination

Temperature dependence of refractive index Affected by temperature, carrier concentration
and wavelength

Free carrier absorption Proportional to carrier concentration and
wave intensity

Temperature dependence of material gain Affected by temperature, carrier concentration
and spectrum

Temperature dependence of
carrier concentration

Defined by Fermi-Dirac distribution, applying
Poisson and continuity equations

Local heat sources Not included, treated as constant temperature
and no thermal gradients

The elaborate epitaxial structure we applied to analyze the temperature effects was
based on our original epitaxial structure, as shown in Table 2. The quantum well thickness
was selected to be 8 nm with a compressed strain of approximately 1%, and the quantum
barrier thickness was fixed to 50 nm. The Al content of the barrier ranged from 0.1 to
0.35, which needed to be optimized through the temperature analysis. The simulated
temperature ranged from 213 to 363 K, which was divided into 16 groups with the same
gap. The chip of cm-bar contained 44 emitting units, each with a 170 μm electrode width, a
2 mm cavity length, and a front and rear reflectivity of 3% and 91.5%, respectively. Only
the single-emitting unit of laser bars needed to be simulated due to the consistency of the
epitaxial structure.

5
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Table 2. Optimized epitaxial structure [22].

Description Materials
Thickness

(μm)
Dopant

Doping
Concentration

(cm−3)

P-clap GaAs 0.2 C 3×1019→1×1020

P-cladding Al0.4Ga0.6As-
Al0.5Ga0.5As 0.5 C 2×1018→4.5×1018

P-waveguide AlxGa1-xAs-
Al0.4Ga0.6As 0.8 C 5×1016→2×1018

Quantum Barrier AlxGa1-xAs 0.05 Undoped None
Quantum Well In0.14Al0.14Ga0.72As 0.008 Undoped None

Quantum Barrier AlxGa1-xAs 0.05 Undoped None

N-waveguide Al0.35Ga0.65As-
AlxGa1-xAs 1.2 Si 2×1017→5×1016

N-cladding Al0.35Ga0.65As 1.5 Si 2×1018→2×1017

N-buffer GaAs 0.5 Si 2×1018

N-substrate GaAs 150 Si 2×1018

4. Simulation Results and Discussion

4.1. Temperature Effects in the Quantum Well

The temperature effects on the carrier leakage process and mode gain in the active
region were first simulated and analyzed. Figure 1a shows the distribution of carrier
concentration with energy level, which was calculated according to the model in Section 2,
where the quantum barrier was Al0.25Ga0.75As and the temperature of the active region was
223 K. The position of the curve jump was the location of the quantum well sub-energy level,
and the near-exponential decay was a distinctive feature of the Fermi-Dirac distribution. A
high carrier confinement efficiency of 98% was obtained by calculating the proportion of
the curve integral in the red bar area (i.e., the part below the quantum barrier height) to
the total range. Figure 1b shows the variation in carrier confinement efficiency with the Al
content of the quantum barrier at different temperatures, where the carrier confinement
efficiency decreased exponentially as the Al content decreased from 0.35 to 0.1. The 96%
carrier confinement efficiency was considered as an acceptable value in this design, as
shown in Table 3. Thus, the operating temperature was a significant factor in the selection
of the quantum barrier material. Since the Al content of 0.25 in the quantum barrier ensured
98% carrier confinement efficiency at 223 K, the followed simulations were based on the
In0.14Al0.14Ga0.72As/Al0.25Ga0.75As quantum well.

Figure 1. Simulated carrier confinement efficiency model: (a) the carrier concentration distribu-
tion with energy level for In0.14Al0.14Ga0.72As/Al0.25Ga0.75As quantum well at 223 K (b) carrier
confinement efficiency vs. Al content of the quantum barrier at different temperatures.

6
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Table 3. Al content of quantum barrier that satisfies ηcon = 96%.

T (K) 223 243 263 283 303 323

Al Content 0.216 0.230 0.246 0.26 0.274 0.288

The gain spectrum curves are shown in Figure 2. When the carrier concentration in
the quantum well was 0.5 × 1018 cm−3, meaning the injection current was lower than
the threshold current, the material gain was negative. When the carrier concentration
increased to 5 × 1018 cm−3, the material gain at the lasing wavelength was positive and
lasing occurred. In addition, as the temperature rose, the peak material gain gradually
decreased, and red shifts of the lasing wavelength were observed. Figure 2b is drawn
with the peak gain as the Y-axis to better illustrate the relationship between material gain,
temperature, and carrier concentration. As the temperature rose from 223 to 323 K, the
slope of material gain gradually decreased, and the transparent carrier density gradually
increased from 0.98 × 1018 to 1.54 × 1018 cm−3, indicating the weaker gain capability of
the quantum well.

Figure 2. Temperature effects on material gain: (a) gain spectrum curves at different temper-
atures and injected carrier concentrations, (b) peak gain vs. injected carrier concentration at
different temperatures.

4.2. Temperature Effects in the Whole Epitaxial Direction

The carrier leakage in the quantum well was enhanced and the material gain decreased
as temperature rose, which brought about a series of catastrophic chain reactions. Therefore,
the trends in energy band structure, carrier concentration, electric resistivity, and free carrier
absorption intensity with temperature were analyzed along the epitaxial direction, as shown
in Figures 3 and 4. According to the threshold gain condition of semiconductor lasers [15]:

Γgth(T, n) = αi + αm (9)

The model gain must compensate for the optical loss in the resonant cavity, thus the
carrier concentration injected into the quantum well must increase to compensate for the
decrease in gain capability of the active region, which was consistent with the increase in
carrier concentration and electron Fermi energy level illustrated in Figure 3.

The electric resistivity and free carrier absorption intensity are important indicators
that affect the voltage and output power of the device. These two values will also be
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affected as the temperature changes the distribution of carrier concentration, as shown in
Figure 4. The free carrier absorption intensity α(x) is defined as follows [23],

α(x) = I(x)
S

[
σn · n(x) + σp · p(x)

]

S =
+∞∫
−∞

I(x)dx
(10)

where I(x), n(x), and p(x) are the wave intensity, electron concentration, and hole concen-
tration along the epitaxial direction, respectively. σn and σp are the absorption coefficients
of free electrons and holes, respectively.

Figure 3. Temperature effects in the epitaxial direction at an injection current of 10 A (a) energy band
structure (b) carrier concentration (the position of 0 μm is located at the start position of the N-buffer
layer, while the ordinate of Figure 3a has a break range from 0.4 to 1.6 and the ordinate of Figure 3b is
logarithmically transformed by 10).

Figure 4. Temperature effects in the epitaxial direction at an injection current of 10 A (a) electrical
resistivity, (b) free carrier absorption intensity.

On the one hand, as the temperature increased, the resistivity of the local area near
quantum well decreased, while the value of both N-cladding and P-cladding increased
significantly, resulting in a rise of bulk resistance from 25.5 mΩ at 223 K to 36.9 mΩ at 323 K.
On the other hand, the closer to the quantum well, the higher the free carrier absorption
intensity and the higher contribution to the internal optical loss. The value of free carrier
absorption intensity in the quantum well was approximately 50 times that of the waveguide
at 223 K, mainly resulting from the high carrier concentration and wave intensity in the
quantum well.

8
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4.3. Temperature Effects on the Slop Efficiency

According to Equations (1) and (2), the carrier confinement efficiency needs to be
combined with the radiation recombination efficiency and internal loss to determine the
slop efficiency. Therefore, in order to compare the simulated and experimental data, the
temperature effects on the radiation recombination efficiency and the internal loss were
simulated in this section.

Figure 5 illustrates the position of the electron and hole Fermi energy levels in
the quantum well at various temperatures. The electron Fermi energy level was ap-
proximately linear with temperature when the injection current was fixed at 10 A, and
the fitted result was Ec − EFe = −0.0192 − 1.828 × 10−4T (eV). The hole Fermi en-
ergy level was approximately parabolic with temperature, and the fitted result was
Ev − EFh = 0.02362 − 1.03878 × 10−4T + 1.78482 × 10−7T2 (eV).

Figure 5. Temperature effects on Fermi energy level at an injection current of 10 A (a) electron Fermi
energy level, (b) hole Fermi energy level.

The carrier concentration in the quantum well was clamped over the threshold; how-
ever, this clamped state was shifted by the temperature, as shown in Figure 6, which
implied a nonlinear relationship between the threshold carrier concentration and temper-
ature. The threshold carrier concentration increased exponentially from 1.60 × 1018 to
2.75 × 1018 cm−3 when the temperature rose from 223 to 323 K.

Figure 6. Temperature effects on electron concentration at the center of quantum well (a) electron
concentration vs. injection current at different temperatures (b) electron concentration vs. temperature
at an injection current of 10 A.
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Figure 7 shows the trend in radiation recombination efficiency with injection current
and temperature. The radiation recombination efficiency is derived from the formula:

ηrad =
Rspon + Rstim

Rspon + Rstim + Rauger + RSHR
(11)

where Rspon, Rstim, Rauger, and RSHR represent the spontaneous radiation recombination
rate, stimulated radiation recombination rate, Auger non-radiation recombination rate,
and SHR non-radiation recombination rate, respectively. Each of them is affected by the
carrier concentration in the quantum well. Therefore, under the threshold, the radiation
recombination efficiency increased rapidly with the injection current before becoming
stable. Additionally, it was exponentially reduced from 94.9% at 223 K to 92.6% at 323 K at
an injection current of 10 A. This finding meant that as the temperature rose, the proportion
of non-radiative recombination increased, and this part of the lost energy would eventually
become the local thermal source in the chip to further reduce the carrier confinement
efficiency and material gain.

Figure 7. Temperature effects on radiation recombination efficiency (a) radiation recombination
efficiency vs. injection current at different temperatures (b) radiation recombination efficiency vs.
temperature at an injection current of 10 A.

Figure 8 shows the trend in internal optical loss accompanied by current and tempera-
ture. The internal loss is derived from the formula [24]:

αi =

+∞∫
−∞

α(x)dx + αscat (12)

where αscat represents the scattering loss and α(x) is the free carrier absorption intensity
defined in Equation (10). It can be estimated that the internal optical loss did not change
significantly with the injection current after reaching the threshold current. The internal
optical loss increased exponentially from 0.57 to 1.67 cm−1 as the temperature rose from
223 to 323 K. According to Equation (9), the threshold material gain has to increase since
the optical confinement factor of the quantum well hardly changed with temperature. In
summary, the material gain ability gradually weakened as the temperature increased, so the
carrier concentration in the quantum well needed to increase, resulting in a corresponding
increase in internal optical loss. Finally, increasing the carrier concentration in the quantum
well is needed to achieve the new threshold gain condition, forming a vicious circle and
causing the carrier concentration in the quantum well to increase exponentially. This is
an important reason for the rapid decline in the performance of semiconductor lasers at
high temperatures.
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Figure 8. Temperature effects on internal optical loss (a) internal optical loss vs. injection current at
different temperatures, (b) internal optical loss vs. temperature at an injection current of 10 A.

5. Contrast of Simulated and Experimental Data

In order to achieve a carrier confinement efficiency as high as 98% at 223 K, the Al
content of the quantum barrier in Table 2 was optimized to be 0.25. The semiconductor laser
with the optimized epitaxial structure was fabricated using a standard process. The laser
bars with 44 emitting units and 2 mm cavity length were tested at heatsink temperatures
ranging from 213 to 333 K in the quasi-continuous-wave (QCW) mode of 250 μs pulse and
200 Hz frequency.

Figure 9 shows the output power, injection current, and applied voltage (L-I-U) char-
acteristics of the laser bar at 223 K compared with simulated values, which were deduced
from the single-emitting simulation multiplier. According to the experimental results,
the output power of the bar reached 799 W when the injection current was 600 A, while
the electro-optical conversion efficiency was 71.2%. The device reached the maximum
electro-optical conversion efficiency of 73.5% when the injection current was 400 A. The
simulated and experimental results were highly consistent, indicating that the theoretical
model we used in Sections 2 and 4 accurately anticipated the performance of high-power
semiconductor lasers.

 

Figure 9. Contrast of simulated and experimental L-I-U curves of laser bars at 223 K.

The output power-current (L-I) curves ranging from 213 to 333 K are shown in
Figure 10. The L-I curves showed an obvious linear relationship below a heatsink tempera-
ture of 273 K, with the slope efficiency rising from 1.25 W/A at 263 K to 1.34 W/A at 223 K.
Additionally, the temperature effects of rising power were saturated below 213 K when the
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carrier leakage was almost negligible. The threshold current was increasing rapidly above
a heatsink temperature of 293 K, from 41.7 A at 293 K to 70.5 A at 333 K, and the slope
efficiency decreased significantly, from 1.09 W/A at 293 K to 0.81 W/A at 333 K. The output
power dropped from 808 W at 213 K to 311 W at 333 K when the injection current was 600 A,
with a difference of 497 W, meaning the device was only suitable for low temperatures.

Figure 10. The experimental L-I curves of laser bars from 213 to 333 K.

The temperature of the active region was deduced using the method proposed in
reference [25], and the detailed data is illustrated in Table 4. When the injection current was
600 A, the temperature of the active region was on average 30 K higher than the heatsink
temperature. The trend in the threshold current and slope efficiency with the corrected
temperature of the active region are illustrated in Figure 11. Both the variation in the
threshold current and slope efficiency with temperature showed exponential forms, which
were closely related to the exponential decay of the carrier confinement efficiency and
material gain analyzed in Section 4.1. The simulated and experimental values were highly
consistent in terms of temperature trends, indicating the reasonableness of the temperature
effect analysis in Section 4. In addition, the simulation results in Section 4 were obtained
by embedding the mathematical model in Section 2 into the simulation tools in Section 3,
which further confirmed the accuracy of the newly proposed carrier confinement efficiency
calculation model.

Table 4. The temperature of the active region at different operating conditions.

T (K)
Heatsink

λ (nm)
I = 600 A

Waste Heat Power
(W)

T (K)
Active Region

Rth

(K/W)

213 797.58 27.74 240.1 0.97
223 799.77 27.40 249.2 0.95
233 802.37 28.86 259.9 0.93
243 804.90 29.69 270.3 0.92
253 807.26 30.80 280.1 0.87
263 810.09 32.26 291.8 0.89
293 818.11 45.27 324.9 0.70
303 819.16 49.12 329.2 0.53
313 823.06 53.27 345.3 0.60
323 825.30 56.99 354.5 0.55
333 827.99 62.95 365.6 0.52
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Figure 11. Comparison of simulated and experimental data of: (a) the threshold current, (b) the
slope efficiency.

As for the absolute difference between the simulated and experimental values of
the threshold current, this value mainly comes from the calculation deviation of the non-
radiative recombination because the default non-radiative recombination parameters in the
software material library were applied to calculate the radiation recombination efficiency.
The non-radiative recombination rate is not only material dependent but also closely related
to the quality of the epitaxial growth process, so it is usually roughly estimated. The fitting
for the threshold current will be advanced in our future work to help better predict the
device output characteristics.

6. Conclusions

The relationships among internal quantum efficiency, ηi, model gain, Γg0, and temper-
ature T were analyzed theoretically and experimentally from the perspective of the active
region of high-power semiconductor lasers. Based on the results obtained from different
temperatures and injection currents, the following design guidelines were derived: (i) the
carrier confinement efficiency will drop sharply when the barrier height is lower than a
certain critical value, meaning optimization is necessary for the active region at different
operating temperatures; (ii) the material gain of the active region decreases quickly as
temperature rises, resulting in exponential soaring of carrier concentration and internal
optical loss. The optimized design of the quantum well ensured that the carrier confinement
efficiency reached 98% at 223 K and the carrier concentration in the quantum well was as
low as 1.6 × 1018 cm−3, which further achieved a high radiation recombination efficiency
of 95% and low internal optical loss of 0.57 cm−1 together with the optimized doping
profile, achieving a high slope efficiency of 1.34 W/A. The output power of laser bars
reached 799 W at 600 A injection current, while the electro-optical conversion efficiency
reached 71%. The maximum electro-optical conversion efficiency of 73.5% was reached at
the injection current of 400 A.
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Abstract: Chemical vapor deposition (CVD) diamond crystal is considered as an ideal material
platform for Raman lasers with both high power and good beam quality due to its excellent Raman
and thermal characteristics. With the continuous development of CVD diamond crystal growth tech-
nology, diamond Raman lasers (DRLs) have shown significant advantages in achieving wavelength
expansion with both high beam quality and high-power operation. However, with the output power
of DRLs reaching the kilowatt level, the adverse effect of the thermal impact on the beam quality is
progressively worsening. Aiming to enunciate the underlying restrictions of the thermal effects for
high-power DRLs (e.g., recently reported 1.2 kW), we here establish a thermal-structural coupling
model, based on which the influence of the pump power, cavity structure, and crystal size have been
systematically studied. The results show that a symmetrical concentric cavity has less thermal impact
on the device than an asymmetrical concentric cavity. Under the ideal heat dissipation condition,
the highest temperature rise in the diamond crystal is 23.4 K for an output power of ~2.8 kW. The
transient simulation further shows that the heating and cooling process of DRLs is almost unaffected
by the pump power, and the times to reach a steady state are only 1.5 ms and 2.5 ms, respectively.
In addition, it is also found that increasing the curvature radius of the cavity mirror, the length and
width of the crystal, or decreasing the thickness of the crystal is beneficial to alleviating the thermal
impact of the device. The findings of this work provide some helpful insights into the design of the
cavity structure and heat dissipation system of DRLs, which might facilitate their future development
towards a higher power.

Keywords: diamond; thermal effect; high power; thermal-structural coupling model

1. Introduction

High-power lasers with high beam quality have extensive applications in fields such
as industrial processing, eye-safe lidar, laser medicine, military countermeasures, laser
satellite communications, space exploration, etc. [1–7]. Raman lasers have received much
attention in developing high-beam quality and high-power operation lasers because they
can achieve beam purification by using unique automatic phase-matching characteristics [8].
Diamond crystal is considered an ideal material for Raman lasers with both high-power
and good beam quality due to its high Raman gain coefficient (1332.3 cm−1), low Raman
linewidth (1.5 cm−1), low thermal expansion coefficient (1.1 × 10−6 K−1), high damage
threshold, and thermal conductivity (2200 Wm−1K−1) that is 2–3 orders of magnitude
higher than other crystals materials [8–11].

With continual developments in the chemical vapor deposition (CVD) manufacturing
process of large-size single-crystal diamonds, diamond Raman lasers (DRLs) with both
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high power and high beam quality have made remarkable progress in the last decade or
so [8,11–24]. In 2014, the Mildren’s group at Macquarie University reported a first-order
Stokes light output with a power of 108 W. This is the first time that the output power
of DRLs has reached the 100-watt scale with an optical-optical conversion efficiency of
34% and a beam quality factor of M2 < 1.1 [25]. In 2018, they obtained a second-order
Stokes light output of 302 W with an optical-optical conversion efficiency of 36% and a
beam quality factor of M2 = 1.1 [26]. In 2019, they further got the stokes light output of
the kilowatt level (1.2 kW) with an optical-optical conversion efficiency of 53% and a beam
quality factor of M2 = 1.25 [27]. Despite these significant advances, it can be seen that the
beam quality of the laser begins to deteriorate as the output power of DRLs reaches the
kilowatt level, indicating that the adverse effect of the thermal impact on the beam quality
is progressively increasing.

Part of the energy for the pump light is converted into heat in the crystal, causing a
temperature rise that is the root cause of the thermal effects [28–33]. The uneven tempera-
ture distribution inside the laser crystal will cause uneven expansion inside the medium
and generate thermal stress to deform the crystal, resulting in a decrease in the conversion
efficiency of the pumped light inside the crystal. It is generally believed that the config-
uration of the laser resonant cavity, the power and beam distribution of the pump light,
the size of the laser crystal, as well as the heat dissipation method and the structure of
the heat dissipation system are important factors affecting the thermal effect of the laser
crystal [34–39].

Up to now, there has been a lack of research on the thermal effects of DRLs because
the excellent thermal conductivity of diamond allows the neglect of its thermal effects for
low input power. However, the thermal effects of the diamond play a key role in limiting
the output power and beam quality of the laser when the output power of DRLs reaches
the hundred-watt or even kilowatt level [6,40–42]. In 2021, Bai et al. studied the thermal
effects of DRLs by using a simpler point source as a heat source model and found that the
temperature rise of the device reached 70 K at an output power of 302 W [40]; recently, the
group further found that the temperature rise of the device was only 7.15 K at an output
power of 132 W by using the heat source model with crystal internal heat transfer, which
is in better agreement with the experimental results [41]. These results provide a more
significant contribution to the preliminary understanding of the thermal effects of DRLs.
However, we note that there is a lack of research on the thermal effects of high-power
DRLs for the kW level and a lack of research and understanding of the conformational
relationship between cavity structure and thermal effects.

In this paper, aiming to discuss the fundamental limits of the thermal effects for high-
power devices (e.g., 1.2 kW as recently reported [27]), we here establish a thermal-structural
coupling model, based on which we first studied the relationship between device thermal
effect and pump power; then, the influence of cavity structure, including cavity type,
cavity mirror radius of curvature, and diamond size is further discussed. The results show
that: (1) a symmetrical concentric cavity has less thermal impact on the device than an
asymmetrical concentric cavity; (2) the maximum temperature rise in the crystal is ~23.4 K
for DRLs with a symmetric concentric cavity at an output power of ~2.8 kW under the ideal
heat dissipation condition; meanwhile, the warming and cooling processes of the device
are fast, the heating and cooling processes of DRLs are almost unaffected by the pump
power, and the times to reach a steady state are only ~1.5 ms and ~2.5 ms, respectively;
(3) increasing the radius of curvature of the cavity mirror, increasing the length and width
of the diamond crystal, or reducing the thickness of the crystal are all beneficial to the
improvement of the thermal effect of the device. The results of this paper can help to
deepen the understanding of the constitutive relationship of thermal effects for DRLs with
high power and might provide some insights into the design of cavity structures and heat
dissipation systems.
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2. System Structure and Heat Source Model

According to the literature [27], we first built the cavity structure of DRLs as shown in
Figure 1a, where the diamond crystals with dimensions of 1.2 mm × 4 mm × 8.6 mm are
placed in a nearly concentric cavity consisting of concave mirrors with radii of curvature
of 150 mm and 92 mm, respectively. The DRLs are pumped by a 1064 nm Nd: YAG
laser, the device achieves a maximum output power of 1.2 kW, and an optical-to-optical
conversion efficiency of 52.2% for a pump power of 2.3 kW. The system uses single-side
water cooling, where the diamond is placed on a copper heat sink with dimensions of
3 mm × 8.6 mm × 8.6 mm (Figure 1b). Most of the heat inside the crystal is removed
through a temperature control device (298 K) and water circulation inside it, while the rest
of the heat is removed through heat exchange with air on the remaining five sides of the
crystal. Here, we consider the ideal heat dissipation case, i.e., a constant temperature of
298 K at the bottom of the diamond crystal (also the upper surface of the copper heat sink).

Figure 1. (a) Schematic of DRLs used for the simulation. (b) Model of the diamond crystal and copper
heat sink used for the simulation.

2.1. Thermal Model of Diamond Crystal

In this work, we use a Gaussian heat source model that is closer to the actual pump
beam characteristics than the point heat source model, which is widely accepted in solid-
state laser heat dissipation studies [28,31,36,43]. The pump light is assumed to be approxi-
mated as a Gaussian beam, which is focused through the lens to the center of the diamond
crystal. Meanwhile, assuming that the pump beam waist radius is equal to the Stokes beam
waist radius due to the consideration of the requirement of good mode matching [26,40,44],
the heat source function can then be expressed as:

Qv(x, y, z) = 2ξPpump
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where a, b, and l are the thickness, width, and length of the diamond crystal, respectively,
Ppump is the pump power of the laser, zp is the Rayleigh length, ω0 is beam radius of the
pump light, ωp is the beam waist radius of the pump light at any position within the crystal,
as shown in Table 1, α is the absorption coefficient of the diamond crystal, ξ is the thermal
conversion coefficient, η = λp/λs is the quantum conversion efficiency, λp, λs are the
wavelengths of the pump light and Stokes light, respectively, and n is the refractive index
of the diamond crystal.
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Table 1. Parameters used in simulation.

Parameters Value

Diamond

Thermal conductivity K 2000 Wm−1K−1

Coefficient of thermal expansion αT 1.1 × 10−6 K−1

Absorption coefficient α 0.375 m−1

Thermal coefficient of the refractive index dn/dt 1.5 × 10−5 K−1

Thermal conversion coefficient ξ 0.142

Density 3510 kgm−3

Crystal refractive index n 2.39 @1 μm

Crystal size 1.2 mm × 4 mm × 8.6 mm

Young’s modulus 1100 GPa

Poisson’s ratio ν 0.069

Copper
Size 3 mm × 8.6 mm × 8.6 mm

Thermal conductivity 385 Wm−1K−1

DRLs

Pump wavelength λp 1064 nm

Quality factor of pumping beam M2
p 15

Stokes wavelength λs 1240 nm

Water Constant temperature 298 K (25 ◦C)

Air Ambient temperature T0 298 K (25 ◦C)

Assuming that the thermal conductivities of diamond crystals in the x, y, and z
directions are kx, ky, and kz, respectively, the three-dimensional heat conduction equation
is [29–31]:

kx
∂2T(x,y,z)

∂x2 + ky
∂2T(x,y,z)

∂y2 + kz
∂2T(x,y,z)

∂z2 + Qv(x, y, z) = 0
0 ≤ x ≤ a, 0 ≤ y ≤ b, 0 ≤ z ≤ l

(5)

where T(x, y, z) is the temperature at any point position within the crystal. At the beginning
of heating, the initial moment conditions are set assuming that the diamond crystal and the
copper heat sink are in equilibrium as follows:

T(x, y, z, 0) = T0 (6)

T0 is the external ambient temperature, where the natural convection of air and the
radiation of the thermal environment between the diamond and the copper heat sink and
the surrounding environment are taken into account during the heating process.

2.2. Thermo-Elasticity Model of Diamond Crystal

When the pump light hits the crystal, part of the energy is absorbed, and the rest of
the power is converted into heat unevenly distributed inside the crystal, which leads to
uneven temperature distribution, resulting in uneven thermal expansion in the crystal.
The magnitude of thermal stresses and thermal strains caused by the uneven temperature
variations in the crystal can be solved by coupled thermal-stress analysis, i.e., the thermal
analysis of the diamond crystal is first performed, and the mechanical analysis is performed
based on the results of the thermal analysis simulation, where the position and stress
state of the crystal is determined by a set of thermoelastic equations, including geometric,
physical, and equilibrium differential equations [31,40,41], as follows:
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Firstly, the relationship between strain and displacement can be described by the
geometric equation, which is as follows:

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

εx = ∂ux
∂x , εy =

∂uy
∂y , εz =

∂uz
∂z

εxy =
γxy

2 = 1
2

(
∂ux
∂y +

∂uy
∂x

)
εyz =

γyz
2 = 1

2

(
∂uy
∂z + ∂uz

∂y

)
εzx = γzx

2 = 1
2

(
∂uz
∂x + ∂ux

∂z

)
(7)

where ux, uy, uz are the displacement components of the crystal in the x, y, and z directions,
respectively, εx, εy, and εz are the line strain components of the crystal in the x, y, and z
directions, respectively, and γxy, γyz, and γzx are the shear strain components of the crystal
in the three planes, respectively.

Secondly, the relationship between stress and strain satisfies Hooke’s law and can be
described by the physical equation:

⎧⎪⎨
⎪⎩

εx = ∂ux
∂x = 1

E
[
σx − μ

(
σy + σz

)]
+ αTΔT

εy =
∂uy
∂y = 1

E
[
σy − μ(σz + σx)

]
+ αTΔT

εz =
∂uz
∂z = 1

E
[
σz − μ

(
σx + σy

)]
+ αTΔT

(8)

γxy =
τxy

G
, γyz =

τyz

G
, γzx =

τzx

G
(9)

σx , σy, σz are the stress components of the crystal in the x, y, and z directions,
respectively, μ is the Poisson’s ratio, E is the tensile modulus of the crystal, αT is the
coefficient of the thermal expansion of the crystal, ΔT is the temperature change, and
G = E

2(1+μ)
, is the shear modulus of elasticity.

The crystal satisfies the hydrostatic equilibrium condition when a diamond crystal is
in equilibrium:

ΣX = ΣY = ΣZ = ΣMx = ΣMy = ΣMz = 0 (10)

Using the equilibrium condition for the moments ΣMx = ΣMy = ΣMz = 0, we can obtain:

⎧⎨
⎩
τxy = τyx
τxz = τzx
τyz = τzy

(11)

Using the displacement equilibrium condition ΣX = ΣY = ΣZ = 0, we can obtain the
equilibrium differential equations for the forces in the x, y, and z directions of the crystal,
respectively, as: ⎧⎪⎪⎨

⎪⎪⎩

∂σx
∂x +

∂τyx
∂y + ∂τzx

∂z + Fx = 0
∂τxy

∂x +
∂σy
∂y +

∂τzy
∂z + Fy = 0

∂τxz
∂x +

∂τyz
∂y + ∂σz

∂z + Fz = 0

(12)

where, Fx, Fy, Fz are the external force components acting on the diamond crystal in x, y,
and z directions, respectively, and Fx = Fy = Fz = 0 since the surface of the diamond
crystal is freely bounded. Bringing Equations (8) and (9) into Equation (12), the equilibrium
differential equation expressed in terms of displacement components can be obtained.

2.3. Thermal Lensing Strength of Diamond Crystal

A large heat load is accumulated in diamond crystal due to the attenuation of the
optical phonons generated by Raman and the absorption of impurities or defects in the
crystal by pump light and Stokes light from DRLs. The heat generated affects the conversion
efficiency and beam quality of DRLs through the thermal lensing effect, thermally induced
stress birefringence, and thermally induced stress fracture, where the thermal lensing effect
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is one of the critical parameters in the study of thermal effects. To evaluate the effect of
thermal lensing inside the crystal, the magnitude of the thermal lensing intensity within the
crystal can be calculated. Assuming a uniform thermal accumulation along the length of the
crystal as Ph, the thermal lens intensity is mainly influenced by the thermally induced radial
perturbation of the refractive index, end-face bulging, and photo-elastic effects, which can
be expressed as the equation of the intensity as [6,45,46]:

f−1 ≈ Ph
2πω2

pK
·
(

dn/dt + (n − 1)(ν + 1)αT + n3αTCr,ϕ

)
(13)

Ph = ξPdep + αpPpump + αsPs/(1 − Rs) (14)

As shown in Table 1, where K is the thermal conductivity of the diamond, dn/dt
is the thermo-optical coefficient of the refractive index, n is the refractive index of the
diamond crystal, ν is the Poisson’s ratio, αT is the coefficient of thermal expansion, Cr,ϕ is
the photoelasticity coefficient, where Pdep is the heat deposited (per unit time) due to the
production of Raman phonons and absorption of the Stokes beam, and Ppump is the pump
power of the laser. In this work, we assumed that Pdep = Ppump, which is more convenient
for our calculations. Ps is the output power of Stokes light; αp and αs are the absorption
coefficients of the diamond crystal for pump light and Stokes light, respectively. Since the
wavelength difference between pump light and Stokes light is insignificant, it is assumed
that αp = αs (0.375 m−1 @1 μm), and Rs is the reflectance of the output coupling mirror to
Stokes light.

For diamond crystals, since the thermo-optical effect is several orders of magnitude
higher than the photo-elastic effect [24], under the first-order approximation, only the
thermo-refractive index change is usually calculated, while neglecting the effect of the
last two terms in Equation (13), so the thermal lensing intensity of the crystal can be
simplified as:

f−1 ≈ Ph
2πω2

pK
· dn/dt (15)

Thus, the thermal lensing intensity of the crystal is proportional to the pump power;
the higher the pump power, the more serious the thermal lensing effect; inversely propor-
tional to the square of the pump spot radius, the larger the pump spot, the smaller the
thermal lensing effect.

3. Results and Discussion

3.1. The Effect of Pump Power on Thermal Effect
3.1.1. Temperature Distribution at Different Pumping Power Levels

Firstly, we examine the steady-state temperature distribution inside the diamond
crystal for different pump power levels. Due to the optical-to-optical conversion efficiency
being 52.2% [27], when pump power levels are 800 W, 2.3 kW, 3.8 kW, and 5.3 kW, respec-
tively, the corresponding output power levels would be about 0.42 kW, 1.2 kW, 2.0 kW,
and 2.8 kW. As shown in Figure 2, the temperature variation of the diamond crystal is
mainly concentrated in the pumped region, i.e., near the central crystal axis. With the
pumping power rising from 800 W to 5.3 kW, the maximum temperature rise inside the
crystal gradually increases from 3.2 K to 23.4 K. In the transverse direction (y-direction),
the temperature distribution inside the crystal is symmetrical, and it gradually decreases
from the center to both sides of the face. Finally, both sides of the surface and ambient
temperature are almost the same.
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Figure 2. Cross-sectional temperature distribution of diamond crystal at pumping power (a) 800 W
(b) 2.3 kW (c) 3.8 kW, and (d) 5.3 kW, respectively.

Figure 3 further gives the temperature variations in three directions inside the diamond
for different pumping power levels. It can be seen from Figure 3a that the temperature is
highest at the center of the crystal on the lateral side [31,41], and the temperature difference
between the center temperature and the lateral edge increases gradually from 3.2 K to
21.5 K as the pumping power increases. From Figure 3b, it can be seen that the temperature
also decreases gradually from the center of the crystal to the two end faces in the crystal
axis direction, with the lowest temperature at the two ends, which is because the pump
beam waist position coincides with the center of the diamond crystal so that the pump
energy density is the largest, and at the same time, both ends of the crystal are in contact
with the air, so the heat dissipation effect is better than the center of the crystal, which is
consistent with the findings in the Ref. [47]. With the pumping power increasing from
800 W to 5.3 kW, the temperature gradient between the center of the crystal and the two
end faces increases from 0.6 K to 4.0 K. Figure 3c shows the temperature distribution along
the x-direction (thickness direction) at the central face of the crystal. It can be seen that
the highest temperature also occurs at the central position of the crystal, which is 301.5 K,
308.1 K, 314.8 K, and 321.4 K at the pump power of 800 W, 2.3 kW, 3.8 kW, and 5.3 kW,
respectively. The temperature decreases gradually from the center of the crystal to the
upper and lower surfaces. Since the bottom surface of the diamond crystal is in contact
with the copper heat sink and is fixed at the ideal 298 K, its heat dissipation effect is better
than that of the upper surface. The temperature decreases rapidly from the center of the
crystal to 298 K, while the temperature of the upper surface increases with the increase in
pumping power.

Figure 3. Temperature distribution of (a) x-axis intercept in crystal center plane, (b) y-axis intercept
in crystal center plane, and (c) crystal axis at different pumping power levels.
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It should be noted that the temperature of the bottom surface of the diamond crystal
(or the top of the copper heat sink) is assumed to be constant at 298 K in this work, which
is an ideal state, while if the temperature at the bottom of the copper heat sink is fixed
at 298 K, the maximum temperature inside the diamond crystal will reach 355.7 K at a
pump power of 2.3 kW. The corresponding maximum temperature rise will be significantly
increased from 10.1 K to 57.7 K, which is even much higher than the ideal case with a
pump power of 5.3 kW. This shows that it is crucial for DRLs to rationally design the heat
dissipation structure of the diamond crystal.

We further investigated the warming process of the diamond crystal in the case of
pulsed pumping and the cooling process after stopping pumping. The results are shown
in Figure 4. Tc and Ts are the temperatures of the diamond in the volume center and the
upper surface center, respectively, Tc − Ts is their temperature difference, and the time for
the temperature gradient to reach 99% of the steady-state value is defined as the constant
thermal time [25,40]. It can be seen from Figure 4a that the volume center temperature of
the diamond crystal is higher and rises faster than the upper surface center temperature
at the beginning stage after the pump pulse action, which is because the pump energy
is concentrated at the center of the crystal. The upper surface center temperature starts
to rise from ~0.01 ms. It stabilizes at about 1.5 m, during which the temperature of the
volume center is always higher than the upper surface temperature of the crystal, which is
consistent with the results of the steady-state temperature distribution within the diamond.
It is worth noting that the thermal constant time is almost independent of the pumping
power because the thermal equilibrium time is mainly determined by the pumping beam
area and the basic thermal properties of the crystal (specific heat capacity and thermal
conductivity) [25].

 
Figure 4. Transient temperature variation of diamond crystal at different pumping power levels
during (a) heating and (b) cooling.

Figure 4b shows the results of the cooling process for the diamond crystal after the
pumping stopped. Within 0.01 ms of removing the heat source, the center temperature
of the upper surface of the diamond crystal remains almost unchanged. In contrast, the
temperature of the volume center drops rapidly to be close to that of the upper surface. After
that, the center temperature of the upper surface of the diamond crystal starts to decrease
slowly. The hysteresis of the cooling is mainly caused by the different heat dissipation
conditions on the upper and lower surfaces, which can also be seen from the variation
of the temperature difference Tc − Ts: after the heat source is removed, the temperature
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difference Tc − Ts decreases rapidly, and becomes negative after ~0.01 ms, reaching the
maximum value at ~0.25 ms, and then slowly converges to the ambient temperature (298 K).
The thermal effect reaches equilibrium after the pumping stops after ~2.5 ms. Similarly, the
time required to reach equilibrium finally is almost unaffected for different pump power
levels, despite the slightly different range of temperature variations. Based on this result,
we can speculate that kW-level Raman laser emission without heat accumulation can be
achieved at repetition frequencies of ~250 Hz for the diamond crystals cooled on one side
in this paper.

3.1.2. Thermal Stress Distribution under Different Pumping Power

Figure 5 shows the distribution of thermal stresses inside the diamond at different
pumping power levels. It can be seen that the stress is highest at the center of the crystal
and lowest at the center of both end faces, and the maximum thermal stress inside the
crystal increases from 20.7 MPa to 137.4 MPa as the pumping power increases from 800 W
to 5.3 kW. It is noteworthy that this distribution and trend of thermal stress is similar to
the results of the temperature distribution inside the diamond (Figure 2), which is mainly
because the higher thermal expansion at higher temperature locations within the crystal
requires more stress generation to avoid thermal deformation. Also, due to the diamond
having a smaller thermal expansion coefficient, this thermal stress is significantly lower
than other crystals at the same pumping power level, such as Tm: YAP and Tm: LuAG
et al. [31,36].

Figure 5. Cross-sectional thermal stress distribution of diamond crystal at different output power
levels, (a) 800 W, (b) 2.3 kW, (c) 3.8 kW, and (d) 5.3 kW.

3.1.3. Heat Deformation Distribution under Different Pumping Power

According to Equation (8), the relationship between deformation and stress satisfies
Hooke’s law, i.e., thermal stress tends to prevent thermal deformation, which also means
that the distribution of thermal deformation will be opposite to the distribution of thermal
stress [41]. The corresponding results are given in Figure 6, where it can be seen that the
deformation at the center of the crystal is the smallest, and the deformation at both ends
is the largest for different pumping power levels. With the pumping power increasing
from 800 W to 5.3 kW, the maximum deformation in the crystal increases from 0.02 μm to
0.13 μm. Nevertheless, this result is significantly lower than other crystal materials [31,36].
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Figure 6. Cross-sectional thermal deformation distribution of diamond crystal at different output
power levels, (a) 800 W, (b) 2.3 kW, (c) 3.8 kW, and (d) 5.3 kW.

3.2. Effect of Resonant Cavity Configuration on the Thermal Effects

To analyze the factors influencing the thermal effect more comprehensively, we further
investigated the thermal impact of the devices at different cavity lengths and cavity curva-
ture radii on the basis of the literature of [27] (pumping power of 2.3 kW). Considering the
cavity lengths of 100 mm, 150 mm, 200 mm, and 250 mm, respectively, Figure 7a–d is the
temperature distribution of the crystal axes at different cavity radii of curvature. It can be
seen that the symmetric concentric cavity (L = R1 + R2) structures all exhibit the lowest
crystal temperature for different cavity lengths, and the longer the cavity length (i.e., the
larger the radius of curvature), the lower the temperature. The minimum temperatures for
the four cavity lengths are 309.5 K, 308.7 K, 308.3 K, and 308.0 K, respectively. The above
temperature distribution pattern is mainly caused by the variation of pump light energy
density: the increase in cavity length and the radius of curvature of the cavity mirror causes
the increase in the beam waist radius of the first-order Stokes light, which leads to the rise
in the pump light beam waist radius (a requirement for good mode matching) so that the
pump energy density decreases, and the temperature inside the crystal decreases. It is easy
to calculate from the ABCD matrix to obtain the beam waist radii of Stokes light at four
cavity lengths; they have slight variations, which are 66 μm, 73 μm, 78 μm, and 83 μm,
respectively; therefore, the difference in minimum temperature is also tiny, only ~1.5 K.

Figure 7e,f summarizes the relationship between the maximum thermal stress and
thermal deformation of the concentric cavity DRLs with the radius of cavity curvature for
different cavity lengths, respectively. It can be seen that the maximum thermal stresses
all gradually decrease with the increase in the radius of curvature of the cavity mirror for
all four cavity lengths, but the overall effect is weak and eventually tends to stabilize at
~60 MPa. The maximum thermal deformations under different conditions (Figure 7f) are
independent of the cavity length and radius of cavity curvature, which all remain around
~0.057 μm.
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Figure 7. Cross-sectional temperature distribution of diamond crystal with concentric cavity of
different radii of curvature at different cavity lengths, (a) 100 mm, (b) 150 mm, (c) 200 mm, and
(d) 250 mm. Distribution of (e) maximum thermal stress, and (f) maximum thermal deformation
inside crystals with a symmetrical concentric cavity at different radii of curvature.

3.3. Effect of Diamond Crystal Size on the Thermal Effect

Considering that the application of larger-size single-crystal diamonds will become
possible in the future, we further discussed the effect of the diamond crystal size on thermal
effects. Figure 8a shows the variation of the maximum temperature inside the diamond
crystal (crystal cross-section is 1.2 mm × 4 mm) for different lengths. It can be seen that the
maximum temperature inside the crystal gradually decreases from 310.1 K to 306.3 K as the
crystal length increases from 7 mm to 11 mm. This is because the increase in crystal length
will make the conversion of pump light to Stokes light more adequate, thus improving the
utilization of pump light and reducing heat accumulation. Figure 8b shows the variation of
maximum thermal stress with crystal length. It can be seen that the effect of crystal length
on the maximum thermal stresses inside the crystal is negligible; they all remain around
60 MPa. In contrast, the ultimate thermal deformation gradually decreases from 0.07 μm
to 0.04 μm as the crystal length increases (Figure 8c). Figure 8d shows the relationship
between the maximum temperature inside the diamond crystal and the width and thickness
of the crystal for a fixed length of 8.6 mm. It can be seen that the maximum temperature
increases with the increase in the crystal thickness when the width of the crystal is certain;
this is because the bottom of the diamond is fixed at 298 K, and increasing the thickness
of the diamond is equivalent to increasing the distance between the heat source and the
heat sink, which indicates that the thermal effect of DRLs increases with the increase in the
crystal thickness; it is consistent with the findings of the literature [48] regarding the effect
of the thickness of the Ti: Sa crystal on the thermal effect of the laser system; meanwhile,
the maximum temperature decreases with increasing the width of the crystal when the
thickness of the crystal is fixed, which is because expanding the width is equivalent to
increasing the contact area between the diamond and the heat sink. Figure 8e shows the
corresponding maximum thermal stresses. It can be seen that the maximum thermal stress
of the device decreases slightly with increasing crystal width, and the effect of crystal
thickness on the maximum thermal stress is negligible. Figure 8f shows the maximum
thermal deformation as a function of crystal size. It can be seen that it tends to follow the
same trend as the temperature change, where the thermal deformation decreases as the
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crystal width increases, and the smaller the crystal thickness is, the smaller the thermal
deformation is.

 
Figure 8. Distribution of (a) maximum temperature, (b) maximum thermal stress, and (c) maximum
thermal deformation inside diamond crystals of different lengths. Distribution of (d) maximum
temperature, (e) maximum thermal stress, and (f) maximum thermal deformation inside the diamond
crystal for different crystal widths and thicknesses.

3.4. Thermal Lensing Effect Analysis

Finally, we discuss the variation of the thermal lens strength of DRLs with the pump
power for different cavity radii of curvature (symmetric concentric cavity) and crystal
lengths. It can be seen from Figure 9a that the thermal lens strength decreases with
increasing the cavity radius of curvature when the pumping power is constant because an
increase in the radius of curvature of the cavity mirror will cause an increase in the radius
of the first-order Stokes beam waist and a consequent increase in the pump beam waist,
which will lead to a decrease in the temperature rise in the crystal and, consequently, a
decrease in the refractive index change. It can also be seen from Figure 9a that the thermal
lens strength increases significantly with the increase in the pumping power, indicating that
the rise of the pumping power causes the thermal accumulation of the crystal to increase
rapidly, which in turn leads to the rapid change of the refractive index. However, with
the pump power increasing, the thermal lens strength increases more flatly for structures
with a large cavity radius of curvature. When the pump power increases to 5300 W and the
cavity radii of curvature are 50 mm, 75 mm, 100 mm, and 125 mm, respectively, the thermal
lens strengths are 163.6 m−1, 133.7 m−1, 117.1 m−1, and 103.5 m−1, which are similar to
the thermal lens strength of diamond crystal in the literature [6,45], while significantly
lower than those of other crystals such as Nd: GdVO4 and Tm: YLF [34,35]. There is a
similar conclusion for different crystal lengths (Figure 9b), where the thermal lens strength
decreases with increasing pump power and crystal length.
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Figure 9. Relationship between thermal lens intensity and pump power at different (a) radii of
curvature of cavity mirrors, and (b) crystal lengths.

4. Conclusions

In conclusion, aiming to discuss the fundamental limits of the thermal effects for high-
power devices, we here establish a thermal-structural coupling model, based on which the
influence of the pump power, cavity structure, and crystal size have been systematically
studied. The results show that using a symmetric concentric cavity structure and increasing
its radius of curvature, choosing the appropriate diamond size (increasing the length and
width of the diamond crystal or decreasing the thickness of the crystal) is beneficial to
alleviate the thermal effect of the device. Under ideal heat dissipation conditions, the
maximum temperature rise in the crystal is ~23.4 K for DRLs, and the constant thermal
times of the warming and cooling processes are ~1.5 ms and 2.5 ms, respectively, for an
output power of ~2.8 kW. The results of this work provide a basis for the design of the
resonant cavity structure of DRLs, which might promote the development of DRLs with
high power and high beam quality.
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Abstract: This work proposes a method of compressing spectral linewidth and tuning the central
wavelength of multiple high-power diode laser arrays in an external cavity feedback structure
based on one volume Bragg grating (VBG). Through the combination of beam collimation and
spatial beam technologies, a diode laser source producing 102.1 W at an operating current of 40 A
is achieved. This laser source has a central wavelength of 766 nm and a narrow spectral linewidth
of 0.164 nm. Moreover, a tuning central wavelength ranging from 776–766.231 nm is realized by
precisely controlling the temperature of the VBG, and the locked central wavelength as a function
of temperature shifts at the rate of approximately 0.0076 nm/◦C. The results further prove that the
smile under 1 μm can restrain the self-excitation effect of the emitting laser, which can influence the
efficiency of the potassium alkali metal vapor laser pumping.

Keywords: diode laser array; external cavity feedback; volume Bragg grating; tuning central wavelength;
narrow linewidth

1. Introduction

Diode pumped alkali metal vapor lasers (DPALs) have attracted extensive attention in re-
cent years due to their advantages of low quantum defect, stable high-power output, absence
of stress birefringence, efficient near-infrared (IR) atomic spectrum atmospheric transmissivity,
and excellent beam quality [1–4]. DPALs have been shown to have potential applications in
the fields of industrial processing, medical treatment, aerospace, and military [5–8]. Several
forms of gain media are used in experiments, and each material requires a specific absorp-
tion wavelength, for example, near 852 nm for cesium (Cs), 780 nm for rubidium (Rb), and
766 nm for potassium (K), with emission wavelengths of 894.3, 794.8, and 770.1 nm, respec-
tively [9]. Based on the laser principle, we know that the quantum defect can be expressed as
(E2 − E1)/E2, where E1 and E2 represent the absorption and emission wavelengths, respec-
tively. Compared to traditional solid state or fiber lasers, quantum efficiencies are higher, such
as 95.27% for Cs, 98.14% for Rb, and 99.47% for K compared to the rate of 75.94% for Nd:YAG.
Low quantum defect is a significant factor in improving the overall efficiency of lasers and
reducing the thermal effect in very high-power laser systems.

At present, high-power DPAL is still under development. One technological factor is
that a typical high-power diode laser array achieves spectral linewidth of approximately
3 nm (FWHM) in the near-IR spectrum [10]. However, the absorption spectrum of DPAL is
extremely narrow, thus, leading to a mismatch between the pump and absorption spectra.
Another technological factor affecting the absorption efficiency is the “smile” effect of
a diode laser array [11,12]. With the increase in the smile effect, the spectral linewidth
expands accordingly. There are two ways to solve these problems. First, volume Bragg
grating (VBG) is used to narrow the spectral linewidth of the diode laser array through
external cavity feedback technology [13,14]. Second, diode laser arrays with less smile effect
are selected. Over the last decade, several companies and research groups have explored the
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high-power narrow-linewidth diode laser for alkali metal vapor laser pumping, as shown
in Table 1. For example, Zhdanov et al. demonstrated a laser diode array line narrowing
using an external cavity with a holographic grating. A linewidth of 11 GHz was obtained
at an operating wavelength of 852 nm, with an output power of approximately 10 W [15].
Podvyaznyy et al. presented a diode laser system that provided up to 250 W output
power and an emission spectral width of 20 pm (FWHM) at a wavelength of 780 nm [16].
Yang et al. eliminated the smile effect in spectral linewidth narrowing on high-power laser
diode arrays by introducing a plane reflective mirror into a Littrow configuration external
cavity to enhance the correlation among emitters. Thus, they obtained a laser diode array
with 35 GHz linewidth, 780 nm central wavelength, and 41 W output laser power [17].
Hao Tang et al. described a wavelength-locked and spectral-narrowed high-power diode
laser with a Faraday anomalous dispersion optical filter. The central wavelength was
precisely locked at 780.24 nm, and the linewidth was narrowed to 0.002 nm with 18 W
output power [18]. The mainstream research of DPALs is based on the typical wavelengths
of the diode laser at 852 and 780 nm. With the development of material growth and device
process technology, diode lasers of 766 nm have been made commercially available. In
view of the low quantum defect of K-DPAL, a 766-nm high-power narrow-linewidth laser
is examined in the current study for potassium alkali metal vapor laser pumping.

Table 1. Development of DPAL pumping source.

Time Output Power Spectral Linewidth Central Wavelength

2007 10 W 11 GHz 852 nm
2010 250 W 20 pm 780 nm
2011 41 W 35 GHz 780 nm
2021 18 W 0.002 nm 780 nm

Compared with the traditional external cavity feedback method, one diode laser array
should be controlled by one VBG. As the VBG has angle selectivity, each VBG must be tuned
precisely. This limits the external cavity feedback effect and restricts any further increase in
output power. In this paper, a method of compressing spectral linewidth and tuning central
wavelength of multiple high-power diode laser array is proposed by employing an external
cavity feedback structure based on one VBG. A diode laser source producing 102.1 W,
with a central wavelength of 766 nm and a spectral linewidth of 0.164 nm is realized at an
operating current of 40 A. By precisely controlling the temperature of VBG, a tuning central
wavelength ranging from 776–766.231 nm is obtained. Such a diode laser source can be
applied to efficiently pump the potassium alkali metal vapor laser.

2. Experimental Design and Simulation

The external cavity feedback structure of diode laser arrays is mainly composed of
laser chips, shaping lens groups, and laser feedback elements. In this paper, the pumping
laser source consists of a single conduction-cooled diode laser array (CS laser) with AuSn
packaging process for laser radiating, a beam transformation system (BTS) and a slow axis
collimator (SAC) for beam shaping, and the VBG for selecting the mode of the incident laser
and realizing optical feedback, as shown in Figure 1a. Table 2 shows the main parameters
of the diode laser chip. The reflectivity of the front facet of the laser chip is set from 2–3%.
The free-running single bar can achieve 40 W output power with a central wavelength of
766 ± 5 nm and a spectral linewidth of less than 3 nm at an operating current of 40 A. The
single bar is packaged into a CS structure with a size of 25 mm × 25 mm × 12 mm. By
using the structures of the BTS and SAC with focal lengths of 0.41 and 15 mm, respectively,
the divergence angle of the fast and slow axes of the diode laser incident on a 3 mm-thick
VBG with the AR coating of 0.5%, the diffraction efficiency of 15 ± 3%, and the diffraction
wavelength of 765.9 ± 0.1 nm is reduced effectively. In turn, this can reduce the lower limit
for the smile effect [19] and improve the feedback efficiency of the external cavity.
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(a) (b) 

Figure 1. Schematic diagram for (a) the external cavity diode laser structure and (b) the beam shaping
and spectrum control.

Table 2. Typical parameters of a laser chip.

Parameters Unit Specifications

Central wavelength nm 766
Central wavelength tolerance nm ±5
Spectral linewidth (FWHM) nm <3

Output power W ≥40
Operating current A ≤40
Operating voltage V <1.9

Emitter width μm 150
Number of emitters / 19

Filling factor % 30
Front cavity surface coating % 2–3

The optical stacking of multiple diode laser arrays is an efficient approach for scaling
power. To obtain high-power laser output, three CS lasers are mounted onto a common
staircase-like heatsink, each with a 3 mm height difference, using spatial beam combining
technology. The beam size is 9 mm × 10 mm in the fast and slow axes, as shown in
Figure 1b. The divergence angle of the fast axis is collimated by BTS, while the divergence
angle of the slow axis is followed by SAC. Laser beams in the fast and slow axes can be
exchanged by BTS at a beam spot rotation angle of 90◦. Therefore, no limit is set for the
minimum focal length of a SAC, and a single flat convex cylindrical lens can be used for
slow axis beam collimation. In addition, the spatial beam combination of three laser beams
is realized by means of three reflective mirrors. From the simulation results of Figure 2a,b,
we can infer that the corresponding divergence angles of 8.4 mrad (X coordinate value) and
9.8 mrad (Y coordinate value) in the fast and slow axes are achieved. By adjusting the angle
of the reflective mirror, the combined three laser beams radiate to a single VBG, which
can select the mode of the incident laser and realize the optical feedback [20,21]. Only the
eligible laser returns to the laser chip and couples into the internal laser field. The output
laser with narrow linewidth can be realized via mode competition inside the internal laser
field. However, the accuracy of the central wavelength is also critical for pumping an alkali
metal vapor laser. In this study, a metal ceramic heater (MCH) is used to precisely control
the VBG temperature, and the tuning of the central wavelength is simultaneously realized
with a stable narrow linewidth.
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(a) 

(b) 
Figure 2. Simulation results of (a) the fast axis divergence angle and (b) the slow axis divergence angle.

3. Results and Discussions

The smile effect influence on the linewidth of the external cavity feedback single CS
laser is studied at the cooling water temperature of 25 ◦C, as shown in Figure 3. The spectral
characteristics of free-running CS lasers are tested at 40 A, and the normalized emission
spectra at different smile values are obtained. When the smile value is increased from 1 to
3 μm, the increased smile does not affect the spectral characteristics with a linewidth of
approximately 1.6 nm. However, after external cavity feedback by VBG, the corresponding
narrowing linewidths become 0.152, 0.154, and 0.158 nm. Meanwhile, a smile greater than
1 μm causes the self-excitation effect of the emitting laser, which can influence the pumping
efficiency of the DPAL. Furthermore, the smile effect of a CS laser affects the narrowed
spectrum in the following way: the increased smile causes each emitter to radiate to the
VBG at a different angle because of the angle selectivity of VBG. Hence, part of the feedback
laser is unable to return to the internal cavity of the diode laser for mode competition. In
the end, the narrowed spectrum of each emitter has a different central wavelength, and the
total emitters are likely to broaden the spectral linewidth.
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Figure 3. The influence of the smile effect on the linewidth of the external cavity feedback diode laser
array. The dashed curves represent the spectral characteristics of the free-running diode laser arrays,
while the solid curves represent the spectral characteristics of the external cavity diode laser arrays.

The smile effect can be effectively reduced by optical compensation method. However,
a large number of optical lenses must be added to the structure, which makes the structure
more complex and difficult to adjust. Therefore, in this paper, the smile effect of CS structure
is mainly controlled by the packaging process. By optimizing the packaging structure,
selecting the proper heatsink that can match the thermal expansion coefficient of the laser
chip, compensating the stress of the laser chip in the welding process, and selecting the
preset AuSn solder welding, the smile effect value can be reduced effectively. To obtain
superior spectral characteristics, the CS lasers with a smile value under 1 μm are selected
for the subsequent experiment.

The spectral characteristics of three CS lasers based on spatial beam combining tech-
nology are investigated under the conditions of free-running and external cavity feedback,
as shown in Figure 4. The dashed curves show the typical free-running spectra at different
operating currents. With the increase in operating current, the red-shift phenomenon of the
central wavelength becomes prominent. The central wavelengths of 764.7, 766.08, 767.45,
and 768.85 nm and the spectral linewidths of 1.215, 1.448, 1.555, and 1.635 nm are measured
at the cooling water temperature of 25 ◦C and operating currents of 10, 20, 30, and 40 A,
respectively. The solid curves show the locking spectra at different operating currents
with external cavity feedback. At the same cooling condition, the central wavelengths of
765.924, 765.935, 765.975, and 766.000 nm and the spectral linewidths of 0.125, 0.139, 0.152,
and 0.164 nm are measured at the operating currents of 10, 20, 30, and 40 A, respectively.
From the experimental results, we can conclude that all combined CS lasers have achieved
spectral locking with a narrow linewidth of less than 0.2 nm. Nevertheless, the central
wavelength is shifted from 765.924 nm at 10 A to 766.000 nm at 40 A, and the locked
central wavelength shift as a function of operating current has a rate of approximately
0.00253 nm/A. As the operating current increases, the laser power irradiating to the VBG
generates more heat, and the diffraction central wavelength of the VBG changes to a long
wavelength direction. This experimental result is in accordance with the temperature drift
characteristics of VBG [22].
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Figure 4. Spectral characteristics of the free-running and locking three CS lasers based on spatial
beam combination at four different operating currents.

To control the central wavelength of the CS laser, MCH is used to change the tempera-
ture of VBG. The MCH is placed on the underside of the VBG for temperature control. The
spectrum shift after controlling the temperature of VBG at different operating currents is
shown in Figure 5. As can be seen, with increasing temperature, the central wavelength
shows a consistent red shift phenomenon under different current conditions. Moreover,
compared with increasing operating current, the controlling temperature of VBG only
has a slight effect on the linewidth at the same condition. When the operating current
is set to 30 A, the central wavelengths of 765.978, 766.054, 766.130, and 766.205 nm and
the spectral linewidth of 0.153 nm are measured at the controlling temperatures of 25 ◦C,
35 ◦C, and 45 ◦C, 55 ◦C, respectively. When the operating current increases to 40 A, the
central wavelength ranging from 766.002–766.231 nm and spectral linewidth of 0.165 nm
are obtained at the controlling temperatures ranging from 25–55 ◦C. Furthermore, the
locked central wavelength as a function of controlling temperature shifts at a rate of ap-
proximately 0.0076 nm/◦C. Thus, the tunable narrow-linewidth diode laser is developed
after benefiting from the temperature control technology of VBG.

Figure 5. Tunable spectrum of locked CS lasers with increasing heating temperature at different
operating currents.
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Finally, the external cavity feedback structure of the multiple CS lasers based on
spatial beam combining technology is constructed for high-power laser output. In the
experiment, the free-running, beam-combined, and external cavity feedback powers are
tested, along with electric-optical conversion and external cavity feedback efficiencies, as
shown in Figure 6a. On the conditions that the water-cooling temperature is 25 ◦C and the
operating current is 40 A, the output power of the free-running CS laser is 116.86 W with the
voltage of 5.50 V. Through the beam collimation and spatial beam combining technologies,
the output power is reduced to 110.86 W with 5.13% power loss. By employing a VBG
for external cavity feedback and the VBG control temperature is 55 ◦C, the output power
decreased to 102.1 W with the external cavity feedback efficiency of 92.09% and a final
electric-optical conversion efficiency of 46.4%. The output power should be kept constant
among the tuning range, especially when working for a long time. The output power is
measured under different controlling temperatures at an operating current of 40 A. The
results are shown in Figure 6b. The experimental results indicate that the laser has good
output power stabilization among the tuning range. Furthermore, the tunable high-power
narrow-linewidth diode laser pumping source can be obtained for potassium alkali metal
vapor laser pumping.

 
(a) 

 
(b) 

Figure 6. (a) Output power and external cavity feedback efficiency as a function of operating current;
(b) output power with operating time at different temperature tuning range.
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4. Conclusions

In summary, we have presented a high-power, narrow-linewidth diode laser pumping
source based on external cavity feedback technology. Benefiting from the external cavity
feedback structure and beam combination technology, the laser achieves a narrow linewidth of
0.164 nm and a central wavelength of 766 nm at the output power of 102.1 W. Furthermore, the
external cavity feedback efficiency and electro-optical conversion efficiency exceed 92.09% and
46.4%, respectively. Moreover, tuning central wavelengths ranging from 776–766.231 nm are
realized at the corresponding operating currents of 10, 20, 30, and 40 A by precisely controlling
the temperature of VBG. The locked central wavelength, as a function of temperature, shifts
at a rate of approximately 0.0076 nm/◦C. The research results can be applied to the efficient
pumping of a potassium alkali metal vapor laser.

Author Contributions: J.H. and J.Z. performed the theoretical analysis and experiment; X.S. and Y.Z.
investigated the relevant literature and reports; H.P., L.Q., and L.W. were responsible for supervision.
All authors contributed to the results, discussion, and manuscript writing. All authors have read and
agreed to the published version of the manuscript.

Funding: Natural National Science Foundation of China (NSFC) (61991433, 62121005); Pilot Project of
CAS (XDB43030302); Equipment Pre Research (2006ZYGG0304, 2020-JCJQ-ZD-245-11); Key Research
and Development Project of Guangdong Province (2020B090922003).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank our project partners for the assistance and fruitful discussions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yang, J.; An, G.F.; Han, J.H.; Wang, L.; Liu, X.X.; Cai, H.; Wang, Y. Theoretical Study on Amplified Spontaneous Emission (ASE) in
a V-Pumped Thin-Disk Alkali Laser. Opt. Laser Technol. 2021, 142, 107130. [CrossRef]

2. Endo, M. Peak-Power Enhancement of a Cavity-Dumped Cesium-Vapor Laser by Using Dual Longitudinal-Mode Oscillations.
Opt. Express 2020, 28, 33994–34007. [CrossRef] [PubMed]

3. Hwang, J.M.; Jeong, T.; Moon, H.S. Hyperfine-State Dependence of Highly Efficient Amplification from Diode-Pumped Cesium
Vapor. Opt. Express 2019, 27, 36231–36240. [CrossRef] [PubMed]

4. Auslender, I.; Yacoby, E.; Barmashenko, B.D.; Rosenwaks, S. General Model of DPAL Output Power and Beam Quality Dependence
on Pump Beam Parameters: Experimental and Theoretical Studies. JOSA B 2018, 35, 3134–3142. [CrossRef]

5. Zhu, Q.; Pen, B.L.; Chen, L.; Wang, Y.J.; Zhang, X.Y. Analysis of Temperature Distributions in Diode-Pumped Alkali Vapor Lasers.
Opt. Commun. 2010, 283, 2406–2410. [CrossRef]

6. Wang, Y.L.; Pan, B.L.; Zhu, Q.; Yang, J. A Kinetic Model for Diode Pumped Rubidium Vapor Laser. Opt. Commun. 2011, 284,
4045–4048.

7. Zhdanov, B.V.; Knize, R.J. Diode Pumped Alkali Lasers. In Technologies for Optical Countermeasures VIII; SPIE Press: Bellingham,
WA, USA, 2011; pp. 31–43.

8. Gao, F.; Chen, F.; Xie, J.J.; Li, D.J.; Zhang, L.M.; Yang, G.L.; Guo, J.; Guo, L.H. Review on Diode-Pumped Alkali Vapor Laser. Optik
2013, 124, 4353–4358. [CrossRef]

9. Kissel, H.; Köhler, B.; Biesenbach, J. High-Power Diode Laser Pumps for Alkali Lasers (DPALs). In High-Power Diode Laser
Technology and Applications X; Zediker, M.S., Ed.; SPIE Press: Bellingham, WA, USA, 2012.

10. Koenning, T.; Irwin, D.; Stapleton, D.; Pandey, R.; Guiney, T.; Patterson, S. Narrow Line Diode Laser Stacks for DPAL Pumping.
In High Energy/Average Power Lasers and Intense Beam Applications VII; SPIE Press: Bellingham, WA, USA, 2014; pp. 67–73.

11. Talbot, C.L.; Friese, M.E.J.; Wang, D.; Brereton, I.; Heckenberg, N.R.; Rubinsztein-Dunlop, H. Linewidth Reduction in a Large-
Smile Laser Diode Array. Appl. Opt. 2005, 44, 6264–9268. [CrossRef] [PubMed]

12. Liu, B.; Liu, Y.; Braiman, Y. Linewidth Reduction of a Broad-Area Laser Diode Array in a Compound External Cavity. Appl. Opt.
2009, 48, 365–370. [CrossRef] [PubMed]

13. Liu, B.; Liu, H.; Zhu, P.F.; Liu, X.S. High-Side Mode Suppression Ratio with a High-Stability External-Cavity Diode Laser Array at
976 nm in a Wide Temperature and Current Range. Opt. Commun. 2021, 486, 126792. [CrossRef]

14. Köhler, B.; Brand, T.; Haag, M.; Biesenbach, J. Wavelength Stabilized High-Power Diode Laser Modules. In High-Power Diode
Laser Technology and Applications VII; SPIE Press: Bellingham, WA, USA, 2009; pp. 290–301.

40



Crystals 2022, 12, 1675

15. Zhdanov, B.V.; Ehrenreich, T.; Knize, R.J. Narrowband External Cavity Laser Diode Array. Electron. Lett. 2007, 43, 1–2. [CrossRef]
16. Podvyaznyy, A.; Venus, G.; Smirnov, V.; Mokhun, O.; Koulechov, V.; Hostutler, D.; Glebov, L. 250W Diode Laser for Low

Pressure Rb Vapor Pumping. In High-Power Diode Laser Technology and Applications VIII; SPIE Press: Bellingham, WA, USA, 2010;
pp. 352–357.

17. Yang, Z.N.; Wang, H.Y.; Li, Y.D.; Lu, Q.S.; Hua, W.H.; Xu, X.J.; Chen, J.B. A Smile Insensitive Method for Spectral Linewidth
Narrowing on High Power Laser Diode Arrays. Opt. Commun. 2011, 284, 5189–5191. [CrossRef]

18. Tang, H.; Zhao, H.; Wang, R.; Li, L.; Yang, Z.; Wang, H.; Yang, W.; Han, K.; Xu, X. 18W Ultra-Narrow Diode Laser Absolutely
Locked to Rb D2 Line. Opt. Express 2021, 29, 38728–38736. [CrossRef] [PubMed]

19. Haas, M.; Rauch, S.; Nagel, S.; Beißwanger, R.; Dekorsy, T.; Zimer, H. Beam Quality Deterioration in Dense Wavelength
Beam-Combined Broad-Area Diode Lasers. IEEE J. Quantum Eletronics 2017, 53, 2600111. [CrossRef]

20. Ciapurin, I.V.; Drachenberg, D.R.; Smirnov, V.I.; Venus, G.B.; Glebov, L.B. Modeling of Phase Volume Diffractive Gratings, Part 2:
Reflecting Sinusoidal Uniform Gratings, Bragg Mirrors. Opt. Eng. 2012, 51, 058001. [CrossRef]

21. Levy, J.; Feeler, R.; Junghans, J. VBG Controlled Narrow Bandwidth Diode Laser Arrays. In High-Power Diode Laser Technology and
Applications X; SPIE Press: Bellingham, WA, USA, 2012; pp. 165–171.

22. Wang, H.Y.; Yang, Z.N.; Hua, W.H.; Liu, W.G.; Xu, X.J. Volume Bragg Grating Temperature Gradient Effect on Laser Diode
Array and Stack Spectra Narrowing. In Proceedings of the XIX International Symposium on High-Power Laser Systems and
Applications 2012, Istanbul, Turkey, 10–14 September 2012; SPIE Press: Bellingham, WA, USA, 2013; pp. 367–372.

41





Citation: Zhang, Z.; Zhang, J.; Gong,

Y.; Zhou, Y.; Zhang, X.; Chen, C.; Wu,

H.; Chen, Y.; Qin, L.; Ning, Y.; et al.

Long-Distance High-Power Wireless

Optical Energy Transmission Based

on VECSELs. Crystals 2022, 12, 1475.

https://doi.org/10.3390/

cryst12101475

Academic Editor: Shin-Tson Wu

Received: 29 September 2022

Accepted: 16 October 2022

Published: 18 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

crystals

Article

Long-Distance High-Power Wireless Optical Energy
Transmission Based on VECSELs

Zhuo Zhang 1,2, Jianwei Zhang 1,*, Yuxiang Gong 1,2, Yinli Zhou 1, Xing Zhang 1, Chao Chen 1, Hao Wu 1,

Yongyi Chen 1, Li Qin 1, Yongqiang Ning 1 and Lijun Wang 1

1 State Key Laboratory of Luminescence and Applications, Changchun Institute of Optics, Fine Mechanics and
Physics, Chinese Academy of Sciences, Changchun 130033, China

2 University of Chinese Academy of Sciences, Beijing 100049, China
* Correspondence: zjw1985@ciomp.ac.cn; Tel.: +86-0431-8617-6020

Abstract: Wireless charging systems are critical for safely and efficiently recharging mobile electronic
devices. Current wireless charging technologies involving inductive coupling, magnetic resonance
coupling, and microwave transmission are bulky, require complicated systems, expose users to
harmful radiation, and have very short energy transmission distances. Herein, we report on a
long-distance optical power transmission system by optimizing the external cavity structure of
semiconductor lasers for laser charging applications. An ultra-long stable oscillating laser cavity
with a transmission distance of 10 m is designed. The optimal laser cavity design is determined by
simulating the structural parameters for stable operation, and an improved laser cavity that produces
an output of 2.589 W at a transmission distance of 150 cm is fabricated. The peak power attenuation
when the transmission distance increases from 50 to 150 cm is only approximately 6.4%, which proves
that this wireless power transfer scheme based on a vertical external cavity surface-emitting laser can
be used to realize ultra-long-distance power transmission. The proposed wireless energy transmission
scheme based on a VECSEL laser is the first of its kind to report a 1.5 m transmission distance output
power that exceeds 2.5 W. Compared with other wireless energy transmission technologies, this
simple, compact, and safe long-distance wireless laser energy transmission system is more suitable
for indoor charging applications.

Keywords: vertical external cavity surface-emitting laser; laser resonator; wireless power charging

1. Introduction

The rapid development of the 5G network and Internet of Things technology has
promoted the development of automated trains, intelligent medical equipment, mobile
intelligent devices, sustainable railway transportation, and other technologies, which bring
a lot of convenience to people’s lives [1–5]. In addition, the use of billions of mobile devices
has increasingly diversified communication and entertainment systems, enhancing the
lives of users [6]. However, mobile devices have to be routinely charged and carrying a
charger that needs to be physically connected to a power outlet can be inconvenient. In
contrast, wireless power transfer technology can transmit electrical energy from a power
supply to electronic equipment without any physical connection or contact [7–9]. Therefore,
research on wireless charging technology for mobile devices has increased and accelerated
in recent years [10–12]. There have been many reports on wireless charging systems,
among which inductive coupling, magnetic resonance coupling, and microwave radiation
are the three major types [13]. Inductive coupling is safe and involves simple equipment,
but the charging distance is extremely short, typically within several centimeters [14,15].
Magnetic resonance coupling can achieve efficient energy transmission, but issues such
as a large coil volume and short charging distance are encountered [16,17]. In contrast,
microwave radiation systems use microwaves as the medium for transmitting energy,
rather than a variable magnetic field [18]. Microwave radiation systems can transmit
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energy across distances of thousands of meters, but their energy transmission efficiency
is low [19]. Moreover, during the process of microwave radiation transmission, dense
high radio frequency leakage that is harmful to the human body occurs; therefore, it is
only suitable for industrial applications [20,21]. Laser beams have good directivity and
can be used to realize long-distance optical power transmission through collimation. The
rapid development of laser technologies has provided strong support for energy transfer
technologies using light as the energy carrier [22,23]. Therefore, wireless optical power
transmission technologies have been actively studied [24–26].

The unique properties of lasers make them suitable for wireless optical power trans-
mission. The directivity of lasers allows them to have a beam diameter of only tens of
centimeters at a transmission distance of several kilometers, thereby enabling long-distance
energy transmission [27]. The energy of monochromatic and high power density laser
beams can be efficiently absorbed and converted into electrical energy by solar cells of
the corresponding wavelengths at the receiving end [28]. The resonant cavity structure of
lasers also minimizes the risk of laser leakage. Once any form of barrier disrupts the laser
resonator, the laser oscillation and output stop. Therefore, using a resonant cavity as an
energy transmission pathway can improve the safety of laser energy transmission systems.
Optically pumped vertical external cavity surface-emitting lasers (VECSELs) exhibit high
power, low cost, and flexible external cavity structures, making them an ideal light source
for safe and efficient wireless optical power transmission technologies [29,30].

VECSELs combine the advantages of solid-state and gas lasers to provide high output
power and excellent beam quality in a simple and compact setup [31]. The unique external
cavity structure of these systems allows optical elements to be inserted into the cavity for
frequency conversion, mode locking, and other operations [32–35]. By adding an electro-
optic modulator into the cavity, light can be used as an information and energy carrier to
transmit information and power simultaneously [36–39]. By combining semiconductor
band engineering designs with intracavity frequency conversion systems, VECSELs can
achieve wavelength emissions from ultraviolet to near infrared wavelengths [30]. The
external cavities of VECSELs can be designed to meet the needs of various applications.
Therefore, wireless energy transmission technologies based on VECSELs have many po-
tential applications, but few studies on their development have been conducted and no
reports on high-power optical energy transmission systems have yet been published.

This study develops a wireless optical energy transmission system based on the
external cavity characteristics of VECSELs. In order to realize safe, simple, and compact
wireless power transfer, stable conditions for the laser resonant cavity are determined by
simulations to allow the design of a resonant cavity that can transmit up to 10 m. Then,
the size of the pump spot is matched by adjusting the cavity beam radius on the VECSEL
gain chip surface, thereby increasing the output power and simplifying system debugging.
Finally, we test the performance of the wireless optical transmission system.

2. System Overview

Figure 1 shows the wireless optical power transmission scheme based on a VECSEL
external cavity structure. The long and straight cavity of the overall system consists of
two parts. The transmitter end comprises a gain chip and a convex lens M1 with a curvature
radius of 15 cm. The output end comprises a plane mirror Mout and a concave lens M2
with a curvature radius of 15 cm. The distance L2 between the two ends is the energy
transmission distance. M1 adjusts the divergence angle of the output light in the cavity
such that the beam in the cavity does not exceed the size of M2 when transmitted to the
output end. M2 and Mout form the structure of the retroreflective mirror, which can reflect
the incident light back to the original path. The plane mirror Mout has a reflectance of 97.5%
in the 980-nm band. M1 and M2 have the same specifications, and a convex lens with a
transmittance of >99.9% at 980 nm is selected to reduce the loss caused by lens reflection
in the cavity. By adjusting the parameters of the laser cavity, stable laser oscillation can
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be maintained even if the distance L2 between the emitter and output is increased to
several meters.

Figure 1. Schematic of the working principle in the long-cavity VECSEL.

Figure 1 shows the pump and heat dissipation systems. The pump system consists
of a pump source and a focusing mirror group. The pump source provides an 808-nm
pump-light output with a maximum pump power of 100 W. The output of the pump
source is focused on the chip surface at an angle of 45◦ using a focusing mirror group
that comprises two convex lenses. By adjusting the angle between the reflector group and
chip, the size of the pump spot on the chip surface can be controlled. The heat dissipation
system consists of a thermoelectric cooler (TEC) and circulating water cooling system. As
shown in Figure 1, TEC is inserted between the copper radiator and base. TEC controls the
temperature of the copper radiator, circulating water through the copper base to remove
the heat generated via TEC refrigeration.

The gain chip is grown on GaAs (100) substrates using an Aixtron 200/4 MOCVD
system. The etch-stop layer, window layer, active region, and distributed Bragg reflector
(DBR) are successively grown on the GaAs substrate. After the structure growth is com-
pleted, the wafer is cleaved into a 3 mm × 3 mm chip. At this time, the bottom of the chip
is the substrate, and the outermost layer is DBR, which is referred to as a bottom-emitting
structure [40]. DBR is metallized and then soldered onto the copper heat sink using indium.
The waste heat generated by the chip is rapidly dissipated through the copper radiator. A
portion of the GaAs substrate is then removed by mechanical thinning, and all remaining
substrates are subsequently removed by chemical etching. The GaAsP etch-stop layer is
used to protect the chip structure from chemical etching. After removing the substrate, the
copper heat sink is installed on the heat dissipation system.

As shown in the structural illustration of Figure 1, the Bragg reflector consists of
30 pairs of AlAs/GaAs pairs with a quarter-wavelength thickness that are designed to
provide 99.9% reflectivity centered at 980 nm. The adjacent active region comprises nine
7-nm-thick InGaAs quantum wells, each of which is separated by a GaAs pump-light
absorber layer. Thin GaAsP layers on both sides of QWs are used to compensate for the
material strain produced by InGaAs QWs [41]. Finally, a 30-nm-thick AlGaAs window
layer and a thin GaAsP etch-stop layer are grown. The role of the AlGaAs window layer is
to prevent excited state carriers from escaping to the surface and performing non-radiative
recombination [42].

The laser cavity scheme in Figure 1 is used to achieve long-distance stable laser
oscillations and requires accurate dimensions. The distance between M1 and the chip is L1,
and the distance between M2 and M1 is L2, which is the energy transmission distance. M1 is
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used to adjust the beam size in the cavity to reduce the beam divergence angle, and the beam
size does not exceed the lens size when reaching the M2 surface. M2 focuses the intracavity
beam on Mout, and the light reflected by Mout converges on the chip surface through M2
and M1. Owing to the long cavity length, small changes in the lens position in the laser
cavity will have a strong impact on the stability of the laser cavity. Therefore, we establish
a theoretical model to simulate the stability of the laser cavity using the generalized ABCD
matrix algorithm to obtain a more accurate laser cavity design scheme [43]. Owing to the
simplicity and efficiency of the ABCD matrix when considering beam propagation, this
method has been widely used to design laser resonators and analyze beam propagation [44].

Each lens in the laser cavity will affect the beam transmission inside of the cavity, and it
is therefore necessary to calculate the ABCD matrix transformation after the beam matrix in
the cavity passes through each lens. When a laser beam can oscillate multiple times without
leakage, a stable laser cavity is achieved. Therefore, according to the stability conditions of
the coaxial spherical cavity, the absolute value of the range of stability parameters calculated
using the ABCD matrix is between 0 and 1 [45]. Figure 2 shows the stable working area
of the laser cavity, where the unstable working area of the laser cavity is indicated in
dark blue.

Figure 2. Influence of the cavity lengths L1 and L2 in VECSEL on the cavity stability. The area
enclosed by the white dotted line is the working area for achieving a stable cavity.

In the graph shown in Figure 2, the abscissa is the distance L1 from M1 to the chip, and
the ordinate is the energy transmission distance L2. It can be seen that the laser cavity can
stably function within 10 m of the transmission distance L2 when L1 is 155 mm. Therefore,
this cavity type can indeed achieve long-distance energy transmission. Although the
simulation results show that the cavity is stable, it does not necessarily achieve a high
power output. The beam size on the chip surface has a large influence on the output
performance of VECSEL. The beam radius of the intracavity oscillating beam on the chip
surface is therefore investigated via simulation.

Figure 3 shows the variation of the intracavity beam radius on the chip surface with
the cavity length L2. As the energy transmission distance L2 increases, the beam radius
on the chip surface becomes smaller. When the transmission distance L2 is equal to
100 cm, the beam radius on the chip surface is approximately 50 μm. As L2 continues to
increase, the beam radius on the chip surface gradually decreases and finally stabilizes at
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approximately 35 μm. The beam size on the chip surface matches the pump spot, and the
optically pumped laser can achieve the best output under these conditions [46]. A large
pump spot represents an increased output, and the pump spot size has a maximum critical
value. Once the critical value is exceeded, the thermal resistance of the radiator will be
greater than the thermal resistance of the chip, and the radiator will no longer function
properly. According to the critical value formula, the pump spot size that the copper heat
sink can support is approximately 200 μm [46]. The 35-μm intracavity beam radius on the
chip surface therefore cannot support such a large pump spot size, and the laser cavity
must be adjusted.

 
Figure 3. Beam radius of the cavity on the chip surface varying with the cavity length L2.

Figure 4 shows the simulation results obtained after adjusting the position of the
optical device in the laser cavity. As shown in Figure 4a, the stable operating region of
the laser cavity after the parameter adjustment has changed significantly. Compared with
the original stable cavity region, the laser cavity can also function stably at a transmission
distance L2 of 5 m. When L2 is in the range of 0.3 to 2 m, the stable working range of the
laser cavity is widened and the distance L1 between the chip and M1 ranges from 15 to
16 cm. This relatively wide stability range indicates that the difficulty associated with laser
cavity debugging is reduced. Next, the variation of the beam radius of the chip surface
with the transmission distance L2 is next simulated in this stable working range. As shown
in Figure 4b, when the transmission distance is within 0.3 to 2 m, the beam radius of the
intracavity beam on the chip surface remains above 100 μm. Beyond the stable working
area, the beam radius on the chip surface becomes extremely large, which indicates the
leakage of the laser in the cavity. A cavity base film with this spot size is sufficient to
support a large pump spot and achieve a high power output.
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Figure 4. Simulation results after redesigning the cavity parameters. (a) Influence of the cavity
lengths L1 and L2 in the VECSEL on the cavity stability. The area enclosed by the white dotted line is
the working area for cavity stabilization. (b) Beam radius of the cavity on the chip surface varying
with the cavity length L2.

Figure 5 shows the radius variations of the beam propagation over the entire cavity
when L2 is 50, 100, and 150 cm. The position of M1 is indicated in this figure, and the
output and transmitter are framed by the black dashed lines. As the propagation distance
L2 increases, the beam radius in the range of the transmitting end does not significantly
change, indicating that a compact transmitting end can be achieved. The increase in the
propagation distance L2 leads to a slight increase in the beam radius on the surface of M2.
The output end composed of M2 and the plane mirror can completely receive and reflect all
incident light, return the light to the transmitting end, and form a stable laser oscillation.
Therefore, the large beam size incident on the M2 surface can make the output end slightly
deviate from the main optical axis such that the output end alignment is easier to achieve.
The beam size in the output end is extremely stable and maintains the same trend. The
beam radius on the output mirror is approximately 50 μm. When the transmission distance
L2 increases from 50 to 150 cm, the surface beam radius of the chip surface and output
mirror remain stable. The wireless charging system can therefore maintain a stable working
state over a constantly changing transmission distance.

 

Figure 5. VECSEL internal oscillating laser beam distribution for L4 values of 50, 100, and 150 cm.
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3. Experimental Results

We determined the optimal parameters of the experimental system via simulation and
designed a straight cavity that can operate stably over a long cavity length, as shown in
Figure 1. Before building the straight cavity, the reflection spectrum and photoluminescence
(PL) spectrum of the chip were tested. Figure 6 shows the PL and reflection spectra of the
gain chip after removing the GaAs substrate. The reflection spectrum has a wide reflection
band of 80 nm, extending from 940 to 1020 nm. The reflectivity decreases at 969 nm, which
represents the resonance wavelength position of the Fabry–Perot (F–P) cavity [47]. The
peak of the PL spectrum as modified by the microcavity is 971 nm. No side peak in the PL
spectrum is present, which indicates that the chip material after strain compensation grows
uniformly without serious growth defects.

 

Figure 6. Gain chip reflection spectrum (solid line) and PL spectrum C (dashed red line) of the
InGaAs chip obtained at 0◦.

Figure 7 shows the functional relationship between the output and pump powers at
different transmission distances L2 (50, 100, and 150 cm) at a TEC control temperature of
0 ◦C. The output power increases linearly as the pump power is increased until thermal
inversion occurs. The process of thermal inversion occurs because the pump power is
too high such that the radiator cannot remove the waste heat generated by the active
region at an adequate rate, and the temperature of the active region is therefore too high.
The temperature drift coefficients of the cavity mode and gain peak differ [40]. Excessive
temperatures lead to a large mismatch between the gain peak and cavity mode, resulting
in a decrease in the output power. The slope efficiencies of the power curves do not
significantly vary between different transmission distances, which indicates that the loss
caused by the increase in the cavity length is small, as indicated by the variation of the peak
power with the cavity length. The peak power is 1.781, 1.734, and 1.666 W at transmission
distances of 50, 100, and 150 cm, respectively. When the transmission distance L2 increases
from 50 to 100 cm, the peak power decreases by 2.6%. As the transmission distance L2
increases from 100 to 150 cm, the peak power decreases by only 3.9%. Such a small power
attenuation of 6.4%/m is sufficient to prove that this cavity can support long-distance
power transmission through parameter optimization.
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Figure 7. VECSEL output power curves for different external cavity lengths at 0 ◦C.

Figure 8 shows the variation of the output wavelength and full width at half maximum
(FWHM) values of VECSEL with the temperature at different transmission distances. The
pump power, angle, and spot size of VECSELs with different transmission distances remain
unchanged. At the same temperature, there is little change in the output wavelength as
the transmission distance increases. As the temperature controlled by TEC increases, the
output wavelengths of different transmission distances maintain the same growth trend. As
the temperature controlled by TEC is increased from −15 to 15 °C, the output wavelength
shifts from 970.18 (970.57 nm at 150 cm) to 973.9 nm. The variation of the wavelength
with temperature is consistent, and the temperature drift coefficient is approximately
0.12 nm/◦C, which indicates that the variation of the cavity length has little effect on the
output wavelength. The FWHM values of different transmission distances are <1 nm at all
temperatures. A longer transmission distance L2 is shown to result in a smaller FWHM.
An increase in the cavity length leads to an increase in the cavity loss, suppression of the
weaker cavity mode, and decrease in FWHM of the output wavelength. As a long cavity
has an improved filtering effect on the mode with a lower intensity, a long cavity can be
used to achieve a lower FWHM value.

 
Figure 8. Output wavelength and FWHM of VECSEL varying with the temperature at different
transmission distances.
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Figure 9 shows the far-field modes of VECSEL at 0 ◦C at transmission distances L2
of 50, 100, and 150 cm. The far-field modes at different positions show Gaussian cross-
sections in both dimensions. The insets show the 2D beam profiles captured by a charge
coupled device (CCD). With an increase in the transmission distance L2, the distribution
of the light beam profile remains uniformly circular. The divergence angles are 3.033◦,
4.866◦, and 4.095◦ at transmission distances L2 of 50, 100, and 150 cm, respectively. The
divergence angles of the different transmission distances are less than 5◦. This shows that
the output performance of VECSELs can remain stable even if the transmission distance
becomes larger.

   

Figure 9. One-dimensional far-field modes of VECSEL measured at different transmission distances
L2 of (a) 50, (b) 100, and (c) 150 cm. The beam profiles of VECSEL are shown in the inset images.

Figure 10 shows the influence of the radiator temperature on the VECSEL power
curve when the transmission distance L2 is 150 cm. The power curves obtained at different
temperatures exhibit the same trend, with an obvious linear growth region and thermal
inversion. As the radiator temperature increases, the slope efficiency of the power curve
decreases. This occurs because the loss caused by the absorption of free carriers in the
semiconductor laser increases as the temperature increases. Consequently, the number
of carriers overflowing from the active region increases, resulting in a decrease in the
external differential quantum efficiency. At a transmission distance of 150 cm, we achieved
a maximum output power of 2.589 W at a radiator temperature of −15 °C.

 

Figure 10. VECSEL output power curve for a transmission distance L2 of 150 cm at different
operating temperatures.
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4. Conclusions

We designed a safe and efficient wireless laser energy transmission scheme based on
the unique external cavity structure of VECSEL. The stable oscillation of the laser cavity
was determined using the ABCD transfer matrix, and a stable laser cavity with a theoretical
distance of 10 m was designed. To achieve a high power output and simplify the debugging
process, the laser cavity parameters were adjusted to achieve a wide stable region in the
laser cavity with a transmission distance of 0.3 to 2 m. The size of the fundamental mode
spot on the surface of the adjusted laser cavity chip was increased to support a large pump
spot and achieve a high power output. This wireless power transfer scheme yielded an
output of 2.589 W at a transmission distance of 150 cm. The influence of the variation of the
transmission distance L2 on the output power was investigated, and a power reduction of
approximately 6.4%/m was achieved. The beam profile of three transmission distances
showed a Gaussian distribution, and the divergence angle was less than 5◦.

In addition to being low cost, the optically pumped external cavity surface-emitting
semiconductor laser has a small volume, high beam quality, and high output power. When
an obstacle enters the laser cavity, the laser oscillation will immediately stop without
causing damage. The proposed wireless energy transmission scheme based on a VECSEL
laser cavity is safe and efficient and is ideal for indoor wireless charging applications.
However, the current wireless energy transmission system is not modular and can only
transmit energy along a straight line. In the future, we will focus on designing a small and
compact modular laser system that can safely and efficiently transmit energy to multiple
devices while deviating from the optical axis, providing a new strategy for enhancing the
current wireless charging scheme.
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Abstract: In this paper, we review the progress of the development and application of external cavity
quantum cascade lasers (ECQCLs). We concentrated on ECQCLs based on the wide tunable range
for multi-component detection and applications. ECQCLs in the mid-infrared band have a series of
unique spectral properties, which can be widely used in spectroscopy, gas detection, protein detection,
medical diagnosis, free space optical communication, and so on, especially wide tuning range, the
tuning range up to hundreds of wavenumbers; therefore, ECQCLs show great applications potential
in many fields. In this paper, the main external cavity structures of ECQCLs are reviewed and
compared, such as the Littrow structure, the Littman structure, and some new structures. Some new
structures include the intra-cavity out-coupling structure, multimode interference (MMI) structure,
and acousto-optic modulator (AOM) control structure. At the same time, the application research
of ECQCLs in gas detection, protein detection, and industry detection are introduced in detail. The
results show that the use of diffraction gratings as optical feedback elements can not only achieve
wide tuning, but it also has low cost, which is beneficial to reduce the complexity of the laser structure.
Therefore, the use of diffraction gratings as optical feedback elements is still the mainstream direction
of ECQCLs, and ECQCLs offer a further new option for multi-component detection.

Keywords: detection; ECQCL; QCL; tunable

1. Introduction

The operating wavelength of III-V PN junction semiconductor lasers based on quan-
tum wells usually does not exceed 4 μm, which cannot meet the wavelength requirements
of mid-far-infrared. Due to the existence of manufacturing defects, coupled with excessive
Auger recombination loss and free carrier absorption loss, the high-quality operation of the
laser cannot be guaranteed. The mid-infrared laser with a wide tunable wavelength can
be produced by using nonlinear optical phenomena, which originates from the nonlinear
polarizability of material. The optical parametric oscillator (OPO) is a typical example of
using difference frequency generation (DFG), and it can generate a mid-infrared laser with
the frequency by combining a near-infrared laser with a visible laser. The major advantage
of OPO systems is their good accessibility to various pulse forms. By using an ultra-short
pulse laser in femtosecond scale, it is possible to generate an extremely strong peak power
of up to several MW in pulse mode. Such features are quite advantageous for nonlinear
microscopy applications. However, the drawback of OPO systems is their less robustness due
to its complex optical system, and the tuning range is still limited because of the wavelength
accessibility of nonlinear crystals. In addition, the OPO needs a pump laser system for the
optical pumping to generate the nonlinear optical process. Thus, the final form of the whole
system is inevitably large and not suitable as a portable system. Distributed feedback (DFB)
lasers can also generate mid-infrared wavelength and are very useful for spectroscopic sources,
but their main disadvantages are their limited tuning capability and lower output power.
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In order to meet the needs of mid-far-infrared wavelengths, a new type of infrared laser is
required, and QCLs are a good choice, which utilize electronic transitions between quantum
well subbands instead of interband optical transitions.

The emergence of QCL has created a precedent for the development of mid-far-infrared
semiconductor lasers using wide-bandgap materials. Due to its narrow linewidth and
high-power operation in the mid-infrared band (3–24 μm) at room temperature contin-
uous wave (CW) conditions, it is very suitable for tracing gas sensing in mid-infrared
spectroscopy. At present, quantum well lasers in the mid-infrared band lack continuous
wave tunability. Gas lasers, such as CO lasers and CO2 lasers, have a large volume and
weight. Lead salt semiconductor lasers have high cooling requirements and low output
laser power. QCL overcomes these shortcomings; thus, it can be used in directional infrared
countermeasure, gas pollution detection, medical diagnosis, etc. ECQCLs can broaden the
working wavelength, improve the beam quality and output laser power, and promote the
applications of QCLs.

2. ECQCLs Basic Structure and Characteristics

2.1. Basic Structure of ECQCLs

In general, mid-infrared semiconductor lasers without any other lasers are compact
and easy to use; however, their performance is limited because the emission wavelength is
not a single laser mode, but it often has multiple laser modes in the spectrum. In addition,
the linewidth of each mode is not narrow enough. Therefore, a form of Fabry-Perot (FP)
laser is not suitable for spectroscopy applications. An ECQCL is a wavelength tunable laser,
which includes an optical gain medium, an optical device for coupling the output of the
gain dielectric waveguide to the free space mode of the external cavity, and a wavelength
selective component, such as an interference filter or diffraction grating. Other additional
optics such as polarizers, beam splitters, and prisms can also be integrated. Compared
with FP lasers, ECQCL does not only benefit the tunability, but it also greatly improves the
linewidth of the laser.

The basic structure of ECQCLs is usually composed of a laser external cavity and
optical feedback elements, such as collimating lenses and wavelength selectors. The
wavelength selectors can be a diffraction grating, a photoelectric filter, an acousto-optic
filter, etc., and the laser is enhanced through the feedback of the selectors. The spectrum
can be reflected by rotating the angle of the grating; thereby, the laser emission wavelength
can be adjusted. The basic structure of an ECQCL is shown in Figure 1.

Figure 1. Basic structure of ECQCLs.

2.2. Operating Principle of QCLs

QCL is a unipolar semiconductor device that utilizes electron transitions between the
subbands confined in the heterostructure conduction band for light emission. The electron
distribution of a QCL needs to be designed to have a population inversion by adjusting the
thicknesses of quantum wells and barriers. Injected electrons flow from the upper levels
to lower levels by following the sequential wavefunctions, which represents the electron
probability. During this process, the electrons optically transit at the “active region”. By
piling the active region of the same design in sequence, light emission can be amplified. As
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a consequence, the light emitted from one active region stimulates the following radiation
of photons, achieving laser oscillation. During this process, the electrons flow through
from one active region to the next active region while generating the stimulated emission
of photons and electrons. This is why the laser device is called a quantum “cascade” laser.
The more cascades are built, the more electrons can contribute to the stream for light
emission. This optical amplification mechanism gives higher quantum efficiency in the
laser operation.

QCLs avoid the operating principle of conventional semiconductor lasers by relying
on a radically different process for laser emission, which is independent of the band
gap [1]. Instead of using opposite charge carriers in semiconductors (electrons and holes)
at the bottom of their respective conduction bands and valence bands, which recombine to
produce light of frequency ν ≈ Eg/h (where Eg is the energy band gap and h is Planck’s
constant), QCLs use only one type of charge carriers (electrons), which undergo a quantum
jump between energy levels En and En−1 to create a laser photon of frequency (En–En−1)/h.
The energy diagram of QCLs is shown in Figure 2. These energy levels do not naturally
exist in the constituent materials of the active region, but they are artificially created by
constructing the active region into nanometer-thick quantum wells. The electron motion
perpendicular to the layer interface is quantified and characterized in terms of energy
levels, the difference of which is determined by the thickness of the wells and the height
of the energy barrier separating the wells. The implications of this new approach are
profound. Based on the decoupling of lasing emissions from the bandgap by exploiting
optical transitions between quantized electronic states, QCLs are equivalent to a laser with
operating characteristics that are quite different from semiconductor lasers and features far
superior to semiconductor lasers.

Figure 2. Energy diagram of three well structures of QCL(current densities Jm, electron densities nm

and fields Fm, module number m).

3. Research Progress of ECQCLs

The structures of ECQCLs can be mainly divided into the Littrow structure, the
Littman structure, and some new structures. Some new structures include the intra-cavity
out-coupling structure, the MMI structure, and the AOM control structure. This paper
mainly discusses the research progress of the Littrow structure, the Littman structure, and
some new structures of ECQCLs.

3.1. Littrow Structure of ECQCLs

The Littrow structure of ECQCLs is composed of a QCL gain chip, a collimating lens,
and a diffraction grating, as shown in Figure 3. The QCL emits from the front end of the
gain chip, then enters the diffraction grating for diffraction after collimating the beam
through the collimating lens. The first-order diffraction laser returns to the gain chip along
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the original optical path, and the laser is output from the zero-order diffraction direction of
the grating or the rear end of the gain chip.

Figure 3. Littrow structure of ECQCL.

In 2006, R Maulini et al. [2] reported an ECQCL that was tuned from 8.2 μm to 10.4 μm.
The ECQCL was operated in pulse mode at room temperature. For achieving tunability,
the laser beam was collimated using an aspheric germanium lens and a blazed grating
mounted in the Littrow structure to provide optical feedback. The zero-order reflection
laser was output from the grating. The ECQCL was operated in pulse mode by using 100 ns
pulse with a repetition rate of 200 kHz.

In 2009, Wysocki Gerard et al. [3] reported broadband mid-infrared laser heterodyne
radiation measurements using an ECQCL. The ECQCL was operated at 8.4 μm and was
able to provide tunability up to 180 cm−1 at −30 ◦C.

In 2014, M. Carras et al. [4] reported a 7.5 μm ECQCL spectrometer. The laser used in
the spectrometer was an ECQCL. The ECQCL system used the Littrow structure, which
consisted of only two optical elements, a lens for laser collimation and a diffraction grating.
Rotating the diffraction grating by 1.75◦, the laser achieved a tuning range of 57 cm−1 in a
single mode emission wavelength from 7.4 μm to 7.73 μm. The wide tuning range was to
be achieved over 60.4 cm−1.

In 2015, Feng Xie et al. [5] reported an ultra broad tunable QCL array in the Littrow
structure; the wavelength tunable range was from 6.5 to 10.4 μm, the SMSR showed
20–25 dB, and the threshold current showed 1.7–3.9 kA/cm2.

In 2016, Zhibin Zhao et al. [6] reported a tunable ECQCL with a 7.2 μm central
wavelength that was operated at room temperature. The ECQCL was implemented in a
Littrow structure. The backside of the gain chip had a highly reflective coating. A two-layer
anti-reflection (AR) coating composed of Al2O3 and ZnSe was deposited on the front side
of the chip to suppress the FP mode. By using this AR coating, the single-mode tuning
range of the ECQCL was reached at 128 cm−1, and the wavelength was from 6.78 μm to
7.43 μm. A high SMSR was over 30 dB, and an ultra-low threshold current density was
0.89 kA/cm2. The ECQCL was operated in CW mode at 20 ◦C, and an output power of
50 mW was obtained.

In 2022, Ismail Bayrakli [7] reported an ECQCL that used an FP QCL without an antireflec-
tion facet coating on the gain chip in the Littrow structure. In addition to electrical pumping, a
DFB QCL was also used to optically pump the FP QCL. The spectral range was from 4.45 μm
to 4.8 μm, and a wide-range dual-mode tuning range of 164 cm−1 was achieved.

In 2022, Ismail Bayrakli [8] reported two tunable ECQCLs that used intra-cavity and
extra-cavity acousto-optic frequency shifters (AOFS), respectively. In the extra-cavity AOFS
structure, the wide coarse tunable range was 256 cm−1, the wavelength range was between
4.33 μm and 4.87 μm, and the fine tunable range was 0.3 cm−1; it obtained within 6 ms by
adjusting the injected current. In the intra-cavity AOFS structure, the wavelength was tuned
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rapidly at 50 μs over a broad tunable bandwidth of 33 cm−1 by changing the frequency of
the AOF from 65 MHz to 89 MHz. The structures are shown in Figure 4.

Figure 4. Two tunable structures of ECQCL: (a) ECQCL with extra-cavity AOFS, (b) ECQCL with
intra-cavity AOFS. BS: Beam splitter.

3.2. Littman Structure of ECQCLs

The Littman structure added a mirror to the Littrow structure, and the Littman struc-
ture is shown in Figure 5. The first-order diffracted laser is reflected by the mirror and
diffracted for the second time, and then it is fed back to the QCL gain chip and forms a
resonance. Through mode competition, the first-order diffraction mode is amplified, other
oscillation modes are suppressed, and the laser achieves single-mode output.

Figure 5. Littman structure of ECQCL.

In 2002, Guipeng Luo et al. [9] reported a Littman–Metcalf structure ECQCL; the
operating wavelength of the ECQCL was 5.1 μm, and the wavelength tunable range was
245 nm for temperatures from 80 to 243 K.

In 2016, Wei Luo et al. [10] reported an ECQCL that used a Littman-Metcalf structure;
the operating wavelength of the ECQCL was 6.9 μm, and the tunable range was from 1340
to 1640 cm−1.

In 2018, Xuefeng Jia et al. [11] reported a low threshold current and fast wavelength
tunable ECQCL that used a scanning galvanometer in the Littman-Metcalf cavity structure.
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The ECQCL was scanned repeatedly at 100 Hz over a full tunable range of about 290 nm,
from 4.46 μm to 4.75 μm, by providing a scan speed of 59.3 μm/s. The CW mode threshold
current of ECQCL was as low as 250 mA for a 3 mm long QCL gain chip, and the maximum
output power was 20.8 mW at 400 mA.

In 2018, Tatsuo Dougakiuchi et al. [12] reported an ECQCL based on the Littman
structure. The tunable range was from 895 cm−1 to 990 cm−1, and the output power of the
ECQCL for a tunable wavelength was about 8 mW.

A Littrow structure ECQCL is usually composed of a QCL gain chip, an optical
lens, and a diffraction grating. By changing the grating angle, the light wave of a certain
wavelength is fed back to the QCL gain chip, which greatly increases the diffraction loss of
the light wave of other wavelengths. At the same time, the overall length of the resonator
is changed, and a narrow linewidth laser output with a stable wavelength is realized.
A Littman structure ECQCL is usually composed of a QCL gain chip, an optical lens, a
diffraction grating, and a mirror. The mirror acts as a tuner, the grating is fixed, and the
incident light is returned along the incident light path by changing the angle of the mirror.
After the light wave is second diffracted by the grating, the SMSR is greatly improved and
the laser linewidth is further narrowed. However, its structure is more complex than a
Littrow structure ECQCL, resulting in a large power loss. It is not easy to achieve high
power output.

3.3. New Structures of ECQCLs

An intra-cavity out-coupling structure is a new optical structure for further improve-
ment performances of ECQCL. By placing a BS inside the laser external cavity, much more
power was directly extracted from the structure. The structure is shown in Figure 6.

Figure 6. Intra-cavity out-coupling structure of ECQCL.

In 2018, Yohei Matsuoka et al. [13] reported an ECQCL with an intra-cavity out-
coupling structure that can be tuned from 8.4 μm to 10.8 μm. Compared to the conventional
Littrow structure of ECQCLs, this structure achieved higher output power and maintained
a broad wavelength tunability. The maximum output power was 1 W in pulsed mode,
which was more than double the output power of the Littrow structure using the same
QCL gain chip.

For a single-mode laser, an excellent choice for beam splitting is the MMI [14,15],
which has long been used for near-infrared beam splitting, with high splitting efficiency.
The MMI structure of an ECQCL is shown in Figure 7. The MMI QCL array is collimated by
collimating lens. The collimated beam is diffracted on the grating. The first-order diffracted
beam is fed back to the MMI QCL array for mode selection. Wavelength tuning is achieved
by changing the placement angle of the grating.
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Figure 7. MMI structure of an ECQCL.

In 2021, Zeng-Hui Gu et al. [16] reported an MMI structure of an ECQCL that was
designed to simplify the fabrication of QCL arrays. A wavelength tuning range of more than
60 cm−1 was demonstrated, and the ECQCL realized a high power and frequency tunable.

The main disadvantage of a mechanically controlled grating-based ECQCL is the rela-
tively slow wavelength tuning, typically tens of milliseconds. Combustion and explosion
diagnostics and some other infrared national defense applications require fast tuning over
a broad mid-infrared range. Compared to conventional ECQCLs with mechanically con-
trolled gratings, the use of an electrically controlled AOM enables fast wavelength tuning.
In an AOM, radio-frequency acoustic waves are produced by applying an electronic signal
to a piezoelectric transducer connected to an optical crystal, such as germanium, that is
transparent at the wavelengths the laser needs to operate. The acoustic wave represents the
phase transmission grating from which the light beam passing through the AOM crystal
can be diffracted.

In 2019, Arkadiy Lyakh et al. [17] reported a new structure that combined AOM tuning
with heterogeneous QCL, with the goal of developing a laser source for ultrafast tuning
in a broad infrared spectral region. The tunable range of the laser was from 1990 cm−1 to
2250 cm−1, and the schematic diagram is shown in Figure 8.

Figure 8. Structure of an AOM-controlled ECQCL.

The research development on performances of ECQCLs in recent years is listed in
Table 1. Compared with the Littrow structure of ECQCLs, the Littman structure of ECQCLs
and some new structures of ECQCLs have the characteristic of a wide tunable range, and
they can be widely used in various fields. By changing the optical feedback elements, a
wider wavelength tuning range and a higher power are realized. Therefore, some new
optical feed elements or new structures can make the ECQCLs obtain a wider wavelength
tunable range, a higher power, and a higher SMSR.
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Table 1. The performance parameters of ECQCLs in recent years.

Type λ (μm)
Tunable

Range (μm)
Output Power

(mW)
SMSR
(dB)

Resolution
(cm−1)

Year

Littman 5.1 0.245 10 40 0.062 2002 [9]

Littrow 8.2–10.4 2.2 * 147 30 - 2006 [2]

Littrow 8.4 0.352 * >50 - 0.001 2009 [3]

Littrow 7.5 0.33 * 73 - 0.36 2014 [4]

Littrow 6.5–10.4 3.9 250 25 - 2015 [5]

Littrow 6.78–7.43 0.65 * 50 30 - 2016 [6]

Littman 6.9 1.365 * - - 0.14 2016 [10]

Littman 4.46–4.75 * 0.29 20.8 25 0.2 2018 [11]

Littman 10.1–11.2 1.1 * 16 - - 2018 [12]

AOM 4.44–5.02 * 0.58 * 14 - - 2019 [17]

Intra-cavity
out-coupling 8.4–10.8 2.4 * 1000 - - 2021 [13]

MMI 8 0.391 * 1450 - 0.25 2021 [16]

Littrow 4.45–4.80 0.35 68 >20 - 2022 [7]

Littrow 4.33–4.87 0.54 70 20–70 0.001 2022 [8]
Note: “*” denotes that the data are calculated, “-” denotes that the data are not available.

4. Applications of Mid-Infrared ECQCLs

ECQCLs have the advantages of high conversion efficiency, compact size, and high
reliability [18]. Their lasing wavelength covers two important atmospheric windows of
3–5 μm and 8–14 μm; thus, it can be used in molecular detection, free space communication,
and industry applications. Using tunable ECQCL spectroscopy has many advantages,
including high sensitivity and selectivity. It is non-destructive, fast, and requires no sample
preparation. With advances in ECQCLs in terms of tunability, output power, reliability,
and operating temperature, there has been a growing interest in the use of ECQCLs
for gas detection by spectroscopic groups. Molecular detection is currently the most
studied and widely used field, such as environmental monitoring, emission measurement,
remote sensing, medical and life science applications [19], industrial process control, safety,
and basic science, all of which benefit from the technological advancements in ECQCLs.
Different techniques for absorption spectroscopy were demonstrated using ECQCLs [20,21].
Various substances have unique functional groups, and specific functional groups have specific
optical activities and have different absorption characteristics for different wavelength lasers.
Therefore, by analyzing the spectral changes caused by the gas, the corresponding molecular
content and species can be obtained. Due to the high resolution and high reliability of ECQCLs,
there are important application prospects in this field. Laser-based infrared spectroscopy is
an emerging key technology for analyzing solutes and monitoring reactions in liquids in real
time. Compared to the traditional standard Fourier transform infrared spectroscopy (FTIR), the
larger applicable path length enables the robust measurement of analytes in strongly absorbing
matrices such as water. Recent advances in laser development have also provided a wide range
of accessible spectral coverage, thus overcoming the inherent shortcomings of laser-based
infrared spectroscopy.

4.1. Application of ECQCLs in Gas Detection

The detection of gas is important in many applications, including combustion diag-
nostics, industrial detection, atmospheric detection, and medical detection.

4.1.1. Nitric Oxide (NO) Detection

In 2005, G. Wysocki et al. [22] reported a mode-hopping, broadly tunable CW and ther-
moelectrically cooled ECQCL capable of high-resolution spectroscopic measurements. The

62



Crystals 2022, 12, 1564

system provides independent wavelength tracking through all three wavelength-selective
elements of ECQCLs, which made it suitable for applications using gain chips. The current
prototype instrument had a wavelength of 5.2 μm, a tuning range of 35 cm−1, and a contin-
uous mode-hop-free (MHF) mode tuning range of 2 cm−1. The overall performance of the
spectrometer system was demonstrated by direct absorption spectroscopy measurements
of NO under reduced pressure. Its wavelength modulation capability, coupled with wide
tunability and high spectral resolution, made the ECQCL an excellent light source for many
mid-infrared spectroscopy applications, such as trace gas detection.

In 2010, V. Spagnolo et al. [23] reported a gas sensor based on quartz-enhanced pho-
toacoustic detection and an ECQCL. It was characterized by NO absorption multiplication
at 5.26 μm to monitor trace NO and studied the dependence of signal and noise on gas
pressure to optimize the performance of the sensor. The tuning range of the ECQCL
was 5.13–5.67 μm, and the specified MHF mode tuning range was 5.26–5.53 μm, which
corresponded to 5% of its central wavelength; the output power exceeded 100 mW. By con-
trast, quartz-enhanced photoacoustic spectroscopy (QEPAS) technology was competitive
in sensitivity, while offering a more compact sensor design and smaller size.

4.1.2. CO2 Detection

In 2017, Ramin Ghorbani et al. [24] reported a mid-infrared tunable diode laser absorp-
tion spectroscopy sensor for the real-time detection of CO2 in exhaled breath. The system
used an ECQCL. The output wavelength tunable range was from 4.50 to 4.96 μm, and the
peak output power was 160 mW.

4.1.3. Butane (C4H10) Detection

In 2013, D. Mammez et al. [25] reported the commercialization of an ECQCL in a
photoacoustic spectrometer with an emission wavelength of 10.5 μm. The spectrometer
could measure in a wide spectral range of 60 cm−1, which means that the spectra of complex
molecules as well as the entire absorption bands of small molecules could be recorded.
The wide tuning range of this photoacoustic spectrometer light source demonstrates the
possibility of detecting complex small molecules such as CO2 and C4H10. Figure 9 shows
the structure diagram of spectral detection.

Figure 9. Structure diagram of spectral detection.

4.1.4. Acetylene (C2H2) Detection

In 2018, Abhijit Maity et al. [26] reported a mid-infrared detection strategy using an
ECQCL, and the working wavelength was from 7.5 μm to 8 μm. The C2H2 detection had a
noise limit of three parts per billion (ppb), and the integration time was 110 s. The current
high resolution ECQCL system was further validated in the C2H2 concentration range of
0.1–1000 ppm, which showed good promise in practical sensing applications.
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4.1.5. Nitrous Oxide(N2O) Detection

In 2019, Faisal Nadeem et al. [27] reported a mid-infrared trace gas detection system that
was used to detect N2O. An ECQCL was used in the system, and the working wavelength was
7.7 μm, the output power was 40 mW, and the tunable range was about 320 cm−1.

4.1.6. Methane (CH4) Detection

In 2017, Abhijit Maity et al. [28] reported mid-infrared CW cavity ring down spec-
troscopy (CRDS) technology and MHF ECQCL technology operating at 7.5 μm. The authors
validated the ECQCL-based high-resolution CW-CRDS system by measuring the 12CH4
and 12CH4 isotopes of CH4 as a reference molecule. By probing the asymmetric bending
(υ4 band), vibrations of the 12C and 13C isotopes of CH4 in the sample from bonds centered
at 7.534 μm and 7.502 μm, respectively. The current high-resolution CW-CRDS system
could further utilize the spectral region covering 7.5–8 μm to trace several other molecular
species and their isotopes.

In 2018, Xiaojuan Cui et al. [29] introduced a compact laser absorption sensor system
associated with a 152 m long absorption cell for the simultaneous detection of N2O, CH4,
and the second harmonic of H2O vapor. An 8 μm ECQCL was the excitation laser source,
and three adjacent absorption lines, N2O, CH4, and H2O, at 7.968 μm and 7.969 μm were
simultaneously aimed at 7.965 μm. At the optimum pressure of 50 Torr, the lowest detection
limit was achieved with 1 s integration time, 0.9 ppb for N2O, 4.8 ppb for CH4, and 31 ppm
for H2O.

In 2021, Qianhe Wei et al. [30] reported a gas sensor based on a tunable 7.6 μm CW
MHF ECQCL (from 7.4 μm to 7.7 μm) CRDS technique. The sensor could detect CH4 and
N2O in ambient air.

4.1.7. Chlorodifluoromethane (CHClF2) Detection

CHClF2 is one of the most abundant HCFCs in the atmosphere. Due to its relatively
low ozone depletion potential in chlorine-containing haloalkanes, it is often used as a
replacement for the high ozone depleting CFC-11 and CFC-12. CHClF2 is commonly used
as a refrigerant in air conditioning systems. Although developed countries are phasing out
CHClF2 due to high global warming potential, the use of CHClF2 continues to increase
due to a high demand in developing countries. In 2019, Sheng Zhou et al. [31] reported a
sensor that used QEPAS and ECQCL to detect CHClF2 with unresolved rotation-vibration
absorption lines. The spectral range was from 7.04 μm to 8.13 μm.

4.1.8. Hydrogen Sulfide (H2S) Detection

In 2017, Michal Nikodem et al. [32] reported on a quantum cascade laser-based spec-
troscopic system for the detection of H2S in the mid-infrared of 7.2 μm, and the wavelength
tunable range was from 7 to 8.2 μm.

In 2019, Mithun Pal et al. [33] reported a sensor that used a mid-infrared ECQCL cavity
ring-down spectroscopy to simultaneously monitor the 32S, 33S, and 34S isotopes of H2S.
It verified the possibility of this system for tracking the characteristics of sulfur isotopes
in compounds in practical applications. Nine independent transition lines of H2

32S and
H2

33S isotopes in the current MHF ECQCL tuning range were further explored for the
trace monitoring of the H2S single isotope. At a pressure of 30 Torr and an integration time
of 255 s, the lowest detection limit was 20 ppb. It provided a new method that combined
the unique spectral features of 7.5 μm, the high sensitivity of CRDS technology, the high
resolution of ECQCL, and a wide MHF tunability.

4.1.9. Sulfur Dioxide (SO2)

In 2020, Xukun Yin et al. [34] reported a ppb-level SO2 photoacoustic sensor using
a 7.41 μm ECQCL to suppress the absorption-desorption effect. For the first time, a CW
ECQCL combined with a customized differential photoacoustic cell was employed to detect
trace SO2 in mid-infrared. The ECQCL current was set at 700 mA and operated in MHF
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mode. The maximum power was about 60 mW in the wavelength between 7.35 μm and
7.45 μm, satisfying the excitation wavelength requirement. When the input current was
greater than 600 mA, the ECQCL started to emit light. Subsequently, the ECQCL output
power with the large inner diameter of the two resonators and the differential photoacoustic
cell structure could reduce the background noise and response time, resulting in the best
detection limit at the ppb level.

4.1.10. Benzene (C6H6) Detection

In 2020, Mohammad Khaled Shakfa et al. [35] reported a new mid-infrared laser
diagnostic instrument for C6H6 measurement. The structure is shown in Figure 10, and this
instrument consisted of an ECQCL and a CO2 gas laser, directional patterned GaAs crystal.
The laser system emitted a laser that ranged from 12.64 μm to 15 μm in the mid-infrared
region. The laser was tuned to the Q-branch transition peak around 14.838 μm, and it
showed that the cross section of C6H6 was very sensitive to pressure. Experiments were
carried out after reflecting the shock wave to determine the absorption cross section of
C6H6 at 553–1473 K and 1.17–2.48 bar. This new detection method was been confirmed in
the reaction shock tube experiment of propargyl iodide to C6H6.

Figure 10. Schematic drawing of the mid-infrared laser setup.

4.1.11. Volatile Organic Compounds (VOCs) Detection

Ethanol and acetone are the most common VOCs, are good organic solvents in plastics,
rubber, paint, and other industries, and are also commonly used detergents in laborato-
ries [36]. However, continued exposure to these VOCs can lead to feelings of irritation,
many other uncomfortable symptoms, and even the risk of cancer, and VOCs readily
react with atmospheric oxidants, leading to ozone pollution and atmospheric acidification.
Therefore, studying the real-time monitoring of VOCs is crucial for optimizing the living
environment and protecting human health.

In 2016, Juan Sun et al. [37] reported a tunable diode laser absorption spectroscopy
system based on a broad band ECQCL near 7.78 μm that was used to study VOC measure-
ments. The tunable wavelength range of the ECQCL was from 6.96 μm to 8.85 μm.

In 2018, Ningwu Liu et al. [38] reported a broadband ECQCL-based sensor used for
the open-path sensing of multiple VOCs. The ECQCL had a tuning range of 6.96–8.85 μm,
and the laser could generate different pulse repetition rates (up to 3 MHz) in the pulse
range from 20 ns to 350 ns while maintaining a duty cycle of about 15%. The ECQCL sensor
was successfully used for the long-range detection of mixed plumes of three VOCs at a
distance of 40 m, proving its suitability for leak plumes in the safety field. Preliminary
alcohol, acetone, ether open circuit detection, and identification tests demonstrated the
high potential of the ECQCL sensor for monitoring chemical leaks in the safety field.
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4.1.12. Alkanes Detection

In 2019, Robet Heinrich et al. [39] reported a multi-component spectrum of hydro-
carbons based on a CW ECQCL spectrometer, which provided a tunability of 6–11 μm to
measure the first seven alkanes and their mixtures. Gas spectra were obtained in the range
6.756–6.944 μm at a reduced pressure of 50 mbar and a temperature of 323 K. Spectral accu-
racy up to ±0.001 cm−1 was achieved by the linearization of the measurement wavelength
using a custom made highly temperature-stabilized air spaced etalon. The high resolution
of 0.001 cm−1 produced heavy alkane (C3–C5) spectra with unprecedented richness details
and allowed to distinguish narrow spectral features of light alkanes (C1–C2).

4.2. Protein Detection

Due to the limited emission wavelength range of ECQCLs, the spectral coverage is
limited compared to FTIR, but its significant advantage is that it is stable and convenient
in the detection of amides [40]. The large optical path can be used to directly measure
the infrared absorption spectrum of water-based solutions, such as body fluids (blood,
serum, breast milk), foods (commercial milk), etc. Compared to earlier laser-based infrared
lasers, the expanded spectral coverage, including the most prominent protein infrared band,
provides advantages for qualitative and quantitative studies of proteins. In the future,
ECQCLs will be used to study dynamic secondary structure changes and stoichiometry-
based protein quantification in complex matrices.

In 2019, Milagros Montermurro et al. [41] reported a rapid analysis system of commer-
cial milk proteins using ECQCL mid-infrared spectroscopy. In the system, a thermoelectri-
cally cooled ECQCL with a repetition rate of 100 kHz and a pulse width of 5000 ns was
used. All spectra were recorded in the spectral tuning range of 5.78–6.8 μm, covering the
amide I and amide II regions of the protein, with a scan speed of 1200 cm−1s−1. The mid
infrared ECQCL was focused on the detector element by a gold-coated off-axis parabolic
mirror with a focal length of 43 mm. The operating temperature was −78 ◦C.

In 2020, Alicja Dabrowska et al. [42] reported a Mach-Zehnder interferometer-based
sensor for detecting the dispersive spectroscopy of proteins. This is also the first time
that the refractive index spectrum of a protein was measured with such high speed and
resolution over such a broad spectral range. The thermoelectrically cooled ECQCL could
be tuned in the range of 5.78–6.8 μm. Dispersive spectroscopy achieves a figure of merit
similar to established high-end FTIR spectroscopy at the same acquisition time. In the same
year, a mid-infrared transmission setup for the analysis of protein amide I and amide II
bands in aqueous solution was studied using the ECQCL.

In 2021, Schwaighofer Andreas et al. [43] reported a commercial room temperature
operating broadband ECQCL infrared spectroscopy with a spectral coverage of 5.65–7.4 μm
combined with FTIR spectroscopy that was compared and demonstrated for its application
in measuring a protein secondary structure in water and for monitoring the lipase-catalyzed
saponification of triacetin. For the obtained limits of detection, ECQCL-based spectrome-
ters performed better than research-grade FTIR spectrometers with liquid nitrogen cooled
detectors. The device monitored the enzymatic hydrolysis of triacetin by lipase, demon-
strating the advantage of broad spectral coverage for the subsequent monitoring of complex
chemical reactions that cannot be readily obtained by FTIR spectroscopy without the use of
liquid nitrogen cooling.

4.3. Industry Detection

In 2020, Mark C. Phillips et al. [44] reported a swept-wavelength ECQCL that was used
to perform the standoff detection of combustion gases in a plume generated from an outdoor
high-explosive open detonation. The swept-ECQCL system was located at a standoff
distance of 830 m from a 41 kg charge of LX-14 (polymer-bonded high explosive) and was
used to measure the infrared transmission or absorption through the post-detonation plume
as it propagated through the beam path. The swept-ECQCL was operated continuously to
record broadband absorption spectra at a 200 Hz rate over a spectral range from 2050 cm−1
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to 2230 cm−1. The fitting of measured spectra was used to determine time-resolved column
densities of CO, CO2, H2O, and N2O.

In 2020, Anaïs Parrot et al. [45] reported an ECQCL mid-infrared reflectance spec-
troscopy that was used to discriminate silicate and carbonate minerals in a standoff mea-
surement setting. The tunable ECQCL source that was used allowed measurement from
the 5.2 μm to 13.4 μm wavelength, where the fundamental vibrational bands of silicates
and carbonates were observed. Mid-infrared reflectance spectroscopy using compact EC-
QCL sources allowed rapid spectral measurements at standoff distances and high spatial
resolution. It showed the potential of ECQCL mid-infrared reflectance spectroscopy for in
the field mining applications.

In 2022, Francis Vanier et al. [46] designed an ECQCL-based mid-infrared spectrometer.
The light source consisted of four ECQCLs with spectral coverage ranging from 5.2 μm
to 13.4 μm wavelengths. The performance of a mid-infrared reflectance spectroscopy
device based on a tunable ECQCL module was described. The results assessed the quality
and usability of spectra of mineral mixtures obtained using ECQCL-based mid-infrared
spectroscopy, completing the first step in mineral characterization using ECQCL-based
mid-infrared spectroscopy.

The research development on applications of ECQCLs in recent years is listed in
Table 2. The recent availability of ECQCLs provides a promising new avenue for multi-
component detection and protein detection. Based on the recent development of advanced
instrumentation, including compact and robust ECQCL systems, the promotion of this high
resolution mid-infrared spectroscopy for industrial applications has been rapidly realized.

Table 2. The applications of ECQCLs and the detection substance.

λ (μm)
Tuning Range

(μm)
Detect Matter Application Field Year

5.2 0.09 * NO Gas detection 2005 [22]

5.26 0.54 * NO Gas detection 2010 [23]

10.5 0.62 * C4H10 Gas detection 2013 [25]

7.78 1.89 VOCs Gas detection 2016 [37]

4.50–4.96 0.46 CO2 Gas detection 2017 [24]

7.2 1.2 H2S Gas detection 2017 [32]

7.5–8 0.5 CH4 Gas detection 2017 [28]

7.5–8 0.5 C2H2 Gas detection 2018 [26]

7.91–8.17 * 0.26 * CH4 Gas detection 2018 [29]

6.96–8.85 1.89 VOCs Gas detection 2018 [38]

7.7 1.92 * NO2 Gas detection 2019 [27]

7.04–8.13 * 1.09 * CHClF2 Gas detection 2019 [31]

7.46–7.95 * 0.49 * H2S Gas detection 2019 [33]

6–11 5 Alkane Gas detection 2019 [39]

5.78–6.80 * 1.02 * Milk Protein detection 2019 [41]

7.20–7.52 0.32 SO2 Gas detection 2020 [34]

12.64–15.00 * 2.36 * C6H6 Gas detection 2020 [35]

5.78–6.80 * 1.02 * Protein Protein detection 2020 [42]

4.48–4.88 0.4 Explosives Industry detection 2020 [44]

5.2–13.4 8.2 Silicate and
carbonate minerals Industry detection 2020 [45]

7.40–7.75 * 0.35 * CH4 Gas detection 2021 [30]
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Table 2. Cont.

λ (μm)
Tuning Range

(μm)
Detect Matter Application Field Year

5.64–7.40 * 1.76 * Protein,
Enzymatic activity Protein detection 2021 [43]

5.2–13.4 8.2 Mineral Industry detection 2022 [46]
Note: “*” denotes that the data are calculated.

5. Summary

In the field of mid-infrared ECQCL laser research [47], several open questions invite
major research investment. Such fundamental issues include the development of sub-
picosecond ECQCLs, high-pulse-energy pulsed ECQCLs, ECQCLs used to detect materials,
and ECQCLs used as consumer electronics. Such devices would highlight the significant
potential of ECQCLs and open up new fields for research and applications.

Mid-infrared techniques are a very powerful tool for molecular spectroscopy because
many molecular vibrational modes lie in this wavelength range [48,49]. An ECQCL is a
mid-infrared tunable ECQCL that can cover any part of this spectral range. Therefore,
ECQCLs have great application potential as industrial-scale standard light sources.

After more than 20 years of rapid development, QCLs are becoming the most impor-
tant mid-far-infrared light sources [50]. The advantages of QCLs are vividly reflected in the
fields of high-power devices, low-power single mode devices, high-speed tunable devices,
and broadband optical frequency comb devices. In the near future, quantum cascade lasers
will play an increasingly important role in infrared countermeasures, gas sensing, and free
space communication. With the continuous optimization of the external cavity structure,
ECQCLs will bring a wider tuning range and narrower linewidth in the future, which will
shine in environmental monitoring, medical treatment, infrared countermeasures, etc.

Author Contributions: Conceptualization, Y.M., Z.L. and K.D.; methodology, X.L. and J.S.; writing—
original draft preparation, X.L. and Z.L.; writing—review and editing, L.W., L.L. and L.Z.; visualiza-
tion, G.L. and Y.Q.; supervision, Z.Q. and D.X.; funding acquisition, G.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported in part by a specific research fund fort the Innovation Platform for
Academicians of Hainan Province under Grant YSPTZX202034 and Grant YSPTZX202127; in part by
the Major Science and Technology Program of Hainan Province of China under Grant ZDKJ 2019005;
in part by Scientific Research Projects of Higher Education Institutions in Hainan Province under
Grant hnky2020-24, Grant Hnjg2021ZD-22, Grant hnky2020ZD-12; in part by the Hainan Provincial
Natural Science Foundation of China under Grant 622RC671, Grant 120MS031, Grant 2019RC190,
Grant 2019RC192; in part by the National Natural Science Foundation of China under Grant 61774024,
Grant 61864002, Grant 11764012, Grant 62174046,Grant 62064004 and Grant 61964007; in part by
the Key Research and Development Projects in Hainan Province under Grant ZDYF2020020, Grant
ZDYF2020036, and Grant ZDYF2020217; in part by the Open Fund for Innovation and Entrepreneur-
ship of college students under Grant 202111658021X, Grant 202111658022X, Grant 202111658023X,
Grant 202111658013.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Hao Chen, Yanbo Liang, and Xing Mu for helping with this
article.

Conflicts of Interest: Not applicable.

References

1. Capasso, F. High-performance mid-infrared quantum cascade lasers. Opt. Eng. 2010, 49, 1102. [CrossRef]
2. Maulini, R.; Mohan, A.; Giovannini, M.; Faist, J.; Gini, E. External cavity quantum-cascade laser tunable from 8.2 to 10.4 μm using

a gain element with a heterogeneous cascade. Appl. Phys. Lett. 2006, 88, 2834–2883. [CrossRef]

68



Crystals 2022, 12, 1564

3. Wysocki, G.; Weidmann, D. Applications of external cavity quantum cascade lasers: Broadband mid-IR laser heterodyne
radiometry. In Proceedings of the Conference on Lasers and Electro-Optics, Optical Society of America, Baltimore, MD, USA,
31 May–5 June 2009.

4. Mammez, D.; Vallon, R.; Parvitte, B.; Mammez, M.-H.; Carras, M.; Zéninari, V. Development of an external cavity quantum
cascade laser spectrometer at 7.5 μm for gas detection. Appl. Phys. A 2014, 116, 951–958.

5. Xie, F.; Caneau, C.; Leblanc, H.; Ho, M.T.; Zah, C. Ultra-broad gain quantum cascade lasers tunable from 6.5 to 10.4 μm. Opt. Lett.
2015, 40, 4158–4161. [CrossRef]

6. Zhao, Z.; Wang, L.; Jia, Z.; Zhang, J.; Liu, F.; Zhuo, N.; Zhai, S. Low-threshold external-cavity quantum cascade laser around 7.2
μm. Opt. Eng. 2016, 55, 046116. [CrossRef]

7. Bayrakli, I. Optically and electrically pumped grating-coupled external cavity quantum cascade laser. Opt. Quantum Electron.
2022, 54, 1–7. [CrossRef]

8. Bayrakli, I. External cavity quantum cascade lasers without anti-reflection coating with intra-cavity and extra-cavity acoustic-optic
frequency shifter for fast standoff detection. Opt. Laser Technol. 2022, 148, 107747. [CrossRef]

9. Luo, G.; Peng, C.; Le, H.; Pei, S.-S.; Lee, H.; Hwang, W.-Y.; Ishaug, B.; Zheng, J. Broadly Wavelength-Tunable External Cavity
Mid-Infrared Quantum Cascade Lasers. IEEE J. Quantum Electron. 2002, 38, 486–494.

10. Wei, L.; Chuan-Xi, D. A broadband pulsed external-cavity quantum cascade laser operating near 6.9 μm. Chin. Phys. Lett. 2016,
33, 024207. [CrossRef]

11. Jia, X.; Wang, L.; Jia, Z.; Zhuo, N.; Zhang, J.; Zhai, S.; Liu, J.; Liu, S.; Liu, F.; Wang, Z. Fast Swept-Wavelength, Low Threshold-
Current, Continuous-Wave External Cavity Quantum Cascade Laser. Nanoscale Res. Lett. 2018, 13, 341. [CrossRef]

12. Dougakiuchi, T.; Kawada, Y.; Takebe, G. Continuous multispectral imaging of surface phonon polaritons on silicon carbide with
an external cavity quantum cascade laser. Appl. Phys. Express 2018, 11, 032001. [CrossRef]

13. Matsuoka, Y.; Peters, S.; Semtsiv, M.P.; Masselink, W.T. External-cavity quantum cascade laser using intra-cavity out-coupling.
Opt. Lett. 2018, 43, 3726–3729. [CrossRef] [PubMed]

14. Zhou, W.; Slivken, S.; Razeghi, M. Phase-locked, high power, mid-infrared quantum cascade laser arrays. Appl. Phys. Lett. 2018,
112, 181106. [CrossRef]

15. Zhou, W.; Wu, D.; Lu, Q.-Y.; Slivken, S.; Razeghi, M. Single-mode, high-power, mid-infrared, quantum cascade laser phased
arrays. Sci. Rep. 2018, 8, 14866. [CrossRef]

16. Gu, Z.-H.; Zhang, J.-C.; Wang, H.; Yang, P.-C.; Zhuo, N.; Zhai, S.-Q.; Liu, J.-Q.; Wang, L.-J.; Liu, S.-M.; Liu, F.-Q.; et al. Tunable
characteristic of phase-locked quantum cascade laser arrays. Chin. Phys. B 2021, 30, 104201. [CrossRef]

17. Lyakh, A.; Azim, A.; Loparo, Z.E.; Thurmond, K.; Vasu, S.S. Design of External Cavity Quantum Cascade Lasers for Combustion
and Explosion Diagnostics. In Proceedings of the 2019 IEEE Research and Applications of Photonics in Defense Conference
(RAPID), Miramar Beach, FL, USA, 19–21 August 2019.

18. Niu, S.; Liu, J.; Zhang, J.; Zhuo, N.; Zhai, S.; Wang, X.; Wei, Z. Single-Mode Fabry-Pérot Quantum Cascade Lasers at λ~10.5 μm. J.
Mater. Sci. Chem. Eng. 2020, 8, 85–91.

19. Risby, T.; Solga, S. Current status of clinical breath analysis. Appl. Phys. A 2006, 85, 421–426.
20. Wysocki, G.; Lewicki, R.; Curl, R.; Tittel, F.; Diehl, L.; Capasso, F.; Troccoli, M.; Höfler, G.; Bour, D.; Corzine, S.; et al. Widely

tunable mode-hop free external cavity quantum cascade lasers for high resolution spectroscopy and chemical sensing. Appl. Phys.
B 2008, 92, 305–311. [CrossRef]

21. Kosterev, A.; Wysocki, G.; Bakhirkin, Y.; So, S.; Lewicki, R.; Fraser, M.; Tittel, F.; Curl, R. Application of quantum cascade lasers to
trace gas analysis. Appl. Phys. 2008, 690, 165–176. [CrossRef]

22. Wysocki, G.; Curl, R.; Tittel, F.; Maulini, R.; Bulliard, J.; Faist, J. Widely tunable mode-hop free external cavity quantum cascade
laser for high resolution spectroscopic applications. Appl. Phys. B 2005, 81, 769–777. [CrossRef]

23. Spagnolo, V.; Kosterev, A.A.; Dong, L.; Lewicki, R.; Tittel, F.K. NO trace gas sensor based on quartz-enhanced photoacoustic
spectroscopy and external cavity quantum cascade laser. Appl. Phys. B 2010, 100, 125–130. [CrossRef]

24. Ramin, G.; Schmidt, F.M. Real-time breath gas analysis of CO and CO2 using an EC-QCL. Appl. Phys. B 2017, 123, 144.
25. Mammez, D.; Stoeffler, C.; Cousin, J.; Vallon, R.; Mammez, M.; Joly, L.; Parvitte, B.; Zéninari, V. Photoacoustic gas sensing with a

commercial external cavity-quantum cascade laser at 10.5 μm. Infrared Phys. Technol. 2013, 61, 14–19. [CrossRef]
26. Maity, A.; Pal, M.; Maithani, S.; Banik, G.D.; Pradhan, M. Wavelength modulation spectroscopy coupled with an external-cavity

quantum cascade laser operating between 7.5 and 8 μm. Laser Phys. Lett. 2018, 15, 045701. [CrossRef]
27. Nadeem, F.; Khodabakhsh, A.; Mandon, J.; Cristescu, S.S.; Harren, F.J.M. Detection of N2O Using An External-Cavity Quantum

Cascade Laser. OSA Contin. 2019, 2, 2667–2682. [CrossRef]
28. Maity, A.; Pal, M.; Banik, G.D.; Maithani, S.; Pradhan, M. Cavity ring-down spectroscopy using an EC-QCL operating at 7.5 m for

direct monitoring of methane isotopes in air. Laser Phys. Lett. 2017, 14, 115701. [CrossRef]
29. Cui, X.; Dong, F.; Zhang, Z.; Sun, P.; Xia, H.; Fertein, E.; Chen, W. Simultaneous detection of ambient methane, nitrous oxide, and

water vapor using an external-cavity quantum cascade laser. Atmos. Environ. 2018, 189, 125–132. [CrossRef]
30. Wei, Q.; Li, B.; Wang, J.; Zhao, B.; Yang, P. Impact of Residual Water Vapor on the Simultaneous Measurements of Trace CH4 and

N2O in Air with Cavity Ring-Down Spectroscopy. Atmosphere 2021, 12, 221. [CrossRef]
31. Zhou, S.; Xu, L.; Zhang, L.; He, T.; Liu, N.; Liu, Y.; Yu, B.; Li, J. External cavity quantum cascade laser-based QEPAS for

chlorodifluoromethane spectroscopy and sensing. Appl. Phys. B 2019, 125, 125. [CrossRef]

69



Crystals 2022, 12, 1564

32. Nikodem, M.; Krzempek, K.; Stachowiak, D.; Wysocki, G. Quantum cascade laser-based analyzer for hydrogen sulfide detection
at sub-parts-per-million levels. Opt. Eng. 2017, 57, 011019. [CrossRef]

33. Pal, M.; Maithani, S.; Maity, A.; Pradhan, M. Simultaneous monitoring of 32S, 33S and 34S isotopes of H2S using cavity ring-down
spectroscopy with a mid-infrared external-cavity quantum cascade laser. J. Anal. At. Spectrom. 2019, 34, 860–866. [CrossRef]

34. Yin, X.; Wu, H.; Dong, L.; Li, B.; Ma, W.; Zhang, L.; Yin, W.; Xiao, L.; Jia, S.; Tittel, F.K. ppb-level SO2 photoacoustic sensors with a
suppressed absorption-desorption effect by using a 7.41 μm external-cavity quantum cascade laser. ACS Sens. 2020, 5, 549–556.
[CrossRef] [PubMed]

35. Shakfa, M.K.; Mhanna, M.; Jin, H.; Liu, D.; Djebbi, K.; Marangoni, M.; Farooq, A. A mid-infrared diagnostic for benzene using a
tunable difference-frequency-generation laser. Proc. Combust. Inst. 2021, 38, 1787–1796. [CrossRef]

36. Sun, J.; Ding, J.; Liu, N.; Yang, G.; Li, J. Detection of multiple chemicals based on external cavity quantum cascade laser
spectroscopy. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2018, 191, 532–538. [CrossRef]

37. Sun, J.; Liu, N.; Deng, H.; Ding, J.; Sun, J.; Zhang, L.; Li, J. Laser absorption spectroscopy based on a broadband external cavity
quantum cascade laser. Int. Conf. Opt. Photonics Eng. SPIE 2017, 10250, 378–382.

38. Liu, N.; Zhou, S.; Zhang, L.; Yu, B.; Fischer, H.; Ren, W.; Li, J. Standoff detection of VOCs using external cavity quantum cascade
laser spectroscopy. Laser Phys. Lett. 2018, 15, 085701. [CrossRef]

39. Heinrich, R.; Popescu, A.; Strzoda, R.; Hangauer, A.; Höfling, S. High resolution quantitative multi-species hydrocarbon gas sensing
with a cw external cavity quantum cascade laser based spectrometer in the 6–11 μm range. J. Appl. Phys. 2019, 125, 134501. [CrossRef]

40. Schwaighofer, A.; Montemurro, M.; Freitag, S.; Kristament, C.; Culzoni, M.J.; Lendl, B. Beyond FT-IR Spectroscopy EC-QCL based
mid-IR Transmission Spectroscopy of Proteins in the Amide I and Amide II Region. Anal. Chem. 2018, 90, 7072–7079. [CrossRef]

41. Montemurro, M.; Schwaighofer, A.; Schmidt, A.; Culzoni, M.J.; Mayer, H.K.; Lendl, B. High-throughput quantitation of
bovine milk proteins and discrimination of commercial milk types by external cavity-quantum cascade laser spectroscopy and
chemometrics. Analyst 2019, 144, 5571–5579. [CrossRef]

42. Dabrowska, A.; Schwaighofer, A.; Lindner, S.; Lendl, B. Mid-IR refractive index sensor for detecting proteins employing an
external cavity quantum cascade laser-based Mach-Zehnder interferometer. Opt. Express 2020, 28, 36632–36642. [CrossRef]

43. Schwaighofer, A.; Akhgar, C.K.; Lendl, B. Broadband laser-based mid-IR spectroscopy for analysis of proteins and monitoring of
enzyme activity. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2021, 253, 119563. [CrossRef] [PubMed]

44. Phillips, M.C.; Harilal, S.S.; Yeak, J.; Jason Jones, R.; Wharton, S.; Bernacki, B.E. Standoff detection of chemical plumes from high
explosive open detonations using a swept-wavelength external cavity quantum cascade laser. J. Appl. Phys. 2020, 128, 163103.
[CrossRef]

45. Parrot, A.; Vanier, F.; Blouin, A. Standoff mid-infrared reflectance spectroscopy using quantum cascade laser for mineral
identification. SPIE Future Sens. Technol. 2020, 11525, 217–225.

46. Vanier, F.; Parrot, A.; Padioleau, C.; Blouin, A. Mid-Infrared Reflectance Spectroscopy Based on External Cavity Quantum Cascade
Lasers for Mineral Characterization. Appl. Spectrosc. 2022, 76, 361–368. [CrossRef] [PubMed]

47. Yao, Y.; Hoffman, A.J.; Gmachl, C.F. Mid-infrared quantum cascade lasers. Nat. Photonics 2012, 6, 432–439. [CrossRef]
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Abstract: Lead halide perovskite is a new photovoltaic material with excellent material characteristics,
such as high optical absorption coefficient, long carrier transmission length, long carrier lifetime
and low defect state density. At present, the steady-state photoelectric conversion efficiency of
all-perovskite laminated cells is as high as 28.0%, which has surpassed the highest efficiency of
monocrystalline silicon cells (26.7%). In addition to its excellent photovoltaic properties, perovskite is
also a type of direct bandgap semiconductor with low cost, solubilization, high fluorescence quantum
efficiency and tunable radiation wavelength, which brings hope for the realization of electrically
pumped low-cost semiconductor lasers. In recent years, a variety of perovskite lasers have emerged,
ranging from the type of resonator, the wavelength and pulse width of the pump source, and the
preparation process. However, the current research on perovskite lasers is only about the type of
resonator, the type of perovskite and the pump wavelength, but the performance of the laser itself
and the practical application of perovskite lasers are still in the initial stages. In this review, we
summarize the recent developments and progress of solution-processed perovskite semiconductors
lasers. We discuss the merit of solution-processed perovskite semiconductors as lasing gain materials
and summarized the characteristics of a variety of perovskite lasers. In addition, in view of the issues
of poor stability and high current density required to achieve electrically pumped lasers in perovskite
lasers, the development trend of perovskite lasers in the future is prospected.

Keywords: perovskite lasers; perovskite semiconductors; solution process

1. Introduction

Since semiconductor lasers came out in the 1960s [1,2], after nearly 60 years of de-
velopment, their materials, processes and properties have made rapid changes, and their
application scope and market scale have been expanding. Semiconductor lasers have grad-
ually become an irreplaceable part of people’s daily life and work and have also ranked
among the world’s high-end scientific and technological research. The three elements of
laser generation are gain medium, pump source and optical resonant cavity. Among them,
the gain medium provides the energy level structure for forming the laser, which is the
internal cause of the laser generation; the pump source provides the excitation energy
required to form the laser emission, which is the external cause of the laser generation;
the optical resonant cavity provides feedback amplification for the laser to make stimu-
lated emission. The intensity, directionality and monochromaticity of the lasers have been
further improved.

Throughout the development of semiconductor lasers, it can be found that the de-
velopment of optical gain materials has played a very important role. Lots of different
materials have been developed and tested as the laser gain material. Laser gain medium
materials can be divided into the following categories: solid gain media, gas gain media,
liquid gain media, inorganic semiconductors, etc. [3]. Compared with other types of lasers,
semiconductor lasers have attracted much attention because of their advantages of small
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size, fast response, low power consumption and high-efficiency [3,4]. Historically, this has
been enabled using semiconductor lasers made from crystalline inorganic semiconductors
such as II–VI or III–V compounds-materials heavily used in modern electronics and op-
toelectronics. However, crystalline inorganic semiconductors materials also have some
inherent disadvantages. For example, the spectral coverage of the laser is limited due to
the limited variety of inorganic semiconductors and the difficulty of the lattice doping [5].
In addition, the emission of inorganic semiconductor materials is derived from band edge
radiation, the emission peak is usually narrow, and the wavelength adjustment ability
is poor. In addition, most crystalline inorganic semiconductors require a complex and
high-cost high-temperature fabrication process, which restricts the further development of
crystalline inorganic semiconductors lasers [6].

Low-temperature solution-processed semiconductors are an emerging class of opto-
electronic materials that can be processed in ink form through the wet chemistry [7]. They
are technologically attractive due to their unique merits, such as facile solution proces-
sibility, lightweight, low cost and high mechanical flexibility. In addition to the above
benefits offered by solution-processed semiconductors, they have the merit that their op-
toelectronic properties can be tailored. There are several ways to control the optical band
gaps and energy levels of semiconductor materials. Solution-processed semiconductors
cover organic materials, metal-halide perovskites (MHPs), and inorganic nanocrystals and
quantum dots; each class of materials takes on (to lesser or greater extents) an optoelec-
tronic tunability [7]. Solution-processed semiconductors materials as optical gain media
have many incomparable advantages over traditional crystalline inorganic semiconductor
materials: (i) large absorption and radiation cross-sections are conducive to high optical
gain [8], (ii) abundant excited state process is conducive to the construction of a four-level
system to achieve population inversion, thereby reducing the laser threshold [9] and it is
also convenient to realize dynamic control of laser wavelength [10], (iii) there are many
kinds of solution-processed semiconductors, which can achieve the light emission of the
full spectrum from ultraviolet to near-infrared [11], (iv) solution method is easy to process
and suitable for the preparation of large-area devices [5,12]. Therefore, solution-processed
semiconductors gain medium is very promising to become an ideal choice for the next
generation of semiconductor lasers.

In the decades following the creation of the world’s first lasers in the 1960s, solution-
processed semiconductors materials including organic semiconductors (polymers), per-
ovskites, inorganic nanocrystals and quantum dots have accounted for a large proportion
of the development in this field. Progress in the controlling and understanding of these
materials sciences have led to the most advanced performance of selected applications, and
so far as to commercial deployments. Dominated by various weak interactions between
molecules, organic molecules can self-assemble or be processed into a variety of regular
micro-nano structures under mild conditions [13]. These regular micro-nano structures can
be used as high-quality optical microcavity to provide structural support for the realization
of low threshold laser [5,8,14]. Recent advances indicate a remarkable potential of colloidal
quantum dots as an optical gain medium capable of operating under both optical and
electrical pumping [15]. Latest studies include the demonstration of optically pumped
continuous-wave colloidal quantum dot laser [16], the realization of optical gain by elec-
trically pumped quantum dots [17], and the demonstration of dual-functional devices
working as an optically pumped laser and an electrically excited light-emitting diodes
(LEDs) [18,19].

Hybrid organic-inorganic halide perovskites have recently emerged as a potential new
class of optoelectronic materials. The high brightness and tunable bandgap of perovskites
have made it an attractive candidate for a new series of optical gain medium for low-
cost semiconductor lasers [20]. So far, a variety of high-performance micro-/nanolasers
have been demonstrated including 2D Ruddlesden-Popper perovskites [21], perovskite
single crystals [22], and thin films [23]. Perovskite lasers have been exhibited in some
architectures: resonators based on a Fabry-Perot (FP) cavity formed with parallel edge
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facets [22]; ring resonators in microspheres or nanoplatelets [24–27]; and random lasing in
scattering films [20,28]. All the above configurations have achieved the multimode lasing
over the full amplified spontaneous emission (ASE) bandwidth. However, the high-cost
and high-energy-consuming synthesis approaches such as chemical vapor deposition and
molecular beam epitaxy may undermine their practical applications. By comparison, the
facile solution-processable lasers can not only reduce costs but also extend laser-related
applications to flexible generations. In brief, despite the remarkable progress made in
solution-processed perovskite semiconductors lasers, challenges and opportunities remain
both basic science and a device engineering perspective. This review first introduces the
structure and characteristics of perovskite materials and then states the development of
perovskite laser based on different gain mediums. Finally, it summarizes the development
of solution-processed perovskite semiconductors lasers, expounds its existing problems,
and gives its own views on the trends of perovskite lasers in the future.

2. Perovskite Semiconductor

2.1. Crystal Structure

Any material with the same crystal structure as CaTiO3 is collectively referred to
as perovskite structure, which widely exists in nature. The general chemical formula of
perovskite material is ABX3, where a and B are two different cations, and X is the anion
combined with them. Figure 1 shows a typical perovskite structure. The B cation is located
in the center of the octahedron composed of X ions and embedded in the tetragonal body
with the A-site ion as the apex. In common perovskite materials, A ion can be either organic
or inorganic, such as CH3NH3+, CH (NH2) 3+, Cs+ and Rb+. B is a transition metal ion,
such as Fe2+, Mn2+, Sn2+, and Pb2+. X is an oxygen or halogen ion.

Figure 1. Perovskite crystal structure.

2.2. Luminescence Properties

Perovskite is a direct bandgap semiconductor, which can control spectral tuning
by substitution or mixing of halide components and cations. The luminous wavelength
ranges from 390 nm to 790 nm and can be extended to 820 nm by mixing methyl and
formamidine. MASnX3 perovskite semiconductor has tunable emission wavelengths in
excess of 900 nm but is more sensitive to air and illumination. CsPbX3 quantum dots have
also been extensively studied in recent years [29]. These perovskite nanoparticles provide a
spectral range spanning 410–700 nm through halide substitution and quantum tuning, as
shown in the Figure 2a,b. Their narrow photoluminescence (PL) spectrum and continuous
spectral tunability enable a solid color distribution on CIE chromaticity maps that exceeds
the national Television Systems Council (NTSC) standard. Some studies have shown that
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CsPbBr3 perovskite quantum dots exhibit less blinking than other quantum dot systems,
and excitons are insensitive to the size of quantum dots. Perovskite semiconductor has
excellent optical absorption, with the absorption coefficient exceeding 104 cm−1 near the
band edge, which can efficiently convert light into electric current and correspondingly
be used as a gain material in lasers. In laser applications, the low Stokes shift reduces
heat loss during the down-conversion process. Band gaps with minimal charge-trapping
defects improve the efficiency of interband radiative recombination, which is critical for
light-emitting devices.

Tunable emission wavelength is a beneficial characteristic of perovskite materials. The
substitution of perovskite cation or halogen ion can change the bandwidth of perovskite
material, and then realize the tuning of emission wavelength from visible to infrared.
Since the Pb-X bond of perovskite crystals is related to the energy band structure, the
band gap decreases sequentially from chlorine to bromine to iodine replacement, so the
tunable emission wavelength of perovskite materials can be achieved by the replacement
of halide ions [30]. In addition, the continuous tuning of the emission wavelength can
also be achieved by mixing halogen elements to regulate perovskite semiconductor (see
Figure 2c–e) [31,32].

 
Figure 2. Colloidal perovskite CsPbX3 nanocrystals (X = Cl, Br, I) exhibit size−and composition-
tunable bandgap energies covering the entire visible spectral region with narrow and bright emission:
(a) colloidal solutions in toluene under UV lamp (λ = 365 nm) [29]. Reprinted with permission
from [29]. Copyright © 2015 American Chemical Society. (b) representative PL spectra (λexc = 400 nm
for all but 350 nm for CsPbCl3 samples) [29]. Reprinted with permission from [29]. Copyright © 2015
American Chemical Society. (c) Photographs and UV−vis absorption spectra of MAPb(I1−xBrx)3 [31].
Reprinted with permission from [31]. Copyright © 2013 American Chemical Society. (d) Photographs
of 3D TiO2/MAPb(I1−xBrx)3 bilayer nanocomposites on FTO glass substrates [31]. Reprinted with
permission from [31]. Copyright © 2013 American Chemical Society. (e) Broad wavelength-tunable
lasing from single−crystal nanowires (NWs) of CsPbX3 (X = Cl, Br, and I) [32]. Reprinted with
permission from [32]. Copyright © 2016 American Chemical Society.

2.3. Gain Properties

Laser is a process in which a gain material that can provide feedback in a cavity
is excited to form a population inversion to generate optical radiation. The process of
semiconductor stimulated radiation to achieve optical gain: a photon incident on the
semiconductor material undergoes an electronic transition and generates a stimulated
radiation photon identical to itself at the same time. The photoexcited states near the energy
band of perovskite semiconductors affect charge transport and light emission. There are
free carriers and excitons at the band edge. The exciton binding energy reflects the Coulomb
interaction of photoexcited electron-hole pairs. The strength of the action determines the

74



Crystals 2022, 12, 1274

balance of the two excited particles. Unlike the exciton binding energies of conventional
organic semiconductors (hundreds of millielectron volts) and inorganic semiconductors
(several millielectron volts), the exciton binding energies of perovskite materials lie in
between. From different experimental methods and results, there is a wide distribution
range (from several millielectron volts to hundreds of millielectron volts) of its exciton
binding energies by changing the stacking, structure and cation of perovskite materials [33].
The mechanism that causes the stimulated emission of perovskite semiconductors remains
to be resolved. When the exciton binding energy of the semiconductor is smaller than
the thermal fluctuation energy, it will easily dissociate into free carriers; otherwise, the
free carriers will form excitons. For the light emission model, the exciton binding energy
of perovskite is generally larger, which can obtain high quantum yields at relatively low
carrier A = πr2 relatively large exciton binding energies are important for stable lasing at
room temperature.

Optical gain is used to describe the process in which the intensity of the light incident
on the gain medium increases exponentially with distance. Optical loss refers to photon
scattering, non-radiative recombination and edge scattering when light is transmitted in a
semiconductor medium. To achieve laser output, the gain must be greater than loss, that
is, there is a positive net gain. In order to further describe the laser gain characteristics of
perovskite, the optical net gain model is introduced. Due to the change in the pump spot
length, the emission intensity of the sample also changes, and the net gain model formula
is established according to the gain loss:

I = A
exp

(
gLg − 1

)
g

(1)

where I is the output light intensity, A is a constant, g is the gain coefficient, Lg is the
pump fringe length and the gain coefficient can be obtained by data fitting. Sutherland
et al. obtained the net gain coefficient of perovskite MAPbI3 films on silicon spheres as
103~147 cm−1 and the gain bandwidth as 36~64 meV by the method of variable stripe
length [26]. Through the continuous efforts of the above teams, the highest net gain
coefficient of perovskite so far measured on the MAPbI3 film obtained by atomic layer
deposition is 2770~4030 cm−1 [34], which is much higher than that of colloidal quantum
dots and conjugated polymer films, and close to that of traditional GaAs semiconductors.
The low defect density of perovskite can reduce the non-radiative recombination rate [23],
thus reducing the excitation threshold and has the advantages of large absorption coefficient
and high fluorescence quantum yield, which makes perovskite semiconductor as an optical
gain material bring beneficial development potential for high-performance semiconductor
lasers. Table 1 summarized the physical properties of perovskite semiconductors in the
review article [35].

Table 1. Physical properties of perovskite semiconductors.

Materials
Hole/Electron
Mobility (cm2/Vs)

Intrinsic Carrier
Concentration (cm−3)

Carrier Lifetime (ns) Intrinsic Resistivity (Ωm)
Thermal
Conductivity
(W/mK)

Dielectric
Constant

MAPbBr3 20–60/20–60 5 × 109–5 × 1010 [36] 41 [36] ~108 0.1–1.4 ~5.7@530 nm

MAPbI3 136/197 [37] 1016–1018 [38] 22 [36]
~1010 [36]
~105 [39]
~109 [40]

1–3 [38] ~4.7–9@vislble
[41]

CsPbX3 100–240/80–290 [42] 1015–1017 [42] 1.3 (X = Br) [43] 2.1 × 1010

X = Br [43]
0.3 X = I
0.5 X = Cl

4.1–4.5 [44] X = Cl
3.2–5 [44] X = Br
5–12.7 [44] X = I

2.4. Carrier Dynamics

Emerging perovskite semiconductors have similar properties to traditional inorganic
direct bandgap semiconductors, so many of the theories of traditional semiconductors are
also applicable to perovskite semiconductors. The photophysical processes that determine

75



Crystals 2022, 12, 1274

the photoelectric properties of semiconductors mainly include carrier excitation, relaxation,
recombination and transport. These processes usually occur in a very short time, ranging
from tens of femtoseconds to a few nanoseconds. After the carriers relax to the bottom of
the conduction band or the top of the valence band, they are in a non-equilibrium state,
which needs to be restored by radiative and non-radiative recombination processes. These
two recombination processes release energy in the form of photons and thermal energy,
respectively. The whole mechanism of carrier recombination can be divided into three types:
single-molecule recombination, bimolecular recombination and Auger recombination,
whose dynamics follow the following differential equation [45]:

dn
dt

= −k1n − k2n2 − k3n3 (2)

where n is the carrier density and k1, k2 and k3 are the unimolecular, bimolecular and Auger
recombination rate constants, respectively.

Monomolecular recombination refers to a recombination process involving only one
particle. In semiconductors, excitons consisting of a bound electron-hole pair all constitute
a particle. Therefore, both cases of exciton recombination (radiative recombination) and
trap state recombination (a single electron or hole trapped by a trap state) belong to single-
molecule recombination. Conventional semiconductors prepared by solution methods have
the disadvantages of high electronic disorder and a large number of bulk defects and sur-
face traps [23,46,47], while the prepared perovskites have only limited density of trap states,
making it easier to realize single-molecule recombination based on the radiative recombina-
tion process. The density of trap states strongly depends on the preparation conditions and
surface treatment of the sample. At low pump intensities, the variation of trap state density
can lead to different recombination lifetimes of single molecule recombination assisted by
trap state. For perovskite lasers, it is of great significance to improve the crystallinity and
purity of the samples to enhance the radiative recombination process of single molecules.
Bimolecular recombination is the recombination of two particles, which is a recombination
process involving free electrons and holes. This process is intrinsic photon-radiation re-
combination, and its dependence on material processing is much lower than that of single
molecule recombination assisted by trapping states. For the perovskite laser, enhancing the
bimolecular recombination process can also improve the luminescence efficiency.

Auger recombination is a many-body recombination process in which the recombina-
tion of an electron with a hole is accompanied by the transfer of energy and momentum to
a third particle, either an electron or a hole. Therefore, Auger recombination is strongly
dependent on carrier density. As shown in the third term of Equation (2), the Auger recom-
bination (non-radiative recombination) effect can only be detected if the pump intensity is
sufficiently large. For applications with high charge densities such as lasers, Auger recom-
bination processes can cause large energy losses. As shown in Equation (2), the mechanism
of carrier recombination depends on carrier density and time. Combined with ultrafast
spectroscopy technology for global fitting, the values of k1, k2 and k3 of any material can be
obtained, but a certain recombination mechanism can dominate under different pump inten-
sities. At low pump intensities, the photoexcited minority carrier density is much smaller
than the total majority carrier density, and multiparticle recombination is suppressed, so
the first term in Equation (2) dominates. Under these conditions, the dynamics of carrier
recombination are almost unimolecular and exhibit near uniexponential decay. At high
pump intensities, the density of photogenerated carriers is large and the free electron-hole
bimolecular recombination dominates. The dynamics of carrier recombination and pump
intensity decay in a power-law pattern with a long tail. With time delay, the bimolecular
decay dynamics will continue until the carrier density drops to the single-molecule re-
combination density, at which point the single-molecule type recombination will reappear
and appear as a long exponential tail on the decay curve. At higher pump intensities,
Auger recombination involving multiple particles will dominate, and there are few relevant
studies. For the perovskite laser, the stimulated radiation process requires a high pump
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intensity, and the Auger recombination effect is also significant, resulting in a large energy
loss [48].

2.5. Stability

The stability of materials is an important factor for practical application in devices.
Although metal halide perovskites have excellent lasing properties, they are less stable [49].
The metal halide perovskite can be degraded in water, oxygen, light and heat. In the case
of MAPbI3, water reacts with MAPbI3 and decomposes to produce MAI and PbI2, in which
the MAI produces volatile methylamine and hydrogen iodide. Oxygen penetrates the
perovskite through iodide vacancies, trapping electrons and forming a highly reactive
superoxide anion. Superoxide anion decomposes MAPbI3 into PbI2, I and H2O. The simul-
taneous presence of oxygen and light greatly accelerates the degradation of MAPbI3. The
thermal decomposition of MAPbI3 is carried out by chemical decomposition followed by
the sublimation of MAI and HI. In order to improve the stability of metal halide perovskite
lasers, researchers have developed a variety of methods. Exposure of perovskites to oxygen
and moisture can be avoided by device encapsulation [50,51], preventing irreversible loss
of volatile species from light and heat. Perovskite lasers show better stability under the
protection of polymers, boron nitride films, and DBR cavities. The stability of the perovskite
laser can be improved by reducing the thermal degradation of perovskite by increasing
heat dissipation, wherein the sapphire substrate with high thermal conductivity can be
used to assist the heat dissipation [52,53]. A perovskite laser encapsulated with boron
nitride film with high thermal conductivity can accelerate heat dissipation. This method
effectively combined the above two schemes [54]. In addition, the synthesis of perovskite
single crystals with low trap density can inhibit the degradation of perovskite structure
induced by oxygen and light, which is also one of the effective methods to achieve laser
stability [55].

3. Perovskite Semiconductor Lasers

With the continuous improvement of the performance of perovskite semiconductor
materials, research reports on perovskite lasers finally appeared in 2014 [23]. Since then,
studies of hybrid and all-inorganic perovskite semiconductors have shown that optically
pumped lasering emission can be achieved throughout the visible spectrum at room tem-
perature [56,57]. However, there are still many challenges in the realization of electrically
pumped perovskite semiconductor lasers until now. According to the different crystal
types, perovskite lasers are generally divided into the polycrystalline thin-film types and
low-dimensional single crystal type.

3.1. Polycrystalline Thin-Film Perovskite Lasers

The organic-inorganic hybrid perovskite material has the advantages of high intensity,
high stability and easy control because of its large exciton binding energy, long carrier
diffusion length and considerable quantum yield [58]. In 2014, Guichuan Xing and co-
workers reported the PL properties of polycrystalline perovskite thin films under different
pump light intensities [23]. With the increase of the pump light intensity, the full width half
maximum (FWHM) of the luminescence peak gradually narrowed, and when it exceeded
the threshold intensity 10~14 μJ/cm2, the luminescence intensity (IPL) increased rapidly,
the luminescence peak became sharp, and a lasing phenomenon occurred [23]. Furthermore,
when the pump light irradiated the perovskite thin film, the transition from spontaneous
emission to amplified spontaneous emission was realized with the increase of pump light
intensity. This indicated that organic-inorganic hybrid perovskite semiconductor materials
can also be used as the gain medium to achieve lasering. In addition, Stranks et al. found
that the cholesteric liquid crystal (CLC) could be used as a mirror to construct a multilayer
film structure as shown in Figure 3a [59]. The lasing threshold was as low as about 7 μJ/cm2

(see Figure 3b), and the FWHM of the luminescence peak also reached 1.24 nm [59]. The
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inset of Figure 3b shows this flexible device, which lays the foundation for the development
of new semiconductor lasers.

 
Figure 3. (a) Schematic diagram of laser with CLC reflector [59]. Reprinted with permission from [59].
Copyright © 2015 American Chemical Society. (b) Extracted emission intensity from a device stack fab-
ricated on a flexible 80% CLC reflector following photoexcitation at a range of fluences (532 nm, 5 ns
pulses, 100-Hz repetition rate) [59]. The ASE transition fluence is determined to be 7.6 μJ/cm2/pulse.
Inset: photograph of the flexible device. Reprinted with permission from [59]. Copyright © 2015
American Chemical Society.

In addition to the multi-mode lasers based on mirror microcavities reported above,
many studies have also been carried out on single-mode perovskite lasers based on poly-
crystalline thin films in recent years. Guy L. Whitworth et al. used solution processed
CH3NH3PbI3 perovskite as gain semiconductor and UV nanoimprinted polymer as the
gratings to fabricate distributed feedback (DFB) lasers, their schematic diagram of the
device shown in Figure 4a [20]. Figure 4b shows that these perovskite lasers based on the
solution process achieved a laser threshold of 4 μJ/cm2 and 0.4 nm of FWHM. Cha’s group
reported an optically pumped single-mode laser with a two-dimensional square lattice
photonic crystal (PhC) backbone structure that obtained the laser thresholds of ~200μJ/cm2

in pulse energy density at room temperature [60]. In 2019, optically pumped lasing was
achieved from the perovskites (PEA)2Csn−1PbnBr3n+1 microcrystal film by the spin-coating
technique [21]. This study reported optical pumping distributed Bragg reflectors (DBR)
lasers based on a sandwich structure consisting of perovskite/PMMA/perovskite, which
was shown in Figure 4c. As increasing the pump fluence above 500 μJ/cm2, lasering oc-
curred at the peak of 532 nm with a narrow FWHM of ~0.8 nm in Figure 4d. When pumped
by a nanosecond pulsed laser (355 nm, pulse width 8 ns, 1 kHz), the lasing phenomenon
can only occur within the separation pattern in their experiment. This study suggested that
the lasers pumped by nanosecond pulses were the key basis for realizing continuous-wave
pumped optical and electrical lasers [21].

3.2. Single Crystals Perovskite Thin Film Lasers

Compared with polycrystalline thin-film perovskite materials, low-dimensional single
crystal perovskite nanomaterials can take advantage of the regular shape and smooth
interface formed by themselves to form a good optical resonator, thus achieving efficient
management of incident light through excitation resonance effect [61]. Moreover, the laser
based on low dimensional single crystal perovskite nanostructure also has the advantages
of high-quality factor, small volume and low threshold value [62]. In 2020, Y. Zhong
et.al acquired large-scale CsPbBr3 single-crystals films (SCFs) on sapphire substrates and
achieved ASE from the CsPbBr3 SCFs with a low threshold of 8 μJ/cm2 at room tempera-
ture [63], their highest values of optical gain up to 1255 ± 160 cm−1 in Figure 5a. However,
these large-scale CsPbBr3 SCFs were fabricated by the chemical vapor-phase epitaxy de-
position method rather than the solution process. Tian’s group prepared a high-quality
CH3NH3PbCl3 single-crystalline film as gain material in solution confined between a pair
of DBR, which naturally formed an optical microcavity [64]. Figure 5b showed a threshold
energy density of about 211 μJ/cm2 in these deep-blue DBR perovskite lasers, at which the
FWHM decreased from around 20 nm to 0.38 nm.
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Figure 4. (a) Schematic of perovskite DFB laser with encapsulating CYTOP layer [20]. (b) Device
power characteristic for low and high energy data points [20]. (c) Schematic diagram of cavity
structure [21]. Reprinted with permission from [21]. Copyright © 2019 AIP Publishing. (d) The plots
of integrated intensity (blue ball) and FWHM (pink diamond) of the cavity mode and the resulting
lasing peak as a function of the pump fluence [21]. Reprinted with permission from [21]. Copyright ©
2019 AIP Publishing.

 
Figure 5. (a) Power-dependent optical gain of CsPbBr3 SCFs [63]. Reprinted with permission
from [63]. Copyright © 2020 American Chemical Society. (b) The intensities and FWHMs of the
422.4 nm peak as a function of the pump fluences [64]. Reprinted with permission from [64]. Copy-
right © 2020 Elsevier.

3.3. Single Crystals Perovskite Nanowires Lasers

A variety of preparation methods for perovskite nanowires have been proposed, and
the most commonly used method is the solution process. One-dimensional semiconductor
nanowires are nanoscale in the radial direction, which can be used as gain material and can
naturally form a Fabry-Perot cavity. The light wave can be reflected back and forth between
the two ends of the nanowires to continuously gain and form a stable standing wave
with the same frequency and phase, thus realizing the laser emission [62]. Zhu’s group
showed room-temperature and wavelength-tunable lasing from a single-crystal perovskite
nanowires [22]. Polycrystalline films of lead acetate were grown on a glass substrate and
immersed in a high concentration of MAX (X = Cl, Br, I) isopropanol solution. The lead
acetate layer reacted with the MAX solution to form single-crystal MAPbX3 nanowires
with approximately rectangular cross sections. With the increase of pumping energy, the
luminescence behavior of nanowires gradually changes from spontaneous radiation to
stimulated amplification radiation, and the line width of the luminescence peak narrowed.
In this study, the mixed MAPbBrxI3−x and MAPbClxBr3−x nanowires were obtained by

79



Crystals 2022, 12, 1274

adjusting the ratio of halogen materials in the precursor solution. The emission wavelength
of the mixed perovskite nanowires can cover the near-infrared to visible wavelengths and
the minimum laser threshold was 220 nJ/cm2, and the laser quantum yield can reach 100%.
To improve the stability of perovskite nanowires, Y. P. Fu’s group used FA instead of MA to
successfully obtain FAPbX3 NWs, this lasing from single-crystal lead perovskite NWs was
shown in Figure 6a [65]. Under the excitation of a femtosecond laser with a wavelength of
402 nm, the lasing threshold of FAPbX3 NWs is 6.2 μJ/cm2, the emission peak is 824 nm,
the quality factor is 1554, and the FWHM is 0.53 nm (see Figure 6b).

 

Figure 6. (a) Broad wavelength-tunable lasing from single−crystal lead perovskite NWs [65].
Reprinted with permission from [65]. Copyright © 2016 American Chemical Society. (b) NW emission
spectra around the lasing threshold. Inset: Integrated PL intensity and FWHM of emission peak as a
function [65]. Reprinted with permission from [65]. Copyright © 2016 American Chemical Society.

H. C. Yu et al. prepared MAPbI3 NWs on the surface of Ag film and separated them
with MgF2 to form a surface plasmon laser [66]. The device had a laser threshold of
13.5 μJ/cm2 and an FWHM of 5 nm under femtosecond laser irradiation with a wavelength
of 400 nm, and it can maintain good performance at a high temperature of 43.6 ◦C. In 2018,
Jiang’s group used a gas-liquid transfer recrystallization method for synthesizing inorganic
perovskite (CsPbX3) NWs at a room temperature [67]. A femtosecond laser (1 kHz, 35 fs,
400 nm) was applied to measure the lasing behavior of NWs. This study indicated that the
CsPbX3 NWs perovskite lasing with a single mode, a low threshold of 12.33 μJ/cm2 and
an ultra-narrow linewidth of 0.09 nm, which is less reported in the inorganic perovskite
system. Moreover, the CsPbBr3 perovskite NWs are also used to achieve continuous-wave
(CW) operation by polariton lasing at cryogenic temperature (77 K) with an excitation
threshold of 6 kW/cm2 [68]. Figure 7a displays fluorescence spectra from a CsPbBr3 NW at
CW excitation power densities. The intensity of this series of small peaks continues to grow
until the threshold excitation power is about 6 kW/cm2. In these 2–3 modes, maintaining
their modal spacing becomes dominant and increases much faster than the other modes
in the spectrum. This is even more evident when we curve the plotting of fluorescence
intensity fitted in the energy window including the dominant modes (2.32–2.33 eV) [68].
As shown in Figure 7b, the slope above 6 kW/cm2 is 9 times that below this threshold in
accordance with polarized lasing. At three typical temperatures: 77 K, 171 K, and 295 K,
lasing behavior was observed by the nonlinear growth in emission intensity of a few sharp
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peaks. It can be observed from Figure 7c–e that when the temperature is increased from
77 K to 295 K, the mode spacing increases by about an order of magnitude. This variation
of the mode spacing with temperature is independent of the thermal expansion [68].

 

Figure 7. (a) PL spectra of a 20 μm long NW obtained with increasing excitation light power densities
in the range of 0.25–7.8 kW/cm2 [68]. Reprinted with permission from [68]. Copyright © 2017
WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Integrated power density plotted against
the power density. Reprinted with permission from [68]. Copyright © 2017 WILEY–VCH Verlag
GmbH & Co. KGaA, Weinheim. PL spectra under pulse laser excitation (454 nm, ≈60 fs, 0.5 MHz)
of an L = 13 μm CsPbBr3 NWs at: (c) 77 K with 2.3, 4.7 and 7.0 μJ/cm2; (d) 171 K with 18, 30, and
42 μJ/cm2; (e) 295 K with 40, 79, and 99 μJ/cm2 [68]. Reprinted with permission from [68]. Copyright
© 2017 WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim.

3.4. Single Crystals Perovskite Microplates/Nanoplatelets Lasers

Two-dimensional (2D) single-crystals perovskite microplates/nanoplatelets have great
application potential in whispering gallery mode (WGM) micro-nano lasers. Perovskite
microplates/nanoplatelets are two-dimensional micro-nano materials. Usually, cubic or
tetraconal halogen perovskites have highly symmetrical isotropic crystal structures and
tend to grow into cube-shaped perovskites without any ligands or surfactants. In this
optical resonant cavity, light wave can form continuous total internal reflection and form
a stable propagation mode under certain conditions, which is usually called a WGM.
Therefore, this type of resonant cavity is a good choice for making perovskite micro-nano
lasers. In 2015, Tyagi et al. prepared MAPbBr3 nanoplatelets with a thickness as low
as 1.2 nm for the first time by solution method with the aid of surface inhibitors [69].
Figure 8a indicated the purified product consists of a colloidal solution of 2D nanoplatelets
of submicron level dimensions. The absorption spectrum of the 2D nanoplatelets was
dominated by a single sharp exciton absorption feature at 431 nm in Figure 8b, which
occurred by 503 meV compared to the bulk exciton absorption at 525 nm blueshift. Liao
et al. synthesized MAPbBr3 microdisk with transverse sizes of 1–10 μm by the self-growth
method in the solution [27]. Under the excitation of femtosecond laser at the wavelength of
400 nm, the laser threshold was (3.6 ± 0.5) μJ/cm2, the FWHM was 1.1 nm, and the quality
factor was 430 as shown in Figure 8c,d. By adjusting the symmetry of the microplate’s
shape, the output can be converted from a multimode laser to a single-mode laser. Liu’s
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group studied the output mode of the perovskite laser [70], and these CH3NH3PbBr3
perovskite microplates were synthesized by a simple one-step in the solution process.

 

Figure 8. (a,b) TEM, absorption and PL of the purified MAPbBr3 nanoplatelet solution [69]. Reprinted
with permission from [69]. Copyright © 2015 American Chemical Society. (c) PL spectra of a square
microdisk [27]. Reprinted with permission from [27]. Copyright © 2015 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim. (d) Integrated PL intensity as a function of excitation density [27]. Reprinted
with permission from [27]. Copyright © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

With the continuous in-depth study of perovskite semiconductor materials, researchers
have found that perovskite materials also exhibit nonlinear optical properties. Wei Zhang
et al. simultaneously prepared MAPbBr3 1D microwires (MWs) and 2D square microplates
(MPs) using a liquid phase synthesis method. Excited under a pulsed laser with a wave-
length of 900 nm, both MAPbBr3 MWs and MPs showed a two-photon absorption [71].
A maximum Q factor of about 920 was obtained by varying the MPs at the edge length.
Figure 9a indicated that the FWHM at 552.3 nm narrowed rapidly from 22 to 0.6 nm with
the increasing of the two-photon-pumped (TPP) fluence around the onset power, achieving
a high quality (Q ≈ 920) and a low-threshold (Eth ≈ 62 μJ/cm2) lasing action. In 2016,
BinYang and their team used femtosecond laser excitation of MAPbBr3 microdisks to study
two-photon pump-amplified spontaneous emission and obtained their tunable emission
spectrum from 500 nm to 570 nm [72]. They demonstrated that the photoluminescence
properties of the microdisks were dominated by the reabsorption effect under two-photon
excitation. In addition, it was found that the interband emission from the near-surface
region and the photocarrier diffusion from the near-surface region to the inner region were
important for single-photon excitation. The aforementioned two dynamic processes were
illustrated in Figure 9b,c. In 2017, the linear and nonlinear light emission characteristics of
MAPbBr3 microplates with different sizes were investigated, and their lasing performance
was characterized by two-photon excitation at 800 nm (150 fs, 1 kHz) [73]. Figure 9d
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clearly showed that the lasing threshold decreased linearly as the lateral dimension of the
microplate decreased from 90 μm to 20 μm. Yisheng Gao et al. synthesized a high-quality
MAPbBr3 perovskite microstructure by solution precipitation [74]. The insets of Figure 9e
display the high-resolution SEM images of the microplate and microrod. Under the intense
laser pumping at 1240 nm, 100 fs, and 1 kHz, an obvious optical limit effect could be
observed. Interband photoluminescence was observed at 540 nm. By increasing the pump
density, three-photon excitation lasing in MAPbBr3 perovskite microplate was achieved
for the first time at room temperature. The measured three-photon absorption coefficient
γwas 2.26 × 10−5cm3/GW2, which was obtained by fitting the data in Figure 9e. Through
further observation of the three-photon excited whispering gallery mode laser, it was found
that the hybrid lead halide perovskite also had a very large fifth-order nonlinearity, which
was of great significance for practical applications such as optical switches.

Figure 9. (a) Bright-field (up) and PL (middle) images of a single wire above the thresholds excited
uniformly with a pulsed laser [71]. Reprinted with permission from [71]. Copyright © 2016 WILEY
−VCH Verlag GmbH & Co. KGaA, Weinheim. Dynamic PL model: (b) Band− to−band emission
and diffusion effect under one-photon excitation; (c) Band−to−band emission effect of near-surface
regions and reabsorption effect of interior regions under two−photon excitation [72]. Reprinted
with permission from [72]. Copyright © 2016 American Chemical Society. (d) Microplate size
(20–90 μm) dependent on two-photon pumped coherent light emission threshold [73]. Reprinted
with permission from [73]. Copyright © 2017 WILEY−VCH Verlag GmbH & Co. KGaA, Weinheim.
(e) The transmission of an ultrashort pulse at 1240 nm as a function of incident power. Inset: top−view
SEM image of the synthesized microstructures [74].

3.5. Perovskite Quantum Dots Lasers

Perovskite quantum dots (QDs) refer to perovskite materials that are less than 100 nm
in three dimensions. They have garnered recent attention due to their unique versatility as
laser gain materials, such as low cost, easy synthesis process, tunable emission wavelength
and high photoluminescence quantum yield. It is one of the materials with potential
development and is expected to replace the traditional II–VI, III–V and IV–VI colloidal
QDs. When perovskite QDs do not have an external cavity, multiple scattering between
QDs produces amplification, causing the lasering modes to fluctuate randomly. In 2015,
Yakunin et al. demonstrated a low-threshold ASE from caesium lead halide perovskites
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CsPbX3 (X = Cl, Br or I, or mixed Cl/Br and Br/I systems) nanocrystals with an optical gain
coefficient of ∼450 cm−1 and threshold of ∼5.3 μJ/cm2 [24] (see Figure 10d). As shown
in Figure 10a–c, the ASE from CsPbX3 NCs was tuned from 440 to 700 nm. At last, they
achieved random lasing from CsPbX3 NCs films without the optical cavity and WGM
lasing employing a silica sphere as the resonant cavity. In addition to realizing perovskite
QDs lasing-based silica spheres and micro capillaries, well-designed DBR can also serve
as an optical resonant cavity [75–77]. Sun and co-workers first realized a vertical-cavity
surface-emitting laser (VCSEL) based on perovskite QDs, displaying a low threshold of
~9 μJ/cm2 and favorable stability. Their device architecture was a sandwiched structure
of DBR/CsPbBr3 QDs/DBR in Figure 10e. This low lasing threshold can result from the
large absorption cross-section of the perovskite QDs, high PLQY, low Auger loss, and the
good match between the gain profile and the stop band of the DBRs [75]. In 2017, Huang
et al. fabricated a perovskite VECSL with an ultralow threshold of ~0.39 μJ/cm2 [77]. These
VCSELs consisted of a CsPbBr3 QD thin film and two highly reflective DBRs. Spectacularly,
the realization of all-inorganic CsPbBr3 QDs contributed to high device stability and
enabled stable device operation under both femtosecond and quasi-CW nanosecond pulse
pumping at ambient conditions [77].

 
Figure 10. (a) Stable dispersions in toluene under excitation by an ultraviolet lamp [24]. (b) TEM
images of CsPbBr3 QDs [24]; corresponding scale bars are 100 and 5 nm. (c) PL spectra of the CsPbBr3

QDs solutions [24]. (d) Threshold for the intensity of the ASE band of the CsPbBr3 QDs film [24].
(e) Device architecture of the CsPbBr3 QDs VCSEL [75]. Reprinted with permission from [75]. Copy-
right © 2017 WILEY−VCH Verlag GmbH & Co. KGaA, Weinheim. Self−assembly interactions
of quantum dots without (f) and with (g) passivated sodium ligands [78]. Reprinted with permis-
sion from [78]. Copyright © 2021 Zhou et al. Advanced Science published by Wiley−VCH GmbH.
(h) Power-dependent PL and FWHM as a function of excitation fluence [78]. Reprinted with permis-
sion from [78]. Copyright © 2021 Zhou et al. Advanced Science published by Wiley−VCH GmbH.

In 2021, Edward H. Sargent and co-workers reported a self-assembly passivation
method that relied on sodium—an assembly director that enhanced the attractive forces
between nearby CsPbBr3 QDs and induced the formation of high-quality cubic super-
lattices [78]. Figure 10f,g showed the effect of atomic-size ligands on the self-assembly
interactions of CsPbBr3 QDs. These self-assembly perovskite quantum-dot superlattices
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structures were utilized as the resonant cavity and the gain medium, realizing nanosecond-
sustained lasing with a threshold of 25 μJ/cm2 in Figure 10h. In 2022, Zhang’s group
developed a new approach to realize multicolor lasering in the special structure of the
perovskite QDs superlattice [79]. The alloy superlattice samples based on perovskite QDs
were approximately 10 times more stable than perovskite single-crystal alloy NWs with
poor band gap stability, exhibiting significant PL spectral changes within 3 days [80]. Fur-
thermore, the carrier transport dynamics demonstrated the energy transport process in the
alloy superlattice, which elucidated the core difficulty of achieving a multicolor perovskite
lasers [79].

3.6. Others

In addition to the conventional perovskite lasers mentioned above, several other types
of perovskite lasers based on the solution process have been reported in recent years.
Wang et al. prepared the CH3NH3PbBr3 perovskite microrod using the solution-processed
one-step precipitation method [81]. This perovskite microrod formed a whispering gallery
mode microcavity, which was different from the Fabry-Perot cavity. This structure was
excited by a femtosecond laser at a wavelength of 400 nm, with a lasering threshold of
2.37 μJ/cm2, an FWHM as low as 0.1 nm, and a quality factor as high as 5000. Surface-
plasmon (SP) is an excited state with a large enhancement of the electromagnetic field
localized at the metal–dielectric interface [82]. SP can provide a powerful platform to
tailor the spontaneous emission, thus lasing the low-dimensional perovskite structures
in a nanoscale regime [83]. SPs arise from a metal layer or conducting layer, and transfer
along the semiconductor-metal interface. In 2017, Wang and co-workers demonstrated
that the laser threshold of CsPbBr3 perovskite microrod with Al nanoparticles (NPs) layer
was drastically decreased by more than 20%, and the output intensity was significantly
increased by more than an order of magnitude due to plasmonic resonances [84]. Wu et al.
proposed a new approach to improve the ASE performance of MAPbI3 perovskite film
via utilization of Au nanorods-doped PMMA [85]. These MAPbI3 films were prepared by
the modified two-step process. Finally, the ASE threshold of the MAPbI3 perovskite films
was obviously decreased from 26.5 to 16.9 μJ/cm2, which mainly resulted from the surface
passivation of the PMMA layer. In the same year, the reduction of the lasing threshold of
CsPbBr3 perovskite nanocubes was also realized via the surface plasmonic effect of Au NPs
by Leng’s group [86]. Table 2 summarizes the representative works on solution-processed
perovskite lasers in recent years.

Table 2. Performances comparison of solution-processed perovskite semiconductors lasers.

Materials Structure
Laser
Mode

Wavelength Pump Laser Threshold FWHM Year

MAPbX3 Polycrystalline thin film ASE 390–790 nm 600 nm, 150 fs 44 kW/cm2 N.A. 2014 [23]

MAPbI3 Polycrystalline thin film ASE 780 nm 530 nm, 4 ns 76 μJ/cm2 1.24 2015 [59]

MAPbI3 Polycrystalline thin film DFB 784 nm 515 nm, 200 fs 4 μJ/cm2 0.4 2016 [20]

MAPbI3 Polycrystalline thin film PhC 780 nm 532 nm, 400 ps 200 μJ/cm2 N.A. 2016 [60]

(PEA)2Csn−1PbnBr3n+1 Polycrystalline thin film VCSEL 532 nm 355 nm, 8 ns 500 μJ/cm2 0.8 2019 [21]

MAPbCl3 Single crystals thin film VCSEL 414–435 nm 355 nm, 8 ns 211 μJ/cm2 0.38 2020 [64]

MAPbX3 Single crystals NWs FP 500–780 nm 402 nm, 150 fs 220 nJ/cm2 0.22 2015 [22]

(FAxMA1−x)Pb(Br3−yIy) Single crystals NWs FP 490–824 nm 402 nm, 150 fs 2.6 μJ/cm2 0.24 2016 [65]

MAPbI3 Single crystals NWs FP 776–784 nm 400 nm, 120 fs 13.5 μJ/cm2 5 2016 [66]

CsPbX3 Single crystals NWs FP 420–650 nm 405 nm, CW 12.3 μJ/cm2 0.09 2018 [67]

MAPbClxBr3−x Microdisk WGM 525–557 nm 400 nm, 150 fs 3.6 μJ/cm2 1.1 2015 [27]

MAPbBr3 Microplates FP&WGM 552.3 nm 900 nm, 150 fs 62 μJ/cm2 0.6 2016 [71]
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Table 2. Cont.

Materials Structure
Laser
Mode

Wavelength Pump Laser Threshold FWHM Year

MAPbBr3 Microdisks ASE 500–570 nm 1064 nm, 10 ns 2.2 mJ/cm2 N.A. 2016 [72]

CsPbX3 Quantum dots ASE 440–700 nm 400 nm, 100 fs 6 μJ/cm2 N.A. 2015 [24]

CsPbX3 Quantum dots VCSEL 440–700 nm 400 nm, 100 fs 9 μJ/cm2 0.6 2017 [75]

CsPbBr3 Quantum dots VCSEL 522 nm 400 nm, 50 fs
355 nm, 5 nm

0.39 μJ/cm2

98 μJ/cm2 0.9 2017 [77]

CsPbBr3 Quantum dots ASE 536 nm 355 nm, 2 ns 25 μJ/cm2 0.4 2021 [78]

CsPbBr3 Quantum dots ASE 480–508 nm 400 nm, 40 fs 30 μJ/cm2 0.13 2022 [79]

MAPbBr3 NCs SP 554 nm 800 nm, 100 fs 10 μJ/cm2 3 2021 [87]

CsPbBr3 NCs SP 532 nm 400 nm, 250 fs 46.8 μJ/cm2 20.9 2022 [88]

In 2020, Atwate and co-workers demonstrated that single-mode up-conversion plas-
monic lasing from MAPbBr3 perovskite NCs with a low threshold (10 μJ/cm2) and a calcu-
lated ultrasmall mode volume (~0.06 λ3) at 6 K [87]. The MAPbBr3 perovskite NCs were
synthesized by doping MAPbBr3 film with chlorine as shown in Figure 11a,b. Figure 11a
showed a MAPbBr3 perovskite NCs integrated with an Al2O3/TiN (5 nm/80 nm) plas-
monic cavity and inset of SEM image. The device was deposited on a silicon-based substrate
in which TiN served as a promising resonance-tunable plasmonic platform. In 2021, Lan’s
group reported polycrystalline CsPbBr3 NPs composed of QDs on a thin Au film, exhibiting
optically-controlled quantum size effect [89]. However, it is regrettable that their CsPbBr3
NPs were synthesized by using chemical vapor deposition rather than the solution. Most
recently, Lin et al. proposed an on-chip fabricated hybrid photon-plasma system consisting
of a perovskite laser structure coupled to a long-range surface plasmon polariton (LRSPP)
waveguide, obtaining a low threshold and propagation length in excess of 100 μm [88].
Perovskite NCs were synthesized by a solution method [90]. In this system, the CsPbBr3
NCs were drop-casted on the patterned samples and then the NCs were forced into the
pattern. When the pump energy density exceeded 46.8 μJ/cm2, the emission intensity
increased and the nonlinearity of FWHM decreased. These results suggested that SPs could
not only improve the performance of perovskite lasers but also enable different applications
in optical communications and sensor-related devices.

Figure 11. (a) Schematic of the up-conversion plasmonic MAPbBr3 perovskite NCs lasers. Inset: SEM
image of MAPbBr3 perovskite NCs [87]. Reprinted with permission from [87]. Copyright © 2021
American Chemical Society. (b) PL intensity and line width vs pumped fluence at the lasing peak of
554 nm [87]. Reprinted with permission from [87]. Copyright © 2021 American Chemical Society.

4. Conclusions

Perovskite semiconductor materials have the advantages of high optical gain, large
absorption coefficient, long carrier life, solution processing and so on, which is an excellent
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gain material to achieve low threshold laser. The combination of perovskite materials
and optical microcavities can further reduce the laser threshold value. At present, it is
necessary to further study the stability, optical gain, threshold and other basic properties
of perovskite materials. In this review, we summarized the recent developments and
progress of solution-processed perovskite semiconductors lasers. We discussed the merit of
solution-processed perovskite semiconductors as lasing gain materials and summarized the
characteristics of a variety of perovskite lasers. Research progress in recent years has shown
that the application of perovskite and microcavity structures in lasers has a positive effect
on reducing the laser threshold. Moreover, the preparation method of the solution process,
as well as the flexible devices, are the unique advantages of perovskite lasers compared to
other conventional semiconductor lasers.

Despite the great progresses made in perovskite semiconductor materials and per-
ovskite semiconductor lasers, there are still many issues to be solved. Firstly, from the
perspective of materials, whether it is chemical vapor deposition or solution crystallization,
the prepared perovskite single crystal samples have a certain degree of randomness. To
realize the large-scale and commercialization of perovskite lasers, we should also explore a
method to prepare homogeneous and reproducible perovskite samples. Furthermore, since
most of the perovskite samples in use today contain the heavy metal Pb, which is harmful
to the human body and unfriendly to the environment, it is necessary to strengthen the
search for new perovskite systems with good optoelectronic properties and less lead or
lead-free. Secondly, the Q value of perovskite laser emission still needs to be improved.
Further improvement of film forming quality and Q value of optical microcavity are the
next important research directions. Compared with traditional III-V compounds semi-
conductor materials, organic and inorganic hybrid perovskite materials have relatively
poor stability, and the organic molecular layer in the material structure is very sensitive to
non-polar solvents. There are problems of easy decomposition in air and easy dissolution
in water and organic solvents. Finally, but more importantly, a theoretical explanation of
the photophysics of perovskite NCs is required to better explain the quantum size effect of
perovskite crystals, which can guide research directions for regulating their electronic, opti-
cal and defective nature [82]. In response to the above problems, researchers have proposed
a variety of solutions, including a small amount of doping to improve the stability of the
material phase, reduce the defects of perovskite crystals, design pure inorganic perovskite,
and improve the packaging process to encapsulate the polymer layer on the device surface.
Therefore, the future trend of the perovskite-based laser is to optimize cavity design and
improve device stability to achieve perovskite lasing under continuous optical or even
electric pumping at room temperature, which is still key in this field.
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Abstract: In recent years, optical crystals for 1.3 μm all-solid-state passively Q-switched lasers
have been widely studied due to their eye-safe band, atmospheric transmission characteristics,
compactness, and low cost. They are widely used in the fields of high-precision laser radar, biomedical
applications, and fine processing. In this review, we focus on three types of optical crystals used
as the 1.3 μm laser gain media: neodymium-doped vanadate (Nd:YVO4, Nd:GdVO4, Nd:LuVO4,
neodymium-doped aluminum-containing garnet (Nd:YAG, Nd:LuAG), and neodymium-doped
gallium-containing garnet (Nd:GGG, Nd:GAGG, Nd:LGGG). In addition, other crystals such as
Nd:KGW, Nd:YAP, Nd:YLF, and Nd:LLF are also discussed. First, we introduce the properties of the
abovementioned 1.3 μm laser crystals. Then, the recent advances in domestic and foreign research on
these optical crystals are summarized. Finally, the future challenges and development trend of 1.3 μm
laser crystals are proposed. We believe this review will provide a comprehensive understanding of
the optical crystals for 1.3 μm all-solid-state passively Q-switched lasers.

Keywords: optical crystals; 1.3 μm laser; passively Q-switched laser; all-solid-state-laser; saturable
absorber

1. Introduction

Q-switched technology is used to compress the laser energy to a narrow pulse to
improve the peak power of the output laser beam. Passive Q-switched technology uses a
saturable absorber (SA) as the Q-switched device to obtain output laser pulses. Since the
emergence of the laser diode (LD) in the 1980s, diode-pumped solid-state laser (DPSSL)
has developed rapidly owing to the achievement of narrow pulse width, high peak power,
compact cavity structure, high efficiency, and low cost.

In recent years, laser radar has been extensively researched for its use in unmanned
driving technology. According to the ANSI Z136.1—2014 standard, the allowable power of
the 1.34 μm laser is 1.9 times that of the 1.5 μm and 18 times that of the 910 nm laser in the
range of Class 1 power. Hence, the 1.3 μm laser radar can output greater power and realize
remote eye-safe detection. In addition, due to the low loss and low dispersion characteristics
of the 1.3 μm wavelength in the fiber, it has been widely used in the fields of communication
and biosensing, for example, in the generation of non-classical optical field [1], spectral
detection [2], and remote sensing [3]. Further, the 1.3 μm wavelength laser can be used
as a light source to obtain a variety of wavelength lasers through nonlinear changes such
as frequency doubling [4], frequency quadrupling [5], sum frequency generation [6], and
Raman scattering [7]. Thus, the 1.3 μm passive Q-switched laser has immense application
prospects in Figure 1.

Crystals 2022, 12, 1060. https://doi.org/10.3390/cryst12081060 https://www.mdpi.com/journal/crystals93



Crystals 2022, 12, 1060

Figure 1. Composition and application of 1.3 μm passively Q-switched laser. V:YAG samples [8],
Co2+:LaMgAl11O19 crystal and polished section [9], SEM image of MoS2-SA [10], Photograph of
gold nanobipyramids solution and TEM image of the gold nanobipyramids [11], Nd:YVO4 crystals
samples [12], Nd:YAG crystals samples [13], Nd:GGG crystals samples [14], Nd:KGW crystals
samples [15].

The laser gain medium as the core component of a solid-state laser is the basis for
laser development. Nd3+ is the earliest applied doped ion, and its energy level structure
is the decisive factor for the spectral characteristics of the gain medium. The substrate
significantly affects the mechanical, physical, and chemical properties of the gain medium.
Presently, crystal, ceramic, or glass is widely used as the substrate. The central wavelengths
of radiation for these materials are generally 0.9 μm, 1.06 μm, and 1.3 μm, which are derived
from three energy levels transitions of 4F3/2-4I9/2, 4F3/2-4I11/2, and 4F3/2-4I13/2, respectively.
The gain medium materials based on an LD pump must have the following characteristics:
wide absorption peak, long fluorescence lifetime, large stimulated emission cross section,
good mechanical properties, and high thermal conductivity. In this review, we discuss the
1.3 μm laser crystals, namely Nd:YVO4 [16], Nd:GdVO4 [17], Nd:YAG [18], Nd:GGG [19],
Nd:KGW [20], Nd:YAP [21]. Among them, Nd:YVO4, Nd:GdVO4, and Nd:YAG are the
major gain medium materials that can obtain high repetition rate and large output power.
In 2015 Nikkinen et al. [22] reported a 1.3 μm Nd:YVO4 microchip laser with a dilute nitride
GaInNAs/GaAs saturable absorber mirror. The laser produced pulse as narrow as 204 ps
with 2.3 MHz repetition rate. In 2015 Wang et al. [23] realized a high-peak-power (64.9 kW),
short-pulse-width (6.16 ns) passively Q-switched Nd:YAG/V3+:YAG laser at 1.3 μm. In
2019 Li et al. [24] simultaneously used both V3+:YAG and MoSe2 SA as passively Q-switche
device. The pulse duration was 82.4 ns pulse at a repetition rate of 409.3 kHz. During the
recent decades, researchers have created new optical crystals such as Nd:(Lu Gd Y La) VO4
mixed crystal [25], Nd,Cr:YAG double-doped crystal [26,27], Nd:GYSGG crystal [28–30]
and so on. In 2009 Huang et al. [31] investigated a diode-end-pumped passively Q-switched
Nd:Gd0.5Y0.5VO4 laser at 1.34 μm. For the passive Q-switching operation, the narrowest
pulse width was 47.8 ns with 76 kHz repetition rate, with peak power estimated to be

94



Crystals 2022, 12, 1060

182W, respectively. In 2011 Li et al. [32] realized passively Q-switched laser operation
with a mixed c-cut Nd:Gd0.33Lu0.33Y0.33VO4 crystal at 1.34 μm. For passively Q-switched
operation, the narrowest pulse width of 26 ns, the highest peak power of 1.8 kW were
obtained using V:YAG as Q-switch. In 2016, Lin et al. [33] used Nd,Cr:YAG as gain medium
and V3+:YAG as SA to achieve dual-wavelength output (946 nm, 1.3 μm). The maximum
average output power of 1.3 μm laser was 0.6 W, the narrowest pulse width was 19.2 ns at
the highest repetition rate of 43.25 kHz. In 2017 Lin et al. employed a Co:MgAl2O4 crystal
in a Nd:GYSGG passively Q-switched laser. The narrowest pulse width of 20.5 ns was
achieved. The highest peak power was 1319 W under a pump power of 7.20 W, respectively.
They provide the basis for further improving the output performance of the laser.

SA is considered an important part of a passively Q-switched laser. It utilizes the
saturable absorption effect to modulate the loss in the laser cavity for realizing the Q-
switching process. V3+:YAG [8] and Co2+:LaMgAl11O19 (Co:LMA) [9] are the most com-
monly used in the 1.3 μm band. Their ratios of the excited-state absorption cross section to
the ground-state absorption cross section are approximately 0.1 and 0.2, respectively. More-
over, their ground-state recovery time is relatively short; hence, they are easily bleached.
When these two materials were used in Q-switched devices, the pulse peak power was
above 330 kW [34] and pulse width could reach 1 ns [35]. Further, the output repetition
rate of 1820 kHz could be obtained [35]. In recent years, with the rapid development of
new materials and nanotechnology, some new SA devices have emerged [36], such as
graphene [37–45], black phosphorus [46,47], topological insulators (TI) [48,49], transition
metal disulfides (TMDs) [10,24,50–56], gold nanomaterials [11,57], MXene [58–60], and so
on. Most novel SA devices have been reported to achieve high-repetition-rate pulse output
(>150 kHz) but large pulse width (>60 ns) and low peak power (<30 W). Owing to the
development of SA materials, the performance of passively Q-switched lasers is expected
to be further improved.

In this review, we first classify the 1.3 μm laser crystals and introduce their properties.
Next, we focus on the research progress of different types of 1.3 μm passively Q-switched
laser and reveal the development bottleneck for 1.3 μm laser crystals. In addition, we also
introduce some new optical crystals and novel SA materials. Finally, we summarize the
study and discuss the scope for future development of 1.3 μm laser crystals.

2. Classification of 1.3 μμμm Laser Crystals

2.1. Neodymium-Doped Vanadate

As the most popular 1.3 μm laser crystals, the Nd-doped vanadate crystals mainly
include Nd:YVO4, Nd:GdVO4, Nd:LuVO4, and Nd:YxGd1−xVO4 (x = 0~1). Among them,
Nd:YVO4 and Nd:GdVO4 have been widely researched.

Nd:YVO4 is an excellent laser crystal with mature technology. It was first invented
by O’Connor [61] of the MIT Lincoln Laboratory. It is a natural birefringence crystal with
thermal conductivity of 5.2 Wm−1K−1 and absorption bandwidth of approximately 20 nm.
Since the stimulated emission cross section of Nd:YVO4 at 1342 nm (1 at.%, 7.6 × 10−19 cm2

is 18 times larger than that of Nd:YAG) is smaller than the ground-state absorption cross
section of a saturated absorber (V3+:YAG, 7.2 × 10−18 cm2) and the upper-level lifetime is
short (98 μs) [62], the Nd:YVO4 laser can achieve high-repetition-rate pulses output. As
early as 1976, Tuker et al. [63] realized a 1.3 μm continuous-wavelength output by end-
pumping Nd:YVO4 with an argon-ion laser. However, the slope efficiency was only 7%.

In 1997, Fluck et al. [64] proposed a diode-pumped 1.34-μm-wavelength passively
Q-switched microchip laser, and an InGaAsP semiconductor SA mirror was used as a
Q-switched device. When pumped at 400 mW, the pulse repetition rate was 53 kHz and
pulse width was 230 ps, but the peak power was only 450 mW. In 2005, Lai et al. [65]
used the InAs/GaAs quantum dot material as an SA. When the incident pump power
was 2.2 W, the output pulse repetition rate of 770 kHz, pulse width of 90 ns, and peak
power of above 5 W were obtained. In 2006, Janousek et al. [66] investigated passively
synchronous dual-wavelength (1064 and 1342 nm) Q-switched lasers based on V3+:YAG
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SA. The schematic of this laser is shown in Figure 2. When the pump power was 3.5 W, the
output laser repetition rate was 10 kHz, the pulse width was 70 ns, and the intracavity peak
power was 3 kW. In 2020, Kane et al. [35] used a Nd:YVO4 microchip as the gain medium,
and employed V3+:YAG and output coupler (OC) mirrors with different transmittances to
conduct multiple sets of experiments. In one group of experiments, the repetition rate of the
output pulse was 460 kHz, pulse duration was 1.6 ns, and peak power was approximately
500 W. In another group, the repetition rate of the output pulses was 24 kHz, pulse duration
was 1.08 ns, and peak power was 2.3 kW. Although only the experimental data were
reported by the authors and no detailed experimental results were presented, the study
provided the basis for further realizing a 1.3 μm pulse laser with narrow pulse width, high
peak power, high repetition rate, and good stability.

Figure 2. Setup for passively synchronized Q-switched Nd:YVO4 lasers oscillating at 1064 and
1342 nm [66].

Nd:YVO4 is a commonly used crystal, it is usually used to produce 1.3 μm wavelength
laser. It has a five times higher absorption efficiency than that of Nd:YAG. The stimulated
emission cross section of Nd:YVO4 at 1342 nm is 18 times bigger than that of Nd:YAG
at 1.3 μm, resulting in a more compact structure. Table 1 lists the research progress on
the 1.3 μm Nd:YVO4 laser. Using Nd:YVO4 as the gain medium not only ensure a high
repetition rate of several MHz, but also achieves a high peak power of several kW. In these
results, V3+:YAG is considered to be an ideal SA material for Nd:YVO4 at 1.3 μm.

Nd:GdVO4 is also a popular Nd-doped vanadate crystal which has been widely recog-
nized as the gain medium of DPSSLs since its development by Zagumennyı̆ et al. [17] in
1992. The structure of the Nd:GdVO4 crystal is the same as that of the Nd:YVO4 crystal,
with a zircon structure and tetragonal system. The absorption half-width is 1.6 nm near
808 nm. The branching ratio of the 1.34 μm fluorescence spectrum to 1.06 μm is approxi-
mately 0.2, which can emit a 1.3 μm laser. It has a large stimulated emission cross section
(c-cut 0.52 at.%, 1.8 × 10−19 cm2@1342 nm), short upper-level lifetime (100 μs), and high
thermal conductivity (11.7 Wm−1 K−1), and achieves high doping concentration [25,78].
Therefore, high repetition rate and high-energy pulse output can be realized.

In 2007, Qi et al. [79] investigated an LD-pumped c-cut Nd:GdVO4 crystal with a
Co:LMA SA, lasing at 1.34 μm wavelength. The maximum repetition rate of the laser output
was 277 kHz, shortest pulse width was 32 ns, output power was 266 mW, and maximum
peak power was 187 W. In 2008, Ma et al. [34] compared the output characteristics of a-cut
and c-cut Nd:GdVO4 passively Q-switched lasers at 1342 nm. When the pump energy of
the flash lamp was 27 J, the corresponding output laser pulse width of the two crystals
were 61.72 ns and 53.94 ns, and the single pulse output energies were 15.5 mJ and 17.6 mJ,
respectively. The corresponding peak powers were 247 kW and 330 kW. In 2011, Li et al. [80]
simultaneously used V3+:YAG and Co:LMA SA in the cavity to obtain a narrower pulse
width and higher peak power. The schematic of this laser is shown in Figure 3. The
corresponding output laser repetition frequencies were 49.8 kHz and 36 kHz, pulse widths
were 16.9 ns and 11.3 ns, maximum average output powers were 0.319 W and 0.268 W, and
peak powers were 378.2 W and 659 W.
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Table 1. Research progress on 1.3 μm passively Q-switched Nd:YVO4 lasers.

Nd:YVO4

Year CNd SA TOC PAve (W)
Pulse

Width (ns)
Peak

Power (W)
Repetition
Rate (kHz)

Ref.

1997 3 at.% InGaAsP 8.5% 0.0065 0.23 0.45 53 [64]

2003 1 at.%
PbS (T = 97%) 3% 0.012 110 - 295

[67]8% 0.023 200 - 250
V3+:YAG (T = 95%) 5% 0.013 13 150 7

2005 2 at.% InAs/GaAs 6% 0.36 90 >5 770 [65]
2005 1 at.% V3+:YAG (T = 85%) 7% 0.096 8.8 436 25 [62]
2006 1 at.% V3+:YAG (T = 90%) - - 70 3000 (intra) 10 [66]
2006 0.5 at.% InGaAsP 6% 0.16 19 220 38 [68]
2007 0.27 at.% Co2+:LMA (T = 90%) 9.7% 0.58 42 346 40 [69]
2011 0.3 at.% V3+:YAG (T = 94%) 3% 0.9 54 180 89 [70]
2011 0.5 at.% nc-Si/SiNx film 8% 0.67 51 ~592 22.2 [71]
2015 Microchip GaInNAs/GaAs 5% 0.024 0.204 - 2300 [22]
2017 0.4 at.% Graphene oxide 5% 0.52 329 7.39 214 [44]
2018 YVO4/Nd:YVO4/YVO4 MXene Ti3C2Tx 4% 0.03 454 0.406 162 [58]
2018 0.4 at.% Antimonene 5% 0.039 48.33 28.17 28.65 [72]

2019 0.1 at.%
Bi:GaAs

3.8%
0.435 64 48.7 138 [73]GaAs 0.405 282 ~9 158

2019 YVO4/Nd:YVO4/YVO4
(0.3 at.%) WS2 12% 0.538 550 10.1 97 [55]

2019 YVO4/Nd:YVO4/Nd:YVO4
0 at.%0.1 at%0.3 at% MoS2 12% 1.1 140 23.8 330 [10]

2020 Microchip

V3+:YAG (T = 97.5%) 4% - 4.8 89 1820

[35]

V3+:YAG (T = 97.5%) 4% - 6.4 144 680
V3+:YAG (T = 95%) 4% - 2.2 344 616
V3+:YAG (T = 95%) 4% - 3.6 383 295
V3+:YAG (T = 90%) 4% - 1.6 500 460
V3+:YAG (T = 90%) 14% - 1.6 2400 93
V3+:YAG (T = 79%) 4% - 1.3 2500 11
V3+:YAG (T = 79%) 4% - 1.08 2300 24

2020 0.5 at.% PtSe2 5% 0.209 775 2.61 103.5 [56]
2020 0.2 at.% GO-FONP 10% 0.306 163 5.98 314 [45]
2020 0.2 at.% FONP 5% 0.14 767 1.56 116 [74]
2020 0.3 at.% GaInSn 10% 0.425 32 1622 44 [75]
2020 0.3 at.% Ti3C2(OH)2/Ti3C2F2 3% 0.48 390 6.25 195 [76]
2020 0.5 at.% Mo2C 5% 0.236 222 4.5 236 [59]
2020 0.5 at.% Mo2C 5% 0.293 313 10.04 93 [60]
2022 - Ti2C Mxene - 0.215 190 7.75 146 [77]

CNd, Nd doping concentration; TOC, transmission of output coupler mirror; PAve, average output power; GO-
FONP, graphene oxide and ferroferric-oxide nanoparticle hybrid.

Figure 3. Experimental setup [80].

The Nd:GdVO4 crystal has large stimulated emission cross section and short upper-
level lifetime, which ensures high repetition rate, short pulse width, and peak power.
Table 2 summarizes the research progress on the 1.3 μm Nd:GdVO4 laser. Compared with
the single SA, the pulse width was greatly reduced and peak power was increased by using
double SA as the Q-switched device. However, additional losses were introduced, which
decreased the output power. Composite crystals with different doping concentrations can
enhance the absorption of pump light, thereby increasing the output power. V3+:YAG
and Co2+:LMA crystals are ideal SAs for the Nd:GdVO4 crystal. Although the use of
two-dimensional materials such as bismuth quantum dots and TMDs as SAs yields high-
repetition-rate output (>100 kHz), the pulse width (>80 ns) and peak power (<10 W) are
not satisfactory.
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Table 2. Research progress on 1.3 μm passively Q-switched Nd:GdVO4 lasers.

Nd:GdVO4

Year CNd SA TOC PAve (W)
Pulse

Width (ns)
Peak

Power (W)
Repetition
Rate (kHz)

Ref.

2007 0.52 at.% c-cut Co2+:LMA (T = 90%) 5.5% 0.266 32 187 277 [79]

2008 0.52 at.%
a-cut

V3+:YAG (T = 54%) 10%
- 61.72 247,000 - [34]c-cut - 53.9 330,000

2009 0.52 at.%
a-cut

V3+:YAG (T = 94%)

3% 0.519 - - -
[81]10% 0.441

c-cut
3% - 21.7 307 48.41
10% 22.3 316 53.25

2010 0.5 at.% a-cut V3+:YAG (T = 96%) 15% 0.782 * 80 244 76.1 * [82]

2011 0.5 at.% c-cut Co2+:LMA
(T = 90%)

+V3+:YAG (T = 94%)
5%

0.319 16.9 378.2 49.8 [80]
+V3+:YAG (T = 50%) 0.268 11.3 659 36

2018 0.5 at.% Au-NBPs (T = 90%) 4% 0.175 342 3.6 141.8 [11]
2018 0.3 at.% a-cut Black phosphorus 8% 0.452 77 10.04 625 [47]
2018 - 1T-TiSe2 15% 0.36 344 4.67 224 [51]

2019 c-cut composite crystal
0.1 at.%/0.3 at.%/0.8 at.%

MoSe2
3.8%

0.0526 420 0.52565 238
[24]V3+:YAG+MoSe2 0.1922 82.4 5.6 409.3

V3+:YAG 0.04 267 - -

2019 c-cut composite crystal
0.1 at.%/0.5 at.%/1 at.% ZIF-67 3.8% 0.109 108 2.43 415 [83]

2019 0.5 at.% BiQDs 5% 0.125 510 1.8 135 [84]

2020 c-cut composite crystal
0.1 at.%/0.3 at.%/0.8 at.% BiQDs 3.8% 0.12 155 1.68 457 [85]

2020 - ITO-NWAs 10% 0.32 296 4.69 230.2 [86]
2021 - Co2+:β-Ga2O3 3.8% 0.035 280 - 181 [87]
2021 0.3 at.% α-Fe2O3 nanosheets 3.8% 0.114 180 1.8 358 [88]
2022 1 at.% m-BiVO4 3.8% 0.1153 355 1.35 242.6 [89]

CNd, Nd doping concentration; TOC, transmission of output coupler mirror; PAve, average output power; Au-NBPs,
gold nanobipyramids; ZIF-67, zeolitic imidazolate framework-67; BiQDs, bismuth quantum dots; ITO-NWAs,
broadband indium tin oxide nanowire arrays. m-BiVO4, monoclinic bismuth vanadate.

In 2002, Maunier et al. [90] obtained Nd:LuVO4 by replacing yttrium with lutetium. The
stimulated emission cross section of the c-cut Nd:LuVO4 at 1.34 μm was 1.5 × 10−19 cm2 (π
polarization) and 1.9 × 10−19 cm2 (σ polarization), with high thermal conductivity
(9.77 Wm−1K−1) and small upper energy lifetime (95 μs) [90–92]. Liu et al. [93] reported a
diode-pumped passively Q-switched Nd:LuVO4 laser at 1.34 μm in 2008. The maximum
output peak power of 820 W was attained with the pulse repetition rate of 22.4 kHz. In
2010, Liu et al. [94] used Co:LMA as the SA to obtain 534 kHz high-repetition-rate pulse
output with an 8% transmission OC mirror.

Usually, a series of Nd:(Lu Gd Y La)VO4 mixed crystals is grown by combining two
ions, which is very suitable as the gain medium of Q-switched lasers owing to the long
upper-energy-level life and small stimulated emission cross section [25]. For example,
Nd:YxGd1−xVO4 (x = 0~1) crystals were successfully grown by the Czochralski method.
The thermal conductivity, specific heat capacity, and stimulated emission cross section
of Nd:YxGd1-xVO4 were different owing to the different crystal composition ratio, Nd
ion doping, and cutting direction. For example, when x = 0.37, 0.63, the corresponding
specific heat capacities of Nd:YxGd1−xVO4 are 28.33 and 28.98 cal mol−1 K−1, and the
thermal conductivities are 4.88 Wm−1K−1 and 5.04 Wm−1K−1, respectively [95]. Taking the
Nd:Gd0.5Y0.5VO4/V3+:YAG laser as an example, the stimulated emission cross section of the
gain medium is 1.0 × 10−19 cm2, ground-state absorption cross section is 7.2 × 10−18 cm2

at 1.3 μm, and V3+:YAG ground-state absorption cross section is 7.2 × 10−18 cm2; hence, the
second threshold conditions are easily achieved [31]. Therefore, the Nd:(Lu Gd Y La) VO4
crystals can achieve 1.3-μm-wavelength high-repetit ion-rate pulse laser output [31,32,96–99].

In 2010, Omatsu et al. [97] demonstrated an LD side-pumped bounce amplification
laser with a slab of Nd:Gd0.6Y0.4VO4 crystal as the gain medium and V:YAG as the SA. The
maximum output power of 6.5 W and peak power of 0.87 kW were obtained at the pump
power of 37 W, pulse laser repetition rate of 150 kHz, and pulse width of approximately
50 ns.

In 2011, Li et al. [100] investigated the laser performance with a mixed Nd:Lu0.15Y0.85VO4
crystal at 1.34 μm wavelength. When V3+:YAG T0 = 89%, pulses with repetition rate of
42.5 kHz, minimum pulse width of 30.6 ns, and peak power of 268 W were obtained. When
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T0 = 96%, the pulse repetition rate was 248 kHz, pulse width was 83.4 ns, and peak power
was 21.6 W. In 2022, Cai et al. [101] prepared a tin disulfide saturable absorber. A stable
passively Q-switched (PQS) Nd:Lu0.15Y0.85VO4 1.3 μm laser was successfully realized. It
had a repetition rate of 1.18 MHz, the shortest pulse width of 34 ns, and a peak power
of 20.8 W. In another work Cai et al. [102] successfully fabricated a nickel-cobalt layered
double hydroxide SA, and it was used as a passively mode-locked modulator for the
first time. It could obtain stable pulse sequence with a repetition frequency of 1.18 MHz
and a narrowest pulse width of 52 ns, the corresponding peak power was 13.89 W. The
experimental device is shown in Figure 4.

Figure 4. Passively Q-switched 1.34 μm laser experimental device with nickel-cobalt layered double
hydroxide SA [102].

In 2013, Han et al. [103] proposed a Nd:La0.05Lu0.95VO4 crystal as the gain medium to
produce pulse laser with repetition rate of 33 kHz, average output power of 0.19 W, pulse
width of 41 ns, and peak power of 199 W.

2.2. Neodymium-Doped Aluminum-Containing Garnet

Nd:YAG is a commonly used laser crystal. Geusic et al. [18] fabricated the Nd:YAG
crystal output laser for the first time in 1964. The thermal conductivity of Nd:YAG is
14 Wm−1K−1, specific heat is 0.59 J/g K, stimulated emission cross sections are 0.8 × 10−19 cm2

(1319 nm) and 0.9 × 10−19 cm2 (1338 nm), Mohs hardness is 8.5, absorption line width is 4
nm, and fluorescence lifetime is 230 μs [104]. Hence, the Nd:YAG laser can achieve high
repetition rate and peak power pulse output at 1.3 μm wavelength.

In 2006, Jabczynski et al. [105] used a 600 W diode-stack side-pumped triangular
Nd:YAG slab laser to achieve pulse width of 6 ns, peak power of 125 kW, and passively
Q-switched pulse output at 1.3 μm wavelength. The schematic is displayed in Figure 5. In
2011, Li et al. [106] realized the passive Q-switched output of Nd:YAG at 1319 nm with
V3+:YAG SA. When the transmittance of the OC mirror was 2.8%, the repetition rate of
the output pulse laser was 230 kHz and minimum pulse width was 128 ns. In 2016 Lin
et al. [107] pumped Nd:YAG with 885 nm LD to obtain dual-wavelength output laser at
1319 nm and 1338 nm. The shortest pulse widths are 20.20 ns and 20.86 ns, respectively.
The maximum repetition rate is 64.10 kHz.

Figure 5. Arrangement of the laser resonator with side-pumped trigonal crystal (LD, fast-collimated
pumping laser diode; CL, coupling lens; AM, triangular slab active medium; SA, V:YAG; M2, laser
output coupler; M1, laser rear mirror).

In 2018, Zhou et al. [4] experimentally demonstrated a passively Q-switched red
laser with an Nd3+:YAG/YAG/V3+:YAG/YAG composite crystal. This work first achieved
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1327.6 nm laser and its second harmonic generation from the Nd3+:YAG. In 2019, Lin
et al. [52] prepared ReS2 by liquid phase exfoliation method. For the first time, it was used
as passively Q-switched devices at 1.3 μm wavelength. The repetition rate of the output
pulse laser reached 214 kHz, pulse width was 403 ns, maximum average output power was
78 mW, and pulse peak power was 0.9 W. The schematic is displayed in Figure 6.

Figure 6. The schematic of Q-switched laser cavity based on ReS2 SA. M1: plane input mirror; M2:
concave output mirror with radius of −100 mm and 8% transmittance [52].

Table 3 lists the research progress on the 1.3 μm Nd:YAG laser, in which the combi-
nation of Nd:YAG and V3+:YAG demonstrated high repetition rate, peak power, narrow
pulse width, and passively Q-switched pulse output at 1.3 μm wavelength. When two-
dimensional materials such as graphene and metal disulfide were used as the SA, the
pulse width of the high-repetition-frequency pulse output laser was more than 100 ns
and peak power was less than 20 W. In the experiment, a composite crystal such as
YAG/Nd:YAG/V:YAG could shorten the cavity length and enhance the heat dissipa-
tion, thereby shortening the pulse width and improving the average output power and
peak power. The Nd:YAG laser could also improve the output power through the dual-
wavelength (1319, 1338 nm) output.

Table 3. Research progress on 1.3 μm passively Q-switched Nd:YAG lasers.

Nd:YAG

Year CNd SA TOC PAve (W)
Pulse

Width (ns)
Peak

Power (W)
Repetition
Rate (kHz)

Ref.

2003 - V3+:YAG (T = 95.7%)
15%

1.56 20 1200 60 [108]
Double V3+:YAG 0.96 20 2400 20

2004 1 at.%

YAG/Nd:YAG
(4 + 8)mm V3+:YAG

T = 89% 6% 0.215 21 3100 5.6

[109]

T = 93% 9% 0.525 30 4300 11
T = 91% 9% 0.365 25 4800 5.3

YAG/Nd:YAG/VYAG
(4 + 8 + 0.5) mm V3+:YAG (T = 88%)

14%
54 mm Lcav

0.5 19.7 ± 0.3 5000 5.2

9%
42 mm Lcav

0.7 14.7 ± 0.5 4600 10.4

18%
33 mm Lcav

0.43 11.0 ± 0.4 6100 6.4

2006 Triangular Slab V3+:YAG (T = 95.7%) 25% - 6 125,000 - [105]

2007 1.1 at.%
YAG/Nd:YAG

(4 + 8) mm V3+:YAG (T = 85%) 10%
0.6 6.2 ± 0.2 6000 ± 300 15

[110]
Nd:YAG 4 mm 0.25 1.7 ± 0.1 11,000 ± 2000 11

2010 2 at.%
T = 89.6% (1319 nm) T = 89.7%

(1338 nm)
Co2+:LMA

12.5%
(1319 nm)

12%
(1338 nm)

0.266 15 167 133 [104]

2011 0.6 at.% V3+:YAG (T = 92%) 2.8% 1.8 128 - 230 [106]
2013 0.6 at.% Graphene Oxide 10% 0.82 2000 11.7 35 [39]
2015 1 at.% V3+:YAG (T = 88%) 2.5% 0.628 21 2100 15 [111]

2015 1.1 at% V3+:YAG
T = 90% 15% 3.3 mJ - - 77.5 [23]T = 85% 25% 2.4 mJ 6.16 64,900 34.1

2016 1 at.% Multilayer Graphene (T = 89%) 2.5% 0.34 380 139 209 [41]

2016 1 at.% V3+:YAG (T = 90%) 6%
1.97 20.2

1319 nm -
64.1 [107]

1.58 20.86
1338 nm -

2018 Nd3+:YAG/YAG/V3+:YAG/YAG
1 at.% V3+:YAG 2.8% 2.41 - - - [4]

2018 1.1 at.% Co:MgAl2O4 (T = 89.5%) 16% 0.48 18.3 1533 17.5 [112]
2019 1 at.% ReS2 8% 0.078 W 403 0.9 214 [52]
2019 - ReS2 - 0.101 W 111 2.95 308.4 [53]
2019 - SnS2 - 0.136 W 323 1.89 223 [54]

CNd, Nd doping concentration; TOC, transmission of output coupler mirror; PAve, average output power; Lcav,
cavity length.
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Nd:Lu3Al5O12 (Nd:LuAG) is an isostructure of Nd:YAG, which can be used to grow
high-quality single crystals. It has high thermal conductivity (9.6 W·m−1·K−1), large
absorption cross section (1.52 × 10−20 cm2), and stimulated radiation cross section at
1.3 μm of 0.5 × 10−19 cm2. The full width at half maximum (FWHM) of the absorption
band (5 nm) and fluorescence lifetime (277 μs) are both greater than those of Nd:YAG, but
the absorption coefficient is slightly lower, which is suitable for a high-repetition-rate and
high-energy laser [113].

In 2015, Liu et al. [114] used V3+:YAG SA to realize Nd:LuAG 1.3 μm passively Q-
switched output with minimum pulse width of 17 ns and maximum single pulse energy
of 18.9 μJ. In 2017, Wang et al. [50] realized a Nd:LuAG 99 kHz high-repetition-frequency
passive Q-switched output based on MoS2 SA.

2.3. Neodymium-Doped Gallium-Containing Garnet

Nd:Gd3Ga5O12 (Nd:GGG) was first reported by Geusic et al. [18] in 1964. The
stimulated emission cross section of Nd:GGG at 1331 nm is 3.9 × 10−20 cm2, fluores-
cence lifetime is 240 μs, thermal conductivity is 6.4 W·m−1·K−1, specific heat capacity is
380 J·kg−1·K−1, and absorption linewidth is 4 nm. In addition, it also exhibits the advan-
tage of yielding a large-size crystal [19], which promotes its wide application in solid-state
heat capacity lasers.

In 2016, Han et al. [46] performed a passively Q-switched experiment with Nd:GGG
crystal and black phosphorus SA. A pulse output with repetition rate of 175 kHz, pulse
width of 363 ns, average output power of 157 mW, and peak power of 3 W was obtained.

In 2010, Zhang et al. [115] obtained a 1.33-μm-wavelength pulsed laser by using an
LD end-pumped Nd:GAGG crystal. The maximum average output power was 450 mW
with a 3% transmittance of the OC mirror. The maximum peak pulse power was 7.1 kW
with an 8% transmittance of the OC mirror.

In2021, Gao et al. [116] investigated passively Q-switched Nd:LGGG lasers at 1.3 μm,
In the Q-switching regime, a repetition rate of 8 kHz with a minimum pulse duration of
9.75 ns was obtained, the corresponding peak power was 2.4 kW.

Nd:GGG crystals doped with ions such as Al3+, Y3+, and Lu3+ were fabricated, which
could grow a variety of new crystals such as Nd:Gd3AlxGa5−xO12 (x = 0.94) (Nd:GAGG) [117],
Nd:(LuxGd1−x)3Ga5O12 (Nd:LGGG) [118,119], Nd:Gd3xY3(1−x)Sc2Ga3(1+δ)O12 (Nd:GYSGG) [28],
and Nd:Lu3Sc1.5Ga3.5O12 (Nd:LuYSGG) [120]. They can be used as a 1.3 μm solid-state
laser gain medium. Since the doped ions replace Gd3+ or Ga3+ in the crystals, the newly
formed crystals have wider non-uniform spectrum broadening, smaller excitation cross
section, and greater energy storage capacity. The research progress is detailed in Table 4.

Table 4. Research progress on 1.3 μm passively Q-switched neodymium-doped gallium garnet lasers.

Year CNd SA TOC PAve (W) Pulse Width (ns)
Peak

Power (W)
Repetition
Rate (kHz)

Ref.

Nd:Gd3Ga5O12 (Nd:GGG)

2009 1 at.% Co2+:LMA
T = 90%

8%
0.183 26.1 700 - [121]T = 81% 0.131 16.4 1300 6.1

2009 1 at.% V3+:YAG (T = 94%) 8% 0.46 19 650 39 [122]
2015 0.5 at.% Graphene 2.2% 0.69 556 7.45 166.7 [40]
2016 0.5 at.% Black Phosphorus 5% 0.157 363 3 175 [46]

Nd:Gd3AlxGa5-xO12 (Nd:GAGG)
2010 0.74 at.% V3+:YAG (T = 94%) 8% 0.29 18.2 2000 8 [115]
2011 0.74 at.% Co2+:LMA (T = 90%) 8% 0.329 14.6 7100 3 [123]

Nd:(LuxGd1−x)3Ga5O12 (Nd:LGGG)
2013 0.96 at.% V3+:YAG (T = 95%) 8% 0.75 25.9 1700 17.1 [124]
2021 1 at.% V3+:YAG (T = 90%) 5% 0.176 9.75 2400 8 [116]

Nd:Gd3xY3(1-x)Sc2Ga3(1+δ)O12 (Nd:GYSGG)
2016 2 at.% V3+:YAG (T = 90%) 8.8% 0.251 23.9 954 11 [29]
2017 1 at.% Co:MgAl2O4 (T = 82%) 12% 0.225 20.5 1319 * 9.1 [30]

Nd:Lu3Sc1.5Ga3.5O12 (Nd:LuYSGG)

2019 1 at.% V3+:YAG (T = 90%)
5% 0.39 - - 41.6 [125]10% 0.34 20.8 428 38.2

2020 1 at.% Bi2Se3 (T = 75%) 5% 0.36 146 7.05 349.5 [49]

CNd, Nd doping concentration; TOC, transmission of output coupler mirror; PAve, average output power.
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2.4. The Other Types of Optical Crystals

In 1998, Demidovich et al. [20,126] demonstrated that LD-pumped Nd:KGd(WO4)2
(Nd:KGW) can produce a continuous-wavelength laser output at 1.35 μm. The stimulated
emission cross section of Nd:KGW at 1351 nm is 0.9 × 10−19 cm2, and fluorescence lifetime
is 98 μs. In 2003, Savitski et al. [67] used V3+:YAG and PbS-doped glass as the SA and
conducted comparative experiments. When the pump power was 47 mW, the output laser
repetition rate reached 170 kHz, pulse width was 270 ns, and output power was 1 mW.
With the V3+:YAG SA, the laser repetition rate was 100 kHz, pulse width was 250 ns, and
output power was 5 mW. However, the output pulse width of this type of gain medium in
the 1.3 μm band was large and peak power was low.

Nd:YAP has a large emission cross section (1.8 × 10−19 cm2) at 1341 nm, long fluores-
cence lifetime (170 μs), and high thermal conductivity (11 W·m−1·K−1). It is an excellent
solid-state laser gain medium. In 2015, Chen et al. [127] demonstrated a diode-side-pumped
passively Q-switched Nd:YAP laser operating at 1.34 μm with V3+:YAG SA. When the
pump current was 34 A, the repetition rate of 5.51 kHz, pulse width of 197 ns, and maxi-
mum peak power of 6.93 kW were obtained. In 2016 Xu et al. [43] demonstrated a single
and multi-wavelength Nd:YAP laser. The diode-pumped continuous-wave laser operated
at 1364 nm by using a 0.08 mm glass etalon, and dual-wavelength laser was also achieved
at 1328 and 1340 nm as well as at 1340 and 1364 nm. Replacing the etalons with Go SA,
stable Q-switched laser operated at 1339 nm, the repetition rate of 76.9 kHz, pulse width of
380 ns, and maximum peak power of 14.5 W were obtained. The schematic of this laser is
shown in Figure 7.

Figure 7. Set-up used for the LD-pumped Nd:YAP continuous-wave laser experiments. OSA, optical
spectrum analyzer; PM, power meter; OC, output coupler [43].

Nd:LiYF4(Nd:YLF) is widely used, as it is suitable for lasers with different struc-
tures and pumping modes. Nd:YLF is a natural birefringence crystal, which has a long
upper-level life (∼ 520 μs) and small emission cross section (∼2–2.5 × 10−20 cm2; two
polarizations). Hence, it possesses large energy storage capacity. In addition, owing to
its high thermal conductivity (6 W·m−1·K−1) and negative thermal lens effect dn/dT
(−4.3 × 10−6 π polarization, −2 × 10−6 σ polarization), it reduces the effect of the positive
thermal lens. Moreover, it also has some advantages such as high crystal quality [128,129].
In 2013, Botha et al. [130] realized the Q-switched output of a Nd:YLF laser with maximum
peak power of 6.1 kW at 1314 nm. In 2015, Xu et al. [48] reported a 1.3 μm passively
Q-switched Nd:YLF laser by using few-layer TI Bi2Se3 as the SA. They obtained a pulse rep-
etition rate of 161.3 kHz, shortest pulse width of 433 ns, and pulse energy of approximately
1.23 μJ.

Nd:LuLiF4 (Nd:LLF) is an isostructure of Nd:YLF, which can also be used as a solid
gain medium at the 1.3 μm band. Compared with Nd:YLF, it has larger emission cross
section (5.1 × 10−20 π polarization, 2.2 × 10−20 σ polarization) and similar fluorescence
lifetime (489 μs). In 2013, Li et al. [131] reported a dual-wavelength (1314 nm and 1321 nm)
output of the Nd:LLF laser. When the repetition rate of the Q-switched pulse was 17.2 kHz,
the peak power of 885 W was obtained. In 2019, Qian et al. [57] obtained a 227 kHz
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high-repetition-rate pulse output by using gold nanorods (GNRs) with aspect ratio of 8 as
the SA.

Several other types of optical crystals can also emit a 1.3μm laser, such as: Nd:Lu2O3 [132,133]
and Nd,Cr:YAG [33,134]. Here, we introduce only the main types. Table 5 presents the
details of the research on the Nd:KGW, Nd:YAP, Nd:YLF, and Nd:LLF lasers.

Table 5. Research progress on 1.3 μm passively Q-switched Nd:KGW, Nd:YAP, Nd:YLF, and Nd:LLF lasers.

Year CNd SA TOC PAve (W)
Pulse

Width (ns)
Peak

Power (W)
Repetition
Rate (kHz)

Ref.

Nd:KGd(WO4)2 (Nd:KGW)
2001 4 at.% V3+:YAG (T = 96.5%) 2% 0.087 78 40 27.6 [135]

2003 7 at.%
PbS (T = 97%)

4%
0.001 270 -

-
170 [67]V3+:YAG (T = 95%) 0.005 250 100

2006 3 at.%
PbS (T = 98%)

4%
0.012 50 8 31 [136]V3+:YAG (T = 98%) 0.042 95 7.6 58

Nd:KLu(WO4)2 (Nd:KLW)
2012 0.5 at.% Graphene on SiC (T = 80%) 8% 0.89 466 - 135 [38]

Nd:YAl O3 (Nd:YAP)
2006 Triangular Slab V3+:YAG (T = 95.7%) 25% - 5.7 77,000 - [105]
2015 0.9 at.% V3+:YAG (T = 93%) 7% 7.52 197 6930 5.51 [127]
2016 0.8 at.% Graphene Oxide; 2.3% 0.43 380 14.7 76.9 [43]

Nd:GdYAl O3 (Nd:GYAP)
2022 1 at.% Bi nanosheets 5% 0.2 361 1.25 365 [137]

Nd:LiYF4 (Nd:YLF)
2013 0.5 at.% V3+:YAG (T = 97%) 5% 5.2 135 6100 6.3 [130]
2015 1 at.% Bi2Se3 (T = 95.1%) 2.3% 0.2 433 2.84 161.3 [48]

Nd:LuLiF4 (Nd:LLF)
2013 1 at.% V3+:YAG (T = 80%) 3% 1.87 120 885 17.2 [131]

2016 1 at.% Monolayer Graphene 3.8% 1.03 133 84.9 91 [42]8% 1.33 155 111.6 77
2017 1 at.% g-C3N4 3.8% 0.96 275 - 154 [138]

2019 1 at.%

GNRs
aspect ratio 5

3.8% 1.432 328 - 200

[57]8% 1.173 460 - 205
GNRs

aspect ratio 8
3.8% 1.209 271 - 218
8% 1.247 438 - 227

CNd, Nd doping concentration; TOC, transmission of output coupler mirror; PAve, average output power; g-C3N4,
two-dimensional (2D) graphite carbon nitride; GNRs, gold nanorods.

3. Conclusions

3.1. Summary

This review discussed 1.3 μm laser crystals systematically. In recent years, the highest
repetition rate of 1.3 μm passively Q-switched laser has exceeded MHz, and highest peak
power of 70 kW has been achieved. Although researchers have made great progress in
1.3 μm passively Q-switched laser, there are also some factors limit the laser performance,
such as, the low-gain emission line at 1.3 μm, the heat accumulation of crystals, the stability
at high repetition rate, and so on. We make a summary of 1.3 μm passively Q-switched
laser, and provide some research perspectives.

• The peak value of the gain medium at 1.06 μm is much higher than that at 1.3 μm
in the fluorescence spectrum, and the transition probability at 4F3/2-4I11/2 is greater
than that at 4F3/2-4I13/2. Hence, it is necessary to suppress the 1.06 μm wavelength
oscillation in the cavity to obtain 1.3 μm output light.

• When the stimulated emission cross section of the gain medium is large, the threshold
can be reduced and laser oscillation can be easily realized, whereas a small stimulated
emission cross section of the gain medium can improve the energy storage capacity.
Long fluorescence lifetime can increase the accumulation of upper-level particles
and obtain larger energy storage, whereas short fluorescence lifetime is beneficial
in obtaining a stable high-repetition-rate pulse output. Therefore, further in-depth
research is required on the gain medium materials.

• Owing to the differences in the band gap, nonlinear absorption, and saturated ab-
sorption of the SA materials, the ground-state absorption cross section, excited-state
absorption loss, modulation depth, and damage threshold are different.

• The resonator design (flat–flat, plane–concave, Z-cavity, V-cavity) affects the laser
performance. The flat–flat cavity has the advantages of good directivity and large
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mode volume, and it is easy to obtain single-mode oscillations with this cavity. The
Z-shaped cavity can not only adjust the focusing position and mode matching, but also
limit the output beam astigmatism with a smaller folding angle. V-cavity can adjust
the mode matching of the pump light, prevent the SA from absorbing the residual
pump energy. The plane–concave cavity can improve the effective area ratio between
of the gain medium and the SA, and achieves a compact structure while meeting the
second threshold condition.

• The pump source’s power, center wavelength and mode matching influence the
output power.

• Pulse fluctuations of the passively Q-switched laser, caused by the thermal lens effect
also influence the output power.

3.2. Outlook

In view of the existing problems, researchers have put forward the following solutions
from different perspectives. These improvement measures effectively accelerate and pro-
mote the development of 1.3 μm passively Q-switched laser. So, they also represent the
current research trend.

• New crystals of better quality: researchers have continuously developed new crystals,
such as Nd:GYSGG, Nd: (Lu Gd Y La) VO4 mixed crystals, and Nd,Cr:YAG, etc. These
crystals not only improve the performance, but can also be applied to some special
fields due to their unique properties.

• V3+:YAG and Co:LMA are popular 1.3 μm wavelength Q-switched devices. They have
great absorption of the 1.3 μm wavelength and can be easily bleached. Hence, they
achieve good experimental results (pulse width of several ns, peak power approaching
the order of MW). During the past few decades, many new SA materials have been
used as Q-switch devices such as graphene, black phosphorus, gold nanomaterials,
and MXene. These materials can obtain high-repetition-rate pulse output (several
hundreds of kHz), but their peak power is very low (few tens of W).

• Optimization of resonant cavity: selecting the appropriate cavity type and device can
reduce the unsaturated absorption loss in the cavity, thereby improving the output light
quality. For example, the combination of SA and coupling output mirror transmittance
can affect the repetition frequency, pulse width, and power of the output pulses. The
laser output power can be improved through lamp pumping, multi-LD side pumping,
slab gain medium, and multi-wavelength output. The pulse width can be compressed
by using double SA, composite crystal, and mode-locking.

• Reducing the thermal effect: the thermal effect of high-thermal-conductivity crystals
and composite crystals can be reduced by using a thermoelectric cooler for controlling
the crystal temperature.

• Reducing timing and amplitude jitter: researchers have proposed various methods
to reduce the pulse jitter, such as external modulation, pulsed LD pump source, self-
injection seeding, and pre-pumping mechanism.

Author Contributions: Conceptualization, X.F. (Xihong Fu) and X.F. (Xinpeng Fu); methodology,
X.F. (Xihong Fu) and X.F. (Xinpeng Fu); investigation, Y.S.; resources, X.F. (Xihong Fu) and Y.N.;
data curation, Y.S.; writing—original draft preparation, Y.S.; writing—review and editing, Y.S., X.F.
(Xihong Fu) and X.F. (Xinpeng Fu); visualization, C.Y., W.L. and X.Z.; supervision, X.F. (Xihong Fu)
and X.F. (Xinpeng Fu); project administration, X.F. (Xihong Fu) and Y.N.; funding acquisition, X.F.
(Xihong Fu) and Y.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Science and Technology Development Project of Jilin Province
(grant numbers 20200401060GX, 20210201028GX, 20200501008GX).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

104



Crystals 2022, 12, 1060

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zheng, Y.H.; Wu, Z.Q.; Huo, M.R.; Zhou, H.J. Generation of a continuous-wave squeezed vacuum state at 1.3 μm by employing a
home-made all-solid-state laser as pump source. Chin. Phys. 2013, 22, 431–434. [CrossRef]

2. Zhu, W.; Liu, Q.; Wu, Y. Aerosol absorption measurement at SWIR with water vapor interference using a differential photoacoustic
spectrometer. Opt. Express 2015, 23, 23108–23116. [CrossRef]

3. Sorokin, E.; Naumov, S.; Sorokina, I.T. Ultrabroadband infrared solid-state lasers. IEEE J. Sel. Top. Quantum Electron. 2005, 11,
690–712. [CrossRef]

4. Zhou, H.Q.; Bi, X.L.; Zhu, S.Q.; Li, Z.; Yin, H.; Zhang, P.X.; Chen, Z.Q.; Lv, Q.T. Multi-wavelength passively Q-switched red lasers
with Nd3+: YAG/YAG/V3+: YAG/YAG composite crystal. Opt. Quantum Electron. 2018, 50, 56. [CrossRef]

5. Tu, W.; Shang, L.Q.; Dai, S.B.; Zong, N.; Wang, Z.M.; Zhang, F.F.; Chen, Y.; Liu, K.; Zhang, S.J.; Yang, F.; et al. 0.95 W high-
repetition-rate, picosecond 335 nm laser based on a frequency quadrupled, diode-pumped Nd:YVO4 MOPA system. Appl. Opt.
2015, 54, 6182–6185. [CrossRef]

6. Li, Y.L.; Yao, J.B.; Zeng, Y.H.; Zhang, Y.L. Sum-frequency yellow light laser. J. Changchun Univ. Sci. Technol. (Nat. Sci. Ed.) 2010, 33,
51–53.

7. Niu, X. Extracavity all-solid-state eye-safe Raman laser based on Ba(NO3)2 crystal pumped by 1342nm laser. Master’s Thesis,
Beijing University of Technology, Beijing, China, 2016.

8. Zhang, D.; Su, L.; Li, H.; Qian, X.; Xu, J. Characteristics and optical spectra of V:YAG crystal grown in reducing atmosphere. J.
Cryst. Growth 2006, 294, 437–441. [CrossRef]

9. Ge, W.; Zhang, H.; Wang, J.; Ran, D.; Sun, S.; Xia, H.; Liu, J.; Xu, X.; Hu, X.; Jiang, M. Growth and thermal properties of
Co2+:LaMgAl11O19 crystal. J. Cryst. Growth 2005, 282, 320–329. [CrossRef]

10. Zhang, G.; Wang, Y.; Wang, J.; Jiao, Z. Passively Q-switched laser at 1.34 μm using a molybdenum disulfide saturable absorber.
Infrared Phys. Technol. 2019, 96, 311–315. [CrossRef]

11. Chu, Z.; Zhang, H.; Wu, Y.; Zhang, C.; Liu, J.; Yang, J. Passively Q-switched laser based on gold nanobipyramids as saturable
absorbers in the 1.3 μm region. Opt. Commun. 2018, 406, 209–213. [CrossRef]

12. Zhang, G.; Tu, H.; Liu, Y.; Hu, Z. Heat treatment and optical absorption studies on Nd:YVO4 crystal. J. Cryst. Growth 2009, 311,
912–915. [CrossRef]

13. Saeedi, H.; Yadegari, M.; Enayati, S.; Asadian, M.; Shojaee, M.; Khodaei, Y.; Mirzaei, N.; Mashayekhi Asl, I. Thermal shocks
influence on the growth process and optical quality of Nd: YAG crystal. J. Cryst. Growth 2013, 363, 171–175. [CrossRef]

14. Asadian, M.; Hajiesmaeilbaigi, F.; Mirzaei, N.; Saeedi, H.; Khodaei, Y.; Enayati, S. Composition and dissociation processes analysis
in crystal growth of Nd:GGG by the Czochralski method. J. Cryst. Growth 2010, 312, 1645–1650. [CrossRef]

15. Senthil Kumaran, A.; Moorthy Babu, S.; Ganesamoorthy, S.; Bhaumik, I.; Karnal, A.K. Crystal growth and characterization of
KY(WO4)2 and KGd(WO4)2 for laser applications. J. Cryst. Growth 2006, 292, 368–372. [CrossRef]

16. Bowkett, G.C.; Baxter, G.W.; Booth, D.J.; Taira, T.; Teranishi, H.; Kobayashi, T. Single-mode 1.34-μm Nd:YVO4 microchip laser
with cw Ti:sapphire and diode-laser pumping. Opt. Lett. 1994, 19, 957–959. [CrossRef]

17. Zagumennyı̆, A.I.; Ostroumov, V.G.; Shcherbakov, I.A.; Jensen, T.; Meyen, J.P.; Huber, G. The Nd:GdVO4 crystal: A new material
for diode-pumped lasers. Sov. J. Quantum Electron. 1992, 22, 1071. [CrossRef]

18. Geusic, J.E.; Marcos, H.M.; Van Uitert, L. Laser oscillations in Nd-doped yttrium aluminum, yttrium gallium and gadolinium
garnets. Appl. Phys. Lett. 1964, 4, 182–184. [CrossRef]

19. Yoshida, K.; Yoshida, H.; Kato, Y. Characterization of high average power Nd:GGG slab lasers. IEEE J. Quantum Electron. 1988, 24,
1188–1192. [CrossRef]

20. Demidovich, A.A.; Kuzmin, A.N.; Ryabtsev, G.I.; Strek, W.; Titov, A.N. A 1.35 μm laser diode pumped continuous wave KGW:Nd
laser. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 1998, 54, 1711–1713. [CrossRef]

21. Helena, J.; Pavel, C.; Jan, S.; Jan Karol, J.; Krzysztof, K.; Waldemar, Z.; Zygmunt, M.; Mitsunobu, M. In Passively mode-locked Q-
switched Nd:YAP 1.34-um/1.08-um laser with efficient hollow-waveguide radiation delivery. In Solid State Lasers XI: High-Power
Lasers and Applications; SPIE: San Jose, CA, USA, 2002.

22. Nikkinen, J.; Korpijärvi, V.M.; Leino, I.; Härkönen, A.; Guina, M. Microchip laser Q-switched with GaInNAs/GaAs SESAM
emitting 204 ps pulses at 1342 nm. Electron. Lett. 2015, 51, 850–852. [CrossRef]

23. Wang, Z.; Zhang, B.; Ning, J.; Zhang, X.; Su, X.; Zhao, R. High-peak-power passively Q-switched 1.3 μm Nd:YAG/V3+:YAG laser
pumped by a pulsed laser diode. Chin. Opt. Lett. 2015, 13, 021403–21406. [CrossRef]

24. Dong, L.; Li, D.; Pan, H.; Li, Y.; Zhao, S.; Li, G.; Chu, H. Pulse characteristics from a MoSe2 Q-switched Nd:GdVO4 laser at 1.3μm.
Appl. Opt. 2019, 58, 8194–8199. [CrossRef]

25. Li, X. Research on 1.3 μm short pulse laser characteristics of LD-pumped Nd-doped vanadate crystals. Ph.D. Thesis, Shan Dong
University, Jinan, China, April 2012.

26. Wang, S.; Li, Q.; Du, S.; Zhang, Q.; Shi, Y.; Xing, J.; Zhang, D.; Feng, B.; Zhang, Z.; Zhang, S. Self-Q-switched and mode-locked
Nd,Cr:YAG laser with 6.52-W average output power. Opt. Commun. 2007, 277, 130–133. [CrossRef]

27. Li, J.; Wu, Y.S.; Pan, Y.B.; Zhu, Y.; Guo, J.K. Spectral properties of Nd,Cr:YAG self-Q-switched laser transparent ceramics. Chin. J.
Lumin. 2007, 219–224.

105



Crystals 2022, 12, 1060

28. Zhong, K.; Sun, C.L.; Yao, J.Q.; Xu, D.G.; Pei, Y.Q.; Zhang, Q.L.; Luo, J.Q.; Sun, D.L.; Yin, S.T. Continuous-wave Nd:GYSGG laser
around 1.3 μm. Laser Phys. Lett. 2012, 9, 491–495. [CrossRef]

29. Song, T.; Li, P.; Chen, X.; Ma, B.; Dun, Y. Passively Q-switched Nd:GYSGG laser operating at 1.3 μm with V:YAG as saturable
absorber. Optik 2016, 127, 10621–10625. [CrossRef]

30. Lin, H.-Y.; Sun, D.; Copner, N.; Zhu, W.-Z. Nd:GYSGG laser at 1331.6 nm passively Q-switched by a Co:MgAl2O4 crystal. Opt.
Mater. 2017, 69, 250–253. [CrossRef]

31. Huang, H.-T.; Zhang, B.-T.; He, J.-L.; Yang, J.-F.; Xu, J.-L.; Yang, X.-Q.; Zuo, C.-H.; Zhao, S. Diode-pumped passively Q-switched
Nd:Gd0.5Y0.5VO4 laser at 1.34 μm with V3+:YAG as the saturable absorber. Opt. Express 2009, 17, 6946–6951. [CrossRef]

32. Li, X.; Li, G.Q.; Zhao, S.Z.; Zhao, B.; Li, Y.F.; Yin, L. CW and passively Q-switched laser performance of a mixed c-cut
Nd:Gd0.33Lu0.33Y0.33VO4 crystal operating at 1.34 μm. Opt. Mater. 2011, 34, 159–163. [CrossRef]

33. Lin, B.; Zhang, Q.-L.; Zhang, D.-X.; Feng, B.-H.; He, J.-L.; Zhang, J.-Y. Passively Q-Switched Nd,Cr:YAG Laser Simultaneous
Dual-Wavelength Operation at 946 nm and 1.3 μm. Chin. Phys. Lett. 2016, 33, 074203. [CrossRef]

34. Ma, J.S.; Li, Y.F.; Sun, Y.M.; Qi, H.J.; Lan, R.J.; Hou, X.Y. Passively Q-switched 1.34 μm Nd:GdVO4 laser with V:YAG saturable
absorber. Laser Phys. Lett. 2008, 5, 593. [CrossRef]

35. Kane, T.J.; Clarkson, W.A.; Shori, R.K. 1.34 μm Nd:YVO4 laser passively Q-switched by V:YAG and optimized for lidar. In Solid
State Lasers XXIX: Technology and Devices; SPIE: San Francisco, CA, USA, 2020; Volume 11259.

36. Yang, F.; Li, M.; Zhao, S.; Fu, X.H.; Gao, L.L. Research progress on passively Q-switched lasers based on new saturable absorption
devices. Laser Optoelectron. Prog. 2020, 57, 15.

37. Liang, L.; Lin, Z.H.; Chen, S.; Wang, J.X. Graphene passively Q-switching for dual-wavelength lasers at 1064 nm and 1342 nm in
Nd:YVO4 laser. Chin. J. Laser 2014, 41, 53–56. [CrossRef]

38. Shen, H.; Wang, Q.; Zhang, X.; Liu, Z.; Bai, F.; Cong, Z.; Chen, X.; Gao, L.; Zhang, H.; Xu, X.; et al. Passively-switched
Nd:KLu(WO4)2 laser at 1355 nm with graphene on SiC as saturable absorber. Appl. Phys. Express 2012, 5, 092703. [CrossRef]

39. Zhang, L.; Yu, H.; Yan, S.; Zhao, W.; Sun, W.; Yang, Y.; Wang, L.; Hou, W.; Lin, X.; Wang, Y.; et al. A 1319 nm diode-side-pumped
Nd:YAG laser Q-switched with graphene oxide. J. Mod. Opt. 2013, 60, 1287–1289. [CrossRef]

40. Xu, B.; Wang, Y.; Cheng, Y.; Yang, H.; Xu, H.; Cai, Z. Nanosecond pulse generation in a passively Q-switched Nd:GGG laser at
1331 nm by CVD graphene saturable absorber. J. Opt. 2015, 17, 105501. [CrossRef]

41. Feng, C.; Zhang, H.; Wang, Q.; Xu, S.; Fang, J. 1357 nm passively Q-switched crystalline ceramic laser based on multilayer
graphene. Laser Phy. 2016, 26, 055802. [CrossRef]

42. Li, S.; Li, T.; Zhao, S.; Li, G.; Hang, Y.; Zhang, P. 1.31 and 1.32 μm dual-wavelength Nd:LuLiF4 laser. Opt. Laser Technol. 2016, 81,
14–17.

43. Xu, B.; Wang, Y.; Lin, Z.; Peng, J.; Cheng, Y.; Luo, Z.; Xu, H.; Cai, Z.; Weng, J.; Moncorgé, R. Single- and multi-wavelength
Nd:YAlO3 lasers at 1328, 1339 and 1364 nm. Opt. Laser Technol. 2016, 81, 1–6. [CrossRef]

44. Lin, H.Y.; Zhao, M.J.; Lin, H.J.; Wang, Y.P. Graphene-oxide as saturable absorber for a 1342 nm Q-switched Nd:YVO4 laser. Optik
2017, 135, 129–133. [CrossRef]

45. Zhang, H.; Peng, J.; Yang, X.; Ma, C.; Zhao, Q.; Chen, G.; Su, X.; Li, D.; Zheng, Y. Passively Q-switched Nd:YVO4 laser operating
at 1.3 μm with a graphene oxide and ferroferric-oxide nanoparticle hybrid as a saturable absorber. Appl. Opt. 2020, 59, 1741–1745.
[CrossRef]

46. Han, S.; Zhang, F.; Wang, M.; Wang, L.; Zhou, Y.; Wang, Z.; Xu, X. Black phosphorus based saturable absorber for Nd-ion doped
pulsed solid state laser operation. Indian J. Phys. 2016, 91, 439–443. [CrossRef]

47. Sun, X.; Nie, H.; He, J.; Zhao, R.; Su, X.; Wang, Y.; Zhang, B.; Wang, R.; Yang, K. Passively Q-Switched Nd:GdVO4 1.3 μm laser
with few-layered black phosphorus saturable absorber. IEEE J. Sel. Top. Quantum Electron. 2018, 24, 1600405. [CrossRef]

48. Xu, B.; Wang, Y.; Peng, J.; Luo, Z.; Xu, H.; Cai, Z.; Weng, J. Topological insulator Bi2Se3 based Q-switched Nd:LiYF4 nanosecond
laser at 1313 nm. Opt Express 2015, 23, 7674–7680. [CrossRef]

49. Wang, B. Passively-Q-switched 1.33 μm Nd:LuYSGG laser with the Bi2Se3 topological insulator as a saturable absorber. J. Russ.
Laser Res. 2020, 41, 358–363. [CrossRef]

50. Wang, K.; Yang, K.; Zhang, X.; Zhao, S.; Luan, C.; Liu, C.; Wang, J.; Xu, X.; Xu, J. Passively Q-switched laser at 1.3 μm with
few-layered MoS2 saturable absorber. IEEE J. Sel. Top. Quantum Electron. 2017, 23, 71–75. [CrossRef]

51. Yan, B.; Zhang, B.; Nie, H.; Li, G.; Sun, X.; Wang, Y.; Liu, J.; Shi, B.; Liu, S.; He, J. Broadband 1T-titanium selenide-based saturable
absorbers for solid-state bulk lasers. Nanoscale 2018, 10, 20171–20177. [CrossRef]

52. Lin, M.; Peng, Q.; Hou, W.; Fan, X.; Liu, J. 1.3 μm Q-switched solid-state laser based on few-layer ReS2 saturable absorber. Opt.
Laser Technol. 2019, 109, 90–93. [CrossRef]

53. Liu, S.; Wang, M.; Yin, S.; Xie, Z.; Wang, Z.; Zhou, S.; Chen, P. Nonlinear optical properties of few-layer rhenium disulfide
nanosheets and their passively Q-switched laser application. Phys. Status Solidi (A) 2019, 216, 1800837. [CrossRef]

54. Wang, M.; Wang, Z.; Xu, X.; Duan, S.; Du, C. Tin diselenide-based saturable absorbers for eye-safe pulse lasers. Nanotechnology
2019, 30, 265703. [CrossRef]

55. Zhang, G.; Wang, Y.; Jiao, Z.; Li, D.; Wang, J.; Chen, Z. Tungsten disulfide saturable absorber for passively Q-Switched
YVO4/Nd:YVO4/YVO4 laser at 1342.2 nm. Opt. Mater. 2019, 92, 95–99. [CrossRef]

56. Yang, Z.; Han, L.; Zhang, J.; Zhang, Y.; Zhang, F.; Lin, Z.; Ren, X.; Yang, Q.; Zhang, H. Passively Q-switched laser using PtSe2 as
saturable absorber at 1.3 μm. Infrared Phys. Technol. 2020, 104, 103155. [CrossRef]

106



Crystals 2022, 12, 1060

57. Qian, Q.; Wang, N.; Zhao, S.; Li, G.; Li, T.; Li, D.; Yang, K.; Zang, J.; Ma, H. Gold nanorods as saturable absorbers for the passively
Q-switched Nd:LLF laser at 1.34 μm. Chin. Opt. Lett. 2019, 17, 041401. [CrossRef]

58. Wang, C.; Peng, Q.-Q.; Fan, X.-W.; Liang, W.-Y.; Zhang, F.; Liu, J.; Zhang, H. MXene Ti3C2Txsaturable absorber for pulsed laser at
1.3 μm. Chin. Phys. B 2018, 27, 094214. [CrossRef]

59. Wang, J.; Liu, S.; Wang, Y.; Wang, T.; Shang, S.; Ren, W. Magnetron-sputtering deposited molybdenum carbide MXene thin films
as a saturable absorber for passively Q-switched lasers. J. Mater. Chem. C 2020, 8, 1608–1613. [CrossRef]

60. Wang, J.; Wang, Y.; Liu, S.; Li, G.; Zhang, G.; Cheng, G. Nonlinear Optical Response of Reflective MXene Molybdenum Carbide
Films as Saturable Absorbers. Nanomaterials (Basel) 2020, 10. [CrossRef]

61. O’Connor, J.R. Unusual crystal-field energy levels and efficient laser properties of YVO4:Nd. Appl. Phys. Lett. 1966, 9, 407–409.
[CrossRef]

62. Xue, Q.H.; Zheng, Q.; Bu, Y.K.; Qian, L.S. LD-pumped Nd:YVO4/V:YAG passively Q-switched 1.34 μm laser. Acta Photonica
Sinica 2005, 34, 971–974.

63. Tucker, A.W.; Birnbaum, M.; Fincher, C.L.; DeShazer, L.G. Continuous-wave operation of Nd : YVO4 at 1.06 and 1.34 μm. J. Appl.
Phys. 1976, 47, 232–234. [CrossRef]

64. Fluck, R.; Braun, B.; Gini, E.; Melchior, H.; Keller, U. Passively Q-switched 1.34-μm Nd:YVO4 microchip laser with semiconductor
saturable-absorber mirrors. Opt. Lett. 1997, 22, 991–993. [CrossRef]

65. Lai, H.C.; Li, A.; Su, K.W.; Ku, M.L.; Chen, Y.F.; Huang, K.F. InAs/GaAs quantum-dot saturable absorbers for diode-pumped
passively Q-switched Nd-doped 1.3-μm lasers. Opt. Lett. 2005, 30, 480–482. [CrossRef]

66. Janousek, J.; Tidemand-Lichtenberg, P.; Mortensen, J.L.; Buchhave, P. Investigation of passively synchronized dual-wavelength
Q-switched lasers based on V:YAG saturable absorber. Opt. Commun. 2006, 265, 277–282. [CrossRef]

67. Savitski, V.G.; Malyarevich, A.M.; Yumashev, K.V.; Sinclair, B.D.; Lipovskii, A.A. Diode-pumped Nd:YVO4 and Nd:KGd(WO4)2
1.3 μm lasers passively Q-switched with PbS-doped glass. Appl. Phys. B 2003, 76, 253–256. [CrossRef]

68. Li, A.; Liu, S.C.; Su, K.W.; Liao, Y.L.; Huang, S.C.; Chen, Y.F.; Huang, K.F. InGaAsP quantum-wells saturable absorber for
diode-pumped passively Q-switched 1.3-μm lasers. Appl. Phys. B 2006, 84, 429–431. [CrossRef]

69. Huang, H.T.; He, J.L.; Zuo, C.H.; Zhang, H.J.; Wang, J.Y.; Liu, Y.; Wang, H.T. Co2+: LMA crystal as saturable absorber for a
diode-pumped passively Q-switched Nd:YVO4 laser at 1342 nm. Appl. Phy. B 2007, 89, 319–321. [CrossRef]

70. Xu, J.L.; Huang, H.T.; He, J.L.; Yang, J.F.; Zhang, B.T.; Yang, X.Q.; Liu, F.Q. Dual-wavelength oscillation at 1064 and 1342 nm in a
passively Q-switched Nd:YVO4 laser with V3+:YAG as saturable absorber. Appl. Phys. B 2011, 103, 75–82. [CrossRef]

71. Zhai, Y.; Wang, J.X.; Wang, Y.F. Optical characteristic of nc-Si/SiNx film and its Q-Switching to 1342 nm laser. Laser J. 2011, 32,
10–11.

72. Wang, M.; Zhang, F.; Wang, Z.; Wu, Z.; Xu, X. Passively Q-switched Nd3+ solid-state lasers with antimonene as saturable absorber.
Opt. Express 2018, 26, 4085–4095. [CrossRef]

73. Pan, H.; Chu, H.; Li, Y.; Li, G.; Zhao, S.; Li, D. Bismuth functionalized GaAs as saturable absorber for passive Q-switching at
1.34 μm. Opt. Mater. 2019, 98, 109457. [CrossRef]

74. Zhang, H.; Peng, J.; Yao, J.; Yang, X.; Li, D.; Zheng, Y. 1.3 μm passively Q-switched mode-locked laser with Fe3O4 nanoparticle
saturable absorber. Laser Phys. 2020, 30, 125801. [CrossRef]

75. Zhang, T.; Wang, M.; Xue, Y.; Xu, J.; Xie, Z.; Zhu, S. Liquid metal as a broadband saturable absorber for passively Q-switched
lasers. Chin. Opt. Lett. 2020, 18, 111901. [CrossRef]

76. Cao, L.; Chu, H.; Pan, H.; Wang, R.; Li, Y.; Zhao, S.; Li, D.; Zhang, H.; Li, D. Nonlinear optical absorption features in few-layered
hybrid Ti3C2(OH)2/Ti3C2F2 MXene for optical pulse generation in the NIR region. Opt. Express 2020, 28, 31499–31509. [CrossRef]

77. Zhang, T.; Chu, H.; Li, Y.; Zhao, S.; Ma, X.; Pan, H.; Li, D. Third-order optical nonlinearity in Ti2C MXene for Q-switching
operation at 1–2 μm. Opt. Mater. 2022, 124, 112054. [CrossRef]

78. Zhang, H.; Meng, X.; Liu, J.; Zhu, L.; Wang, C.; Shao, Z.; Wang, J.; Liu, Y. Growth of lowly Nd doped GdVO4 single crystal and its
laser properties. J. Cryst. Growth 2000, 216, 367–371. [CrossRef]

79. Qi, H.J.; Liu, X.D.; Hou, X.Y.; Li, Y.F.; Sun, Y.M. A c-cut Nd:GdVO4 solid-state laser passively Q-switched with Co2+:LaMgAl11O19
lasing at 1.34 μm. Laser Phys. Lett. 2007, 4, 576–579. [CrossRef]

80. Li, Y.F.; Zhao, S.Z.; Sun, Y.M.; Qi, H.J.; Cheng, K. Diode-pumped doubly passively Q-switched c-cut Nd:GdVO4 1.34 μm laser
with V3+:YAG and Co:LMA saturable absorbers. Opt. Laser Technol. 2011, 43, 985–988. [CrossRef]

81. Ma, J.; Li, Y.; Sun, Y.; Xu, J.; He, J. Diode-pumped passively Q-switched Nd:GdVO4 laser at 1342 nm with V:YAG saturable
absorber. Opt. Commun. 2009, 282, 958–961. [CrossRef]

82. Xu, C.; Li, G.; Zhao, S.; Li, X.; Cheng, K.; Zhang, G.; Li, T. LD-pumped passively Q-switched Nd:GdVO4 laser at 1342 nm with
high initial transmission V:YAG saturable absorber. Laser Phys. 2010, 20, 1335–1340. [CrossRef]

83. Pan, H.; Wang, X.; Chu, H.; Li, Y.; Zhao, S.; Li, G.; Li, D. Optical modulation characteristics of zeolitic imidazolate framework-67
(ZIF-67) in the near infrared regime. Opt. Lett. 2019, 44, 5892–5895. [CrossRef]

84. Su, X.; Wang, Y.; Zhang, B.; Zhang, H.; Yang, K.; Wang, R.; He, J. Bismuth quantum dots as an optical saturable absorber for a 1.3
μm Q-switched solid-state laser. Appl. Opt. 2019, 58, 1621–1625. [CrossRef]

85. Dong, L.; Huang, W.; Chu, H.; Li, Y.; Wang, Y.; Zhao, S.; Li, G.; Zhang, H.; Li, D. Passively Q-switched near-infrared lasers with
bismuthene quantum dots as the saturable absorber. Opt. Laser Technol. 2020, 128, 106219. [CrossRef]

107



Crystals 2022, 12, 1060

86. Feng, X.; Liu, J.; Yang, W.; Yu, X.; Jiang, S.; Ning, T.; Liu, J. Broadband indium tin oxide nanowire arrays as saturable absorbers for
solid-state lasers. Opt. Express 2020, 28, 1554–1560. [CrossRef]

87. Zhang, J.; Wang, Y.; Mu, W.; Jia, Z.; Zhang, B.; He, J.; Tao, X. New near-infrared optical modulator of Co2+:β-Ga2O3 single crystal.
Opt. Mater. Express 2021, 11. [CrossRef]

88. Dong, L.; Chu, H.; Li, Y.; Zhao, S.; Li, G.; Li, D. Nonlinear optical responses of α-Fe2O3 nanosheets and application as a saturable
absorber in the wide near-infrared region. Opt. Laser Technol. 2021, 136, 106812.

89. Zhang, C.; Zheng, L.; Chu, H.; Pan, H.; Hu, Y.; Li, D.; Dong, L.; Zhao, S.; Li, D. Monoclinic bismuth vanadate nanoparticles as
saturable absorber for Q-switching operations at 1.3 and 2 μm. Appl. Phys. Express 2022, 15, 072004. [CrossRef]

90. Maunier, C.; Doualan, J.L.; Moncorgé, R.; Speghini, A.; Bettinelli, M.; Cavalli, E. Growth, spectroscopic characterization, and
laser performance of Nd:LuVO4 a new infrared laser material that is suitable for diode pumping. J. Opt. Soc. Am. B 2002, 19,
1794–1800. [CrossRef]

91. Zhang, H.; Liu, J.; Wang, J.; Xu, X.; Jiang, M. Continuous-wave laser performance of Nd:LuVO4 crystal operating at 1.34 μm. Appl.
Opt. 2005, 44, 7439–7441. [CrossRef]

92. Ran, D.; Xia, H.; Sun, S.; Liu, F.; Ling, Z.; Ge, W.; Zhang, H.; Wang, J. Thermal properties of a Nd:LuVO4 crystal. Cryst. Res.
Technol. 2007, 42, 920–925. [CrossRef]

93. Liu, F.; He, J.; Zhang, B.; Xu, J.; Dong, X.; Yang, K.; Xia, H.; Zhang, H. Diode-pumped passively Q-switched Nd:LuVO4 laser at
1.34 μm with a V3+:YAG saturable absorber. Opt. Express 2008, 16, 11759–11763. [CrossRef]

94. Liu, F.Q.; He, J.L.; Xu, J.L.; Yang, J.F.; Zhang, B.T.; Huang, H.T.; Gao, C.Y.; Xu, J.Q.; Zhang, H.J. Passive Q-switching performance
with Co:LMA crystal in a diode-pumped Nd:LuVO4 laser. Laser Phys. 2010, 20, 786–789. [CrossRef]

95. Yu, Y.; Wang, J.; Zhang, H.; Yu, H.; Wang, Z.; Jiang, M.; Xia, H.; Boughton, R.I. Growth and characterization of Nd:YxGd1−xVO4
series laser crystals. J. Opt. Soc. Am. B 2008, 25, 995–1001. [CrossRef]

96. Li, P.; Li, Y.; Sun, Y.; Hou, X.; Zhang, H.; Wang, J. Passively Q-switched 1.34 μm Nd:YxGd1-xVO4 laser with Co2+:LaMgAl11O19
saturable absorber. Opt. Express 2006, 14, 7730–7736. [CrossRef]

97. Omatsu, T.; Miyamoto, K.; Okida, M.; Minassian, A.; Damzen, M.J. 1.3-μm passive Q-switching of a Nd-doped mixed vanadate
bounce laser in combination with a V:YAG saturable absorber. Appl. Phys. B 2010, 101, 65–70. [CrossRef]

98. Zhang, B.T.; Huang, H.T.; He, J.L.; Yang, J.F.; Xu, J.L.; Zuo, C.H.; Zhao, S. Diode-end-pumped passively Q-switched 1.34 μm
Nd:Gd0.5Y0.5VO4 laser with Co2+:LMA saturable absorber. Opt. Mater. 2009, 31, 1697–1700. [CrossRef]

99. Zhang, S.; Wang, X.; He, J.; Yang, Q.; Li, X.; Zhao, B. Passively Q-switched laser performance of an a-cut Nd:Lu0.33Y0.36Gd0.3VO4
crystal at 1.34 μm with V3+:YAG as the saturable absorber. Laser Phys. 2013, 23, 095805. [CrossRef]

100. Li, X.; Li, G.; Zhao, S.; Xu, C.; Du, G. Diode-pumped passively Q-switched Nd:LuxY1−xVO4 laser at 1.34 μm with two V:YAG
saturable absorbers. Opt.Commun. 2011, 284, 1307–1311. [CrossRef]

101. Cai, E.; Xu, J.; Zhang, S.; Wu, Z. Tin disulfide as saturable absorber for the 1.3 μm nanosecond laser. Laser Phys. Lett. 2022,
19, 065802. [CrossRef]

102. Cai, E.; Xu, J.; Liu, Y.; Zhang, S.; Fan, X.; Wang, M.; Lou, F.; Lv, H.; Wang, X.; Li, T. Passively Q-switched and Q-switched
mode-locked Nd:Lu0.15Y0.85VO4 lasers at 1.34 μm with a nickel-cobalt layered double hydroxide saturable absorber. Opt. Mater.
Express 2022, 12, 931–939. [CrossRef]

103. Han, S.; Xu, H.H.; Zhao, Y.G.; Chen, L.J.; Wang, Z.P.; Yu, H.H.; Zhang, H.J.; Xu, X.G. The 4F3/2→4I13/2 transition property of
Nd:La0.05Lu0.95VO4 crystal. Laser Phys. 2013, 23, 105814. [CrossRef]

104. Guo, L.; Lan, R.; Liu, H.; Yu, H.; Zhang, H.; Wang, J.; Hu, D.; Zhuang, S.; Chen, L.; Zhao, Y.; et al. 1319 nm and 1338 nm
dual-wavelength operation of LD end-pumped Nd:YAG ceramic laser. Opt. Express 2010, 18, 9098–9106. [CrossRef]

105. Jabczynski, J.K.; Zendzian, W.; Kwiatkowski, J.; Šulc, J.; Nemec, M.; Jelínková, H. Passively Q-switched neodymium slab lasers at
1.3-μm wavelength side-pumped by a 600-W laser diode stack. Opt. Eng. 2006, 45, 114204. [CrossRef]

106. Li, P.; Chen, X.H.; Zhang, H.N.; Wang, Q.P. Diode-end-pumped passively Q-switched 1319 nm Nd:YAG ceramic laser with a
V3+:YAG saturable absorber. Laser Phys. 2011, 21, 1708–1711. [CrossRef]

107. Lin, B.; Xiao, K.; Zhang, Q.L.; Zhang, D.X.; Feng, B.H.; Li, Q.N.; He, J.L. Dual-wavelength Nd:YAG laser operation at 1319 and
1338 nm by direct pumping at 885 nm. Appl. Opt. 2016, 55, 1844–1848. [CrossRef] [PubMed]

108. Podlipensky, A.V.; Yumashev, K.V.; Kuleshov, N.V.; Kretschmann, H.M.; Huber, G. Passive Q-switching of 1.44 μm and 1.34 μm
diode-pumped Nd:YAG lasers with a V:YAG saturable absorber. Appl. Phys. B 2003, 76, 245–247. [CrossRef]

109. Šulc, J.; Jelinkova, H.; Nemec, M.; Nejezchleb, K.; Skoda, V. V:YAG saturable absorber for flash-lamp and diode-pumped solid
state lasers. In Proceedings of the Solid State Lasers and Amplifiers: Photonics Europe, Strasbourg, France, 24–29 April 2004;
Volume 5460, pp. 292–302.

110. Šulc, J.; Jelínková, H.; Nejezchleb, K.; Škoda, V. Nd:YAG/V:YAG monolithic microchip laser operating at 1.3 μm. Opt. Mater. 2007,
30, 50–53. [CrossRef]

111. Feng, C.; Zhang, H.; Fang, J.; Wang, Q. Passively Q-switched Nd:YAG ceramic laser with V3+:YAG saturable absorber at 1357 nm.
Appl. Opt. 2015, 54, 9902–9905. [CrossRef]

112. Lin, H.Y.; Liu, H.; Zhang, S.Q. Passively Q-Switched 1319 nm Nd:YAG laser based on Co:MgAl2O4 crystal. Laser Optoelectron.
Prog. 2018, 55, 121404.

113. Xu, X.D.; Wang, X.D.; Meng, J.Q.; Cheng, Y.; Li, D.Z.; Cheng, S.S.; Wu, F.; Zhao, Z.W.; Xu, J. Crystal growth, spectral and laser
properties of Nd:LuAG single crystal. Laser Phys. Lett. 2009, 6, 678–681. [CrossRef]

108



Crystals 2022, 12, 1060

114. Liu, C.; Zhao, S.; Li, G.; Yang, K.; Li, D.; Li, T.; Qiao, W.; Feng, T.; Chen, X.; Xu, X.; et al. Experimental and theoretical study of
a passively Q-switched Nd:LuAG laser at 1.3 μm with a V3+:YAG saturable absorber. J. Opt. Soc. Am. B 2015, 32, 1001–1006.
[CrossRef]

115. Zhang, B.; Yang, J.; He, J.; Huang, H.; Liu, S.; Xu, J.; Liu, F.; Zhi, Y.; Tao, X. Diode-end-pumped passively Q-switched 1.33 μm
Nd:Gd3AlxGa5-xO12 laser with V3+: YAG saturable absorber. Opt. Express 2010, 18, 12052–12058. [CrossRef]

116. Gao, S.; Wang, W. Thermal optical properties, Q-switching and frequency tuning of an Nd:LGGG laser based on the 4F3/2 →
4I13/2 transition of a neodymium ion. Quantum Electron. 2021, 51, 149–152. [CrossRef]

117. Kuwano, Y.; Saito, S.; Hase, S. Crystal growth and optical properties of Nd: GGAG. J. Cryst. Growth 1988, 92, 17–22. [CrossRef]
118. Jia, Z.; Tao, X.; Yu, H.; Dong, C.; Zhang, J.; Zhang, H.; Wang, Z.; Jiang, M. Growth and properties of Nd:(LuxGd1−x)3Ga5O12 laser

crystal by Czochralski method. Opt. Mater. 2008, 31, 346–349. [CrossRef]
119. Fu, X.; Jia, Z.; Li, Y.; Yuan, D.; Dong, C.; Tao, X. Crystal growth and characterization of Nd3+:(LaxGd1-x)3Ga5O12 laser crystal. Opt.

Mater. Express 2012, 2, 1242–1253. [CrossRef]
120. Wang, B.; Tian, L.; Yu, H.; Zhang, H.; Wang, J. Energy enhancement of mixed Nd:LuYSGG crystal in passively Q-switched lasers.

Opt. Lett. 2015, 40, 3213–3216. [CrossRef]
121. Zuo, C.H.; Zhang, B.T.; He, J.L.; Dong, X.L.; Yang, J.F.; Huang, H.T.; Xu, J.L.; Zhao, S.; Dong, C.M.; Tao, X.T. CW and passive

Q-switching of 1331-nm Nd:GGG laser with Co2+:LMA saturable absorber. Appl. Phys. B 2009, 95, 75–80. [CrossRef]
122. Zuo, C.H.; Zhang, B.T.; He, J.L.; Dong, X.L.; Yang, K.J.; Huang, H.T.; Xu, J.L.; Zhao, S.; Dong, C.M.; Tao, X.T. CW and passively

Q-switching characteristics of a diode-end-pumped Nd:GGG laser at 1331 nm. Opt. Mater. 2009, 31, 976–979. [CrossRef]
123. Zuo, C.H.; Zhang, B.T.; He, J.L. Passively Q-switched 1.33 μm Nd:GAGG laser with Co2+:LMA saturable absorber. Laser Phys.

Letters 2011, 8, 782–786. [CrossRef]
124. Wang, Z.W.; Fu, X.W.; He, J.L.; Jia, Z.T.; Zhang, B.T.; Yang, H.; Wang, R.H.; Liu, X.M.; Tao, X.T. The performance of 1329 nm CW

and passively Q-switched Nd:LGGG laser with low Lu-doping level. Laser Phys. Lett. 2013, 10, 055005. [CrossRef]
125. Wang, B.; Yu, H.; Zhang, H. Passively Q-switched 1.33 μm Nd:LuYSGG laser with V3+:YAG as the saturable absorber. Laser Phys.

Lett. 2019, 16, 015801. [CrossRef]
126. Demidovich, A.A.; Shkadarevich, A.P.; Danailov, M.B.; Apai, P.; Gasmi, T.; Gribkovskii, V.P.; Kuzmin, A.N.; Ryabtsev, G.I.; Batay,

L.E. Comparison of cw laser performance of Nd:KGW, Nd: YAG, Nd:BEL, and Nd:YVO4 under laser diode pumping. Appl. Phys.
B 1998, 67, 11–15. [CrossRef]

127. Chen, X.; Liu, J.; Yu, Y.; Li, T.; Sun, H.; Jin, G. Diode-side-pumped passively Q-switched Nd:YAP laser operating at 1.34 μm with
V3+:YAG saturable absorber. J. Russ. Laser Res. 2015, 36, 86–91.

128. Ryan, J.R.; Beach, R. Optical absorption and stimulated emission of neodymium in yttrium lithium fluoride. J. Opt. Soc. Am. B
1992, 9, 1883–1887. [CrossRef]

129. Hardman, P.J.; Clarkson, W.A.; Friel, G.J.; Pollnau, M.; Hanna, D.C. Energy-transfer upconversion and thermal lensing in
high-power end-pumped Nd:YLF laser crystals. IEEE J. Quantum Electron. 1999, 35, 647–655. [CrossRef]

130. Botha, R.C.; Strauss, H.J.; Bollig, C.; Koen, W.; Collett, O.; Kuleshov, N.V.; Esser, M.J.D.; Combrinck, W.L.; von Bergmann, H.M.
High average power 1314 nm Nd:YLF laser, passively Q-switched with V:YAG. Opt. Lett. 2013, 38, 980–982. [CrossRef]

131. Li, H.; Zhang, R.; Tang, Y.; Wang, S.; Xu, J.; Zhang, P.; Zhao, C.; Hang, Y.; Zhang, S. Efficient dual-wavelength Nd:LuLiF4 laser.
Opt. Lett. 2013, 38, 4425–4428. [CrossRef]

132. Li, J.H.; Liu, X.H.; Wu, J.B.; Zhang, X.; Li, Y.L. High-power diode-pumped Nd:Lu2O3 crystal continuous wave thin-disk laser at
1359 nm. Laser Phys. Lett. 2012, 9, 195–198. [CrossRef]

133. Li, J.; Vannini, M.; Wu, L.; Tian, F.; Hu, D.; Chen, X.; Feng, Y.; Patrizi, B.; Pirri, A.; Toci, G.; et al. Fabrication and Optical Property
of Nd:Lu2O3 Transparent Ceramics for Solid-state Laser Applications. J. Inorg. Mater. 2021, 36, 210. [CrossRef]

134. Rao, H.; Liu, Z.; Cong, Z.; Huang, Q.; Liu, Y.; Zhang, S.; Zhang, X.; Feng, C.; Wang, Q.; Ge, L.; et al. High power
YAG/Nd:YAG/YAG ceramic planar waveguide laser. Laser Phys. Lett. 2017, 14, 045801. [CrossRef]

135. Grabtchikov, A.S.; Kuzmin, A.N.; Lisinetskii, V.A.; Orlovich, V.A.; Demidovich, A.A.; Yumashev, K.V.; Kuleshov, N.V.; Eichler,
H.J.; Danailov, M.B. Passively Q-switched 1.35 μm diode pumped Nd:KGW laser with V:YAG saturable absorber. Opt. Mater.
2001, 16, 349–352. [CrossRef]

136. Zolotovskaya, S.A.; Savitski, V.G.; Gaponenko, M.S.; Malyarevich, A.M.; Yumashev, K.V.; Demchuk, M.I.; Raaben, H.; Zhilin,
A.A.; Nejezchleb, K. Nd:KGd(WO4)2 laser at 1.35 μm passively Q-switched with V3+:YAG crystal and PbS-doped glass. Opt.
Mater. 2006, 28, 919–924. [CrossRef]

137. Chen, H.; Zhou, M.; Zhang, P.; Yin, H.; Zhu, S.; Li, Z.; Chen, Z. Passively Q-switched Nd:GYAP laser at 1.3 μm with bismuthene
nanosheets as a saturable absorber. Infrared Phys. Technol. 2022, 121, 104023. [CrossRef]

138. Gao, X.; Li, S.; Li, T.; Li, G.; Ma, H. g-C3N4 as a saturable absorber for the passively Q-switched Nd:LLF laser at 13 μm. Photonics
Res. 2017, 5, 33–36. [CrossRef]

109





Citation: Wang, B.; Zeng, Y.; Song, Y.;

Wang, Y.; Liang, L.; Qin, L.; Zhang, J.;

Jia, P.; Lei, Y.; Qiu, C.; et al. Principles

of Selective Area Epitaxy and

Applications in III–V Semiconductor

Lasers Using MOCVD: A Review.

Crystals 2022, 12, 1011. https://

doi.org/10.3390/cryst12071011

Academic Editor: M. Ajmal Khan

Received: 18 June 2022

Accepted: 18 July 2022

Published: 21 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

crystals

Review

Principles of Selective Area Epitaxy and Applications in III–V
Semiconductor Lasers Using MOCVD: A Review

Bin Wang 1,2, Yugang Zeng 1,2,*, Yue Song 1,2, Ye Wang 1,3, Lei Liang 1,2, Li Qin 1,2, Jianwei Zhang 1,2, Peng Jia 1,2,

Yuxin Lei 1,2, Cheng Qiu 1,2, Yongqiang Ning 1,2 and Lijun Wang 1,2,4,5

1 State Key Laboratory of Luminescence and Application, Changchun Institute of Optics, Fine Mechanics and
Physics, Chinese Academy of Sciences, Changchun 130033, China; wangbin201@mails.ucas.ac.cn (B.W.);
songyue@ciomp.ac.cn (Y.S.); 2020200039@mails.cust.edu.cn (Y.W.); liangl@ciomp.ac.cn (L.L.);
qinl@ciomp.ac.cn (L.Q.); zjw1985@ciomp.ac.cn (J.Z.); jiapeng@ciomp.ac.cn (P.J.); leiyuxin@ciomp.ac.cn (Y.L.);
qiucheng@ciomp.ac.cn (C.Q.); ningyq@ciomp.ac.cn (Y.N.); wanglj@ciomp.ac.cn (L.W.)

2 Daheng College, University of Chinese Academy of Sciences, Beijing 100049, China
3 School of Opto-Electronic Engineering, Changchun University of Science and Technology, Changchun 130022, China
4 Peng Cheng Laboratory, No. 2, Shenzhen 518000, China
5 Academician Team Innovation Center of Hainan Province, Key Laboratory of Laser Technology and

Optoelectronic Functional Materials of Hainan Province, School of Physics and Electronic Engineering,
Hainan Normal University, Haikou 570206, China

* Correspondence: zengyg@ciomp.ac.cn

Abstract: Selective area epitaxy (SAE) using metal–organic chemical vapor deposition (MOCVD)
is a crucial fabrication technique for lasers and photonic integrated circuits (PICs). A low-cost,
reproducible, and simple process for the mass production of semiconductor lasers with specific
structures was realized by means of SAE. This paper presents a review of the applications of SAE in
semiconductor lasers. Growth rate enhancement and composition variation, which are two unique
characteristics of SAE, are attributed to a mask. The design of the mask geometry enables the
engineering of a bandgap to achieve lasing wavelength tuning. SAE allows for the reproducible and
economical fabrication of buried heterojunction lasers, quantum dot lasers, and heteroepitaxial III–V
compound lasers on Si. Moreover, it enables the fabrication of compact photonic integrated devices,
including electro-absorption modulated lasers and multi-wavelength array lasers. Results show that
SAE is an economical and reproducible method to fabricate lasers with desired structures. The goals
for SAE applications in the future are to improve the performance of lasers and PICs, including
reducing the defects of the grown material introduced by the SAE mask and achieving precise control
of the thickness and composition.

Keywords: selective area epitaxy; MOCVD; semiconductor laser; quantum dot; heteroepitaxy; EML;
multi-wavelength laser arrays

1. Introduction

Semiconductor lasers have become crucial light sources because of their advantages,
including small size, light weight, high reliability, high modulation speed, and easy mono-
lithic integration with other optoelectronic devices, in the fields of modern optical com-
munication, industry, medical, and military fields [1–3]. The fabrication of semiconductor
laser epitaxial structures has been achieved due to the emergence and development of
metal–organic chemical vapor deposition (MOCVD) and molecular beam epitaxy (MBE).
Selective area epitaxy (SAE) is a method used to controllably grow III–V, II–VI and lead salts
lasing materials with specific shapes and geometries. III–V compounds are widely used
semiconductor laser materials. Some novel III–V nanostructure materials fabricated with
SAE, such as nanowires (NWs), twin-free nanosheets, and low-dislocation nanomembranes
at the heterogeneous interface, have been attractive for use in solar cells and lasers due
to their good optical and electrical properties [4,5]. Although SAE using MBE has the
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advantages of providing a controllable thickness and ultra-high clean surface, the MBE
process is time-consuming and the required equipment is expensive, which limits the
large-scale production of epitaxial structures. In the fabrication of III–V semiconductor
lasers, SAE employing MOCVD technologies can realize the desired laser structure on a
large scale, such as buried heterostructure (BH) [6] and quantum dot (QD) lasers. SAE
can decrease the high defect density due to a lattice being mismatched at the interface
between III and V materials and Si, demonstrating the feasibility of high-performance III–V
lasers on Si. Over the past few decades, the integration of semiconductor lasers and other
optoelectronic devices on monolithic chips has been an inevitable trend to satisfy the de-
mands of high-speed optical communication [7,8]. SAE is an effective method that realizes
integrated lasers, such as electro-absorption modulated lasers (EML) [9], multi-wavelength
laser arrays (MWLA) [10].

The improvement of laser structure and the design of advanced monolithic integrated
devices require a deeper understanding of the principles and applications of SAE. SAE has
proven to be a powerful tool for fabricating semiconductor lasers with desired structure
and compact photonic integrated circuits (PICs). In this paper, we interpret SAE principles
including growth-rate enhancement, composition variation, vapor-phase diffusion model,
and bandgap engineering. The SAE applications such as BH laser, QD laser, heteroepitaxial
laser on Si, EML, and MWLA are introduced in detail. The problems of defects in the growth
of materials introduced by masks needs to be solved urgently. It is also crucial to achieving
precise and controllable material growth. SAE can potentially be the primary technology
for future optoelectronic devices. It is hoped that this paper can provide a reference for
clearly understanding the mechanism of SAE, reducing material defects caused by selective
epitaxial growth, and improving the performance of lasers.

2. Principles of SAE

SAE refers to the method of growing materials with different thicknesses and com-
positions at various locations on the same wafer. It involves the deposition of a dielectric
material on the substrate as a mask, most commonly silicon oxide (SiO2). After designing
the desired substrate pattern, the substrate was divided into regions covered by the mask
and exposed areas using pattern techniques. The most straightforward and practical mask
pattern is a pair of rectangular strips, as shown in Figure 1. The area exposed between
the two stripes was the mask-opening region. The dielectric mask can inhibit the pre-
cursor deposition and nucleation. As a result, deposition and growth occur only in the
opening region and hardly on the mask, realizing the selective growth of the material on
the substrate.

Figure 1. A pair of oxide strips pattern mask for selective area epitaxy.

The mask material should have a low sticking coefficient to the precursor gas [11,12],
can withstand high temperatures [13], is insensitive to precursors, and is compatible
with subsequent processes, such as inductively coupled plasma (ICP) or chemical wet
etching [14]. Common mask materials are amorphous SiNx and SiO2.
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Pattern techniques realize the design of a patterned mask over the substrate. There are
three primary patterning design methods. Deep ultraviolet (DUV) lithography realizes the
mask size in the hundreds of nanometers [15]. Electron beam lithography (EBL) can enable
the resolution of SAE on a scale of tens to hundreds of nanometers [16]. Nano-imprinting
lithography (NIL) can realize the pattern design of wafer-level size.

The geometry and size of the mask affect the epilayer thickness and composition
obtained via SAE compared to the uniform epilayer obtained by MOCVD on exposed
planar substrates. The successful fabrication of lasers and integrated optoelectronic de-
vices is based on the control of the surface morphology and the composition of selective
area growth.

2.1. Growth-Rate Enhancement and Composition Variation

The growth-rate enhancement (or “growth-enhancement effect”, GRE/GEE) effect is
one of the essential properties of SAE. During the MOCVD process, the precursor gas-phase
molecules were selectively adsorbed at the substrate opening, whereas few molecules were
attached to the mask surface. This occurred because the sticking coefficients of precursors
on the mask were much lower than that of the surface of the epitaxial region in the high
temperature of MOCVD. The mask suppressed the nucleation of the crystals. Material
growth occurred selectively in the opening region. According to the conservation of mass,
the concentration of the precursor above the mask was larger than that of the opening
area. The precursor gas was transported from the mask to the opening driven by the
concentration gradient. The material grown on the opening area of the masked substrate
was thicker than that grown on the unmasked planar substrate at the same time. The
deposition rate near the edge of the stripe mask was higher than that of the opening area
far from the mask. The lateral gas diffusion over the mask area to the opening area leads to
this phenomenon [17–19]. The phenomenon mentioned above is the GRE. GRE is expressed
as the ratio of the thickness of the film grown at the opening area on the masked substrate
to the thickness of the film grown on the unmasked wafer. Figure 2 shows a schematic of
the cross-section of the GRE cross-section.

Figure 2. Schematic of the cross-section of the growth-rate enhancement process. The area below the
dashed line is the layer thickness grown on the unmasked substrate, and the excess thickness due to
GRE is the area above the dashed line.

Another critical property of SAE is the compositional variation with the GRE. The
MOCVD growth of III–V alloys on wafers is dominated by the absorption and vapor-phase
diffusion of III species. The absorption, surface migration, and re-evaporation capabilities of
III-group molecules on the mask are different. These processes affect the flux of III-species
gas absorbed on the mask reaching the opening area.

A compositional variation appears in the opening area, especially in the sidewalls
of the growth layers near the edges of the strip masks, as diffusion from the mask to the
unmasked wafer occurred [20,21].

The typical opening width between the mask was 5–20 μm, and the stripe width was
5–50 μm; the material growth in the openings was determined by the widths of both the
oxide mask and the opening [22]. The thickness and GRE of the growth layer increased as
the width of the mask increased, which was the exact opposite of the case noted considering
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the opening area [23]. The GRE was still clearly visible in the opening area with a 100 μm
width [24]. The GRE disappeared at positions very far from the edge of the mask stripes,
which does not differ from the case involving growth on a planar substrate. The controllable
growth of layers with different thicknesses and compositions was realized by changing the
spacing and width of the mask stripes.

2.2. Vapor-Phase Diffusion Model of SAE

Several studies have proposed models for SAE-grown materials that quantify the
diffusion process. The GRE and composition shift were considered functions of the mask
geometry. The GRE mechanism comprises two parts: surface migration and vapor-phase
diffusion [23]. Surface migration was thought to occur because the gas molecules absorbed
on the dielectric mask migrated along the surface of the mask and the sidewalls of the
epilayer. Vapor-phase diffusion refers to the flux to the unmasked region due to the
concentration gradient of the undeposited precursor above the mask. The mask width
is typically on the order of tens of micrometers. Surface migration in the masked area is
ignored as it only occurs within a few microns of the mask surface [25].

The three-dimensional vapor-phase diffusion model is established by solving the state
diffusion equation in an assumed region that is similar to the experimental conditions, as
shown in Figure 3. The thickness and composition profiles of various compounds were
predicted using vapor-phase diffusion calculations.

Figure 3. Schematic diagram of the 3D vapor-phase diffusion model.

The model assumed a stagnant area above the wafer. The height of the stagnant
area is “δ”(~500 μm) [22]. The fluid layer above the stagnant layer provided a constant
flow. In the equations below, D and k are the diffusion length and reaction rate of the
reactant precursor, respectively. Wo and Wm are the widths of the opening area and masks,
respectively. C is the concentration of the reactant gas molecules, usually group-III species.
The growth direction was z, and the length along the mask was y. The horizontal direction,
x, is perpendicular to the z- and y-axes.

Because the spatial gas concentration is constant, the substance diffusion equation in
three-dimensional space is

∂2C
∂x2 +

∂2C
∂y2 +

∂2C
∂z2 = 0. (1)

Above the stagnant area, the concentration of precursors is constant.

C(x, y, z = δ) = C0 (2)
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The symmetry of the computational domain defines the left and right boundaries is
expressed as

D
∂C(x, y, z)

∂x
= 0. (3)

There is no growth occurring on the mask surfaces.

D
∂C(x, y, z)

∂z
|z=0 = 0 (4)

The growth process in the unmasked region is given by

D
∂C(x, y, z)

∂z
|z=0 = kC. (5)

In this model, D/k is the effective diffusion length of the species. The relationship
between the effective diffusion length and mask length determines the dominant process
in GRE. Surface migration plays a major role when the mask geometry is close to the
surface-diffusion length. On the contrary, the vapor-phase diffusion model dominates
this process because the mask size is larger than the diffusion length [26]. A decrease
in the effective diffusion length increased the growth rate next to the stripe mask. The
vapor-phase diffusion equations for different III-species precursors were obtained to obtain
the GRE and composition changes.

The GRE factor R is expressed as

R =
C(x, y, z = 0)

C(0)
, (6)

where C(x, y, z = 0) is the concentration of group-III vapor-phase molecules on the z = 0
plane, and C(0) is the analytic solution of Laplace’s equation for the unmasked wafer. C(0)
is expressed as [27]

C(0) =
C0

k
D δ + 1

(7)

Model calculations were performed without considering the interactions between the
different III species [28]. Dupuis et al. [25,29] assumed that the growth-rate enhancement
of ternary or quaternary alloys was linearly related to group-III precursors. They gave the
expressions for the growth-rate enhancement factor of AlxGayIn1−x−yAs system film and
III–element composition.

R
(

Alx0Gay0 In1−x0−y0 As
)
= x0·RAl + y0·RGa + (1 − x0 − y0)·RIn (8)

Al% =
x0·RAl

R
(

Alx0Gay0 In1−x0−y0 As
) (9)

Ga% =
y0·RGa

R
(

Alx0Gay0 In1−x0−y0 As
) (10)

In% =
(1 − x0 − y0)·RIn

R
(

Alx0Gay0 In1−x0−y0 As
) (11)

The reactivity of V precursors is very low at the typical deposition temperatures of
MOCVD. The V precursors account for the majority of the gas-phase components, far
exceeding the stoichiometric number in the film compound composition, such that it
is therefore difficult to obtain an expression of the V composition of the semiconductor
compound. Therefore, the deposition rate of III–V compounds is usually determined
by the incorporation of III precursors. The GRE becomes more pronounced with the
increase of the III–V ratio. At higher temperatures, the desorption of gas molecules on the
surface is enhanced, resulting in weaker selective growth. Building an accurate growth-rate-

115



Crystals 2022, 12, 1011

enhancement computational model for these equations helps predict and control the specific
growth, including thickness and composition, enabling the design of strain and bandgap
energy variations at different locations on a single wafer. The accuracy and efficiency of a
diffusion model are vital for the applications of future SAE-integrated optical devices.

2.3. Bandgap Engineering of SAE

The spatial variation of the energy band and strain for a given patterned mask can
be deduced by varying the width of the mask and the opening area. For bulk materials,
changes in composition cause a wavelength shift. In quantum wells (QWs), the GRE
causes an additional wavelength shift in addition to the composition. The magnitude of
the wavelength shifts depends on the width of the mask and the opening area [30]. The
effective energy gap, Eg, is sensitive to the thickness of the QW and increases as the layer
thickness decreases. The dependence of Eg on the layer thickness enables the tuning of
emission wavelength.

Sasaki et al. [31] fabricated a 2 μm wide InGaAs/InGaAsP multiple quantum well
(MQW) ridge structure, which was surrounded by stripe masks with various widths on
both sides. They observed a 50 nm PL peak wavelength shift by varying the mask width
from 4 μm to 10 μm, as shown in Figure 4. A series of studies have demonstrated the
relationship between QW emission wavelength tuning and mask geometry [8,28,29].

Figure 4. PL peak wavelength profile for MQW structure along [011] direction. A 20 μm tapered
transition region formed between the 10 μm and 4 μm wide mask. The inset is mask configuration.
Reprinted with permission from ref. [31] © Elsevier. Copyright 1993 Journal of Crystal Growth.

The gradual gradient wavelength profiles were due to GRE along the edge of the mask.
Due to the GRE, there is a thick bulge region at the interface between the mask and the epi-
taxial layer (Figure 2). Flat interfaces are essential in photonic devices. Adjusting MOCVD
parameters, such as increasing the growth temperature [32] and reactor pressure [33], can
eliminate convexity near the edge of the mask. The in situ etching process can improve the
planarity between the opening area and the masked region [34,35].

Nonplanar growth on a substrate is also an indispensable research topic for SAE. In
specific applications, such as butt-coupled waveguides and buried heterojunction lasers,
wafers are etched to create grooves with well-defined inclined facets. The orientation of the
inclined plane of the groove was different from that of the planar wafer. Distinction of the
growth rate in different crystal orientations leads to enhanced diffusion on a nonplanar
surface. Different growth rates on different crystal planes also enable the fabrication of
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high-performance laser structures, such as BH, which will be further discussed in the
following sections.

3. Applications of SAE in Semiconductor Lasers

3.1. Buried Heterostructure (BH) Lasers

The active region in a buried heterostructure (BH) laser is completely buried in a wide-
bandgap hetero-material. The BH structure has a strong lateral refractive index confinement
and current confinement due to the lateral heterostructure [36]. The BH laser has a low
threshold current, stable waveguide mode, and nearly symmetrical beam distribution,
making it a perfect structure for semiconductor lasers operating with a low threshold and
high efficiency. However, conventional BH lasers require multiple MOCVD steps, easily
introducing contamination and oxidation to the surface. The SAE can complete the BH
structure in a single growth step, eliminating the related defects.

Galeuchet et al. [37] presented a GaInAs/InP heterostructure grown in one SAE step.
The GaInAs active layer growth occurred on the (100) facet rather than {111}, where the
InP layer growth took place. Different sticking coefficients or diffusion constants of InP
and GaInAs may be responsible for the different growth in the (100) and {111} facets. The
nucleation sites of the {111} A facets were occupied with stable molecules that did not react
to a large extent, while the {111}B facets were active and provided reactants to the (100)
facets. The width of the mesa decreased as the growth proceeded. Finally, the lateral size of
the buried layers became zero, and the sides of the sloping {111}B facets merged into one.
A BH laser was fabricated in one growth step because the GaInAs layers were buried in
the InP. The catastrophic optical damage (COD) due to the absorption in the active region
near the output facets usually occurs in high-power semiconductor lasers. This limits the
high-power output of lasers. Lammert et al. [38] presented a BH laser with a nonabsorbing
mirror region, where a fusiform patterned mask was used, as shown in Figure 5. The
output power of the BH laser with nonabsorbing mirrors exhibited increments of 40%.

Figure 5. Schematic diagram of a stripe mask for two types of BH laser. For (a) Conventional stripe
mask for a BH laser. For (b), a fusiform mask for nonabsorbing mirrors in a BH laser.

Epitaxial structures with different thicknesses and compositions were obtained by
designing the mask geometry. Semiconductor lasers are integrated with other waveguides
on the same wafer to form optoelectronic devices for various purposes. Kobayashi et al. [39]
proposed an MQW BH laser integrated with a reduced-thickness waveguide layer. Both
the gain and waveguide regions were simultaneously grown by SAE on a (100) InP-
patterned substrate. The far-field FWHM of the device was 11.8◦ vertically and 8◦ lat-
erally. The threshold current was 19 mA, with a high slope efficiency of 0.25 mW/mA.
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Takemase et al. [40] reported an AlGaInAs BH laser with a mode profile converter (MPC)
for the first time. The device consisted of a constant thickness portion as the gain region
and a vertically tapered thickness portion to expand the beam output. The gain region and
thickness-tapered portion were grown via SAE. The width of the opening area between the
two masks was 20 μm. AlGaInAs MQW was grown between the mask stripes with a width
of 100 μm. The gain layer was approximately two times thicker than that of the end of the
tapered region. The SiO2 mask was removed using HF after the current blocking layers
were established. The characteristic temperature was 43 K at 60 ◦C. The poor temperature
characteristic was attributed to the poor crystal quality of the AlGaInAs grown by SAE.

Bour et al. [41] described a self-aligned BH AlGaInAs QW laser using a micro-SAE.
The general process of fabricating a self-aligned BH laser with a single growth step is shown
in Figure 6. The 50 nm SiO2 mask stripes were formed along [011] on a 2 μm InP n-cladding
layer. The widths of opening region and masks were 1.5 and 7 μm, respectively. The
sample was returned to the MOCVD reactor for growing AlGaInAs MQW and a separate
confinement heterostructure (SCH) under high temperature conditions, accompanied by
the {111} B sidewall formation, as shown in Figure 6b. The InP layer nucleated on the {111}
sidewall when the temperature was lowered, because of a decrease in the surface mobility,
and therefore the InP p-cladding layer was developed and encapsulated in the active
region (Figure 6c). The SiO2 mask was used as the current blocking layer without removal
in the finished device, whose performance was improved compared to the conventional
reverse-biased p–n junction.

Figure 6. Process for a self-aligned BH laser. (a) n-type InP cladding layer and SiO2 mask; (b) the
active region and SCH under conditions wherein a {111} no-growth sidewall develops; (c) the upper
p-type InP cladding layer. Reprinted with permission from ref. [41] © AIP Publishing. Copyright
2004 Applied Physics Letters.

Cai et al. [42] obtained an InGaAs/InGaAsP MQW BH laser in a single growth step.
InP cladding layer was grown on {111} B sidewalls. The threshold current of the BH laser
is 2.7 mA at room temperature. After a burn-in test of 600 h, the total degradation of the
outpower was less than 6%, and the BH laser had excellent reliability. The SAE method has
great potential for low-cost high-performance BH laser fabrications and associated device
integrations due to its excellent performance and inherent manufacturing simplicity.

3.2. Quantum Dots (QD) Lasers
3.2.1. QDs Lasers by EBL and Lithography

Semiconductor quantum dots (QDs) that achieve full three-dimensional confine-
ment are sphere-like nanostructures with strong carrier confinement effects. However, in
MOCVD and MBE, pyramidal or cylindrical QDs are obtained due to the existence of a
wetting layer. They are typically embedded in another material with a large bandgap. Since
QDs have a lower threshold current density, narrower gain spectrum, higher optical gain,
higher temperature stability, and better dynamic characteristics than QWs, they are an ideal
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gain medium for semiconductor lasers. However, it is challenging to grow QDs with uniform
size and controlled position. The growth of high-quality QDs is a popular research topic.

The typical QD growth mode is Stranski–Krastanov (SK) growth, relying on strain-
driven self-assembly between different material layers. If the strain is too high to grow
continuous layers, the later-grown layers split into nanoscale islands when they reach a
thickness of several single atoms. Subsequently, the island structures were embedded
in an extensive–bandgap material to form QDs. This process is known as SK growth
(Figure 7). The QD obtained using this method is called self-assembled QDs (SAQDs).
The precisely controlled diameter and thickness of the QDs can stabilize the energy-level
distribution without broadening the laser gain spectrum. The gain increased as density
of the QDs increased. The operating threshold and gain spectrum characteristics of QD
lasers were better than those of QW lasers. However, SAQDs have two disadvantages: (1)
the presence of a wetting layer causes incomplete three-dimensional confinement and (2)
the randomness of the nucleation position and the variation in size (diameter, thickness)
also limit the advantages of QDs. Both lead to a shift in the quantized energy level and the
non-uniform broadening of the gain spectrum, which is broader than that of QWs.

Figure 7. Schematic of SK growth. (a) Original molecule deposition. (b) Wetting layer formation.
(c) QD formation and strain relaxation. The atoms of substrate and epitaxial layer were represented
with blue and yellow, respectively.

The SAE is a method used to overcome the shortcomings of SAQDs’ growth. The
patterned grown QDs have no wetting layers and can control their position and diameter
to obtain uniform QDs. The most widely used method of fabricating QDs by SAE is to first
pattern a mask on the substrate with high-resolution lithography, ensuring that the size of
the opening region is small enough to grow QDs.

Elarde et al. [43] combined EBL and SAE to prepare uniformly distributed QDs. The
EBL was used to define the exact location of QDs’ nucleation, and the SAE realized the
control of QDs’ geometries by patterned SiO2 masks. They deposited 10 nm SiO2 and
patterned 4, 6, and 8 μm mask stripes using optical lithography and wet etching on n-
type Al0.75Ga0.25As cladding and GaAs barrier layers. Their samples were coated with
polymethylmethacrylate to obtain arrays of 30 to 40 nm circular features in diameter using
EBL. The arrays were centered over the SiO2 mask stripes. After the array pattern was
transferred to the SiO2 masks by wet etching, 6.9 nm-thick In0.35Ga0.65As QD layers were
formed and encapsulated by 10 nm GaAs. The p-type cladding and contact layer were
then grown during a later stage. The density of the fabricated QDs with a center spacing
of 100 nm was 1.2 × 1010 cm−2, and the diameter of QDs was an average of 80 nm. This
report combined EBL and SAE to manufacture the first QD laser.

Mokkapati et al. [44] presented the InGaAs QD laser with different lasing wavelengths.
When the width of the stripe was as small as 5 μm, QD intensity could provide insufficient
gain for lasing. Correspondingly, an excessive thickness of InGaAs was obtained when the
stripe width reached 20 μm, introducing defects and increasing losses. Akaishi et al. [45]
fabricate a series of SiO2 stripe masks uniformly arrayed on the InP substrate. They utilized
a SiO2 mask array consisting of a wide mask on the side and a series of relatively narrow
mask stripes. By changing the width of the wide mask while maintaining the narrow
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stripe masks at 3 μm widths, the sizes of the InAs QDs varied in each opening region. The
double-capped layer enabled the uniform height of QDs. When the width of the wide
stripe mask was 200 μm, the emission wavelength range of the QD array grown between
the narrow masks exceeded 120 nm.

3.2.2. QDs Lasers by Block Copolymer Lithography

Morever, patterned QDs can also be prepared by block copolymer (BCP) lithography.
A typical diblock copolymer consists of alternately polymerizing two polymers, one of
which is miscible in small amounts in another polymer. This immiscibility leads to the
phase separation of the two materials and maintains the properties of each material. The
interaction between the two polymers produces a QD pattern. The absence of a wetting
layer resulted in perfect three-dimensional confinement. Figure 8 presents the process of
SAE QD fabrication using diblock copolymer lithography.

 
Figure 8. Selective growth of QDs by diblock copolymer lithography. Reprinted with permission
from ref. [46] © Elsevier. Copyright 2006 Journal of Crystal Growth.

Polystyrene-block-poly (PS-b-PMMA) was the diblock copolymer in this process. First,
the amorphous mask materials were deposited onto the substrate using plasma chemical
vapor deposition (PECVD). Then the PS-b-PMMA brush was coated above the mask. After
spinning the PS-b-PMMA on wafers, the entire structure was exposed to UV such that the
PS area was exposed as the pattern template upon the removal of PMMA. ICP transferred
the pattern into the mask layer, followed by the removal of the PS region via etching.
Finally, the selective area growth of QD was accomplished in the cylinder hole.

The uniform size distribution and spatial position of QDs fabricated by block copoly-
mer lithography provide more significant advantages than SAQDs grown in SK mode.
Li et al. [47] obtained uniform GaAs QDs with a density of approximately 1011 cm−2 by
selective growth in the narrow openings of SiNx patterned masks using block copolymer
lithography. Kim et al. [48] fabricated GaAs/InGaAs/GaAs compressive–strain QDs using
SiNx patterns defined by block copolymer lithography. Figure 9 shows the InGaAs QD laser
structure. The CBr4 in situ etching time was optimized to reduce the processing damage
before growing the QDs, leading to a decrease of the nonradiative recombination centers
of the QDs. Compared with the devices grown using non-optimized in situ etching times,
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the QD lasers grown using optimal etching times significantly reduced the threshold and
transparency current. Furthermore, Kim et al. [49] fabricated an InAs QDs laser with an
In0.1Ga0.9As QW carrier collection layer to increase the carrier injection into the QDs. The
QD laser achieved lasing at RT.

Figure 9. Structure of a InGaAs QD laser. The lower QD base was grown at 700 ◦C, and the upper
regrown layers were grown at 625 ◦C. Reprinted with permission from ref. [48] © Elsevier. Copyright
2017 Journal of Crystal Growth.

3.3. Heteroepitaxy Lasers on Si or SOI

The natural characteristics of indirect bandgaps limit the wide applications of silicon
photonic devices. This inherent property results in weak light emission and poor optoelec-
tronic performance. Direct bandgap materials exhibit good luminescence properties. The
direct bandgap III–V semiconductor lasers are high-performance light sources that may
be utilized for silicon photonic integrated circuits. However, a high density of threading
dislocations (TDs), planar defects, and anti-phase boundaries (APB) arises at the interface
of III–V and silicon [50–53], owing to the mismatch of lattice constants, thermal expansion
coefficient, and polarity between III–V materials and silicon. There is great research interest
in finding methods for growing lattice constant-matched or low-defect-density III–V light
sources directly on silicon. Defects introduced by the lattice and polarity mismatches
between the III–V materials and Si have been substantially eliminated in a previous study
using a template in conjunction with bonding techniques [54]. However, it is expensive
and time-consuming to prepare such templates. Therefore, it is more desirable to directly
epitaxially grow high-quality III–V materials on Si.

3.3.1. Aspect Ratio Trapping (ART)

Bonding technology is the most common III–V/Si integration technique, combining
a known good III–V epitaxial layer with a silicon platform. The main shortcomings of
the bonding technique are the strict requirements for ultra-clean and highly flat surfaces,
the high thermal resistance introduced by the oxide during bonding, and the wafer size
mismatched between the Si substrate and the III–V (InP and GaAs) material substrate.
These shortcomings limit the high-density integration of laser on silicon [55]. The local
bonding process is technically challenging and expensive, not conducive to mass produc-
tion [22]. SAE has become an economical and reproductive approach for relieving the
defects resulting from mismatched crystal growth and realizing the local integration of
III–V lasers on a silicon platform. Figure 10 presents the principle of SAE to decrease
dislocation densities in the epitaxial layer at the interface of III–V materials and silicon.
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Figure 10. Principle of ART and epitaxial lateral overgrowth (ELO). The circle is a partially enlarged
view of the dislocation propagation. The dislocations, marked as dotted lines, only propagate to the
lateral overgrowth layer through openings in the patterned mask.

The growth begins in narrow openings on the masked substrate. The dislocations
that occur at the interface of III–V and silicon because of the heavily lattice-mismatched
can only propagate along a certain angle inclined to the substrate plane from the opening
area to the epitaxial layer. For Si (0 0 1) substrates, the dislocations propagate along with
the <1 1 1> directions, forming a 54.7◦ angle with (0 0 1). The thickness of the materials
exceeded that of the mask as the growth process proceeded. The epitaxial layer grows
laterally along the mask surface, which is referred to as epitaxial lateral overgrowth (ELO
or ELOG). Dislocations cannot propagate into the mask and vanish in the epitaxial layers
because the interface lattice between the crystalline material and the amorphous mask
is discontinuous. If the growth time is sufficiently long, the epitaxial layer grown in the
opening region merges with the layer grown in the neighboring opening region to form
a complete epitaxial layer above the masks. The mask effectively prevented dislocation
propagation, and the dislocation density distributed in the lateral overgrowth partial of
the epitaxial layer was several orders of magnitude lower than that grown on the standard
unmasked substrate. Figure 11 shows the cross-sectional TEM image of the ELOG InP with
SiO2 masks on silicon. The region above the mask was dislocation-free. Figure 11a shows
that the dislocations from the buffer layer could penetrate the region above the mask if the
openings were wider than the thickness of the mask. Figure 11b shows that the dislocations
were filtered even above the openings if the opening width was smaller than or equal to the
mask thickness. There were no coalescence defects above the mask, which refers to defects
formed at the junction of two laterally grown InP layers from adjacent openings [56]. This
approach, called the aspect ratio trap (ART), has been used in various materials grown on
Si [57–59].

Moreover, III–V materials grown by ART are on the sub-micrometer scale, which is
not conducive to micrometer-scale ridge waveguide fabrication. Han et al. [60] proposed a
lateral ART scheme to grow a micrometer-scale InP sandwiched by oxides on the silicon-
on-insulator (SOI). A schematic of lateral ART is shown in Figure 12. Compared to the
conventional ART grown on (001) Si, lateral ART started at the {111} Si surface, which
would not form APBs. The dimensions of the III–V ridge width were limited by the trench
width in conventional ART. The size of III–V materials grown in lateral ART is controlled
by the thickness of the Si layer, realizing precise micrometer- or nanometer-scale control.
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Figure 11. TEM cross-sectional view of ELOG InP on Si; (a) mask opening width was larger than
the thickness of the mask; (b) mask opening width was small to filter dislocations. Reprinted with
permission from ref. [56] © Elsevier. Copyright 2012 Current Opinion in Solid State & Materials Science.

Figure 12. (a) Schematic of conventional ART technique. The epitaxy proceeds along [001] direction.
(b) Schematic of defect trapping and growth mechanism of lateral ART technique. The growth was
along the [110] direction. Reprinted with permission from ref. [60] © AIP Publishing. Copyright 2019
Applied Physics Letters.

The ART method has been widely used in shallow trench isolation (STI) structures,
where a thin Ge layer is typically grown in situ and covers the bottom of the trench as
a buffer layer. The lattice mismatch between InP and Ge is only half that between InP
and Si, leading to the easier nucleation of InP on the Ge surface [61]. By designing the
Ge surface profiles and setting an aspect ratio larger than two, TDs were confined at the
bottom of the trench, and APB formation was suppressed [62,63]. GaAs [64,65], InP [66],
and InGaAs [67] have been grown on (001) Si with low defect density using SAE technology.
After obtaining defect-less high-quality epitaxial layers, III–V materials were grown to
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fabricate lasers. Staudinger et al. [68] fabricated wurtzite InP microdisks using SAE. They
deposited 300 nm-thick SiO2 and patterned approximately 50 to 100 nm line openings. The
wurtzite InP was nucleated in the trenches and grew vertically along the [111] A-direction.
The zipper-points at the center of the line openings induced ELO after the wurtzite InP
extended out of the SiO2 mask, and {1−100} or {11−20} wurtzite facets were formed. The
micro-photoluminescence of this system demonstrated that the wurtzite InP microdisk
enabled optically driven lasing at room temperature with a threshold of 365 μJ cm−2. Wong
et al. [69] deposited 200 nm-thick SiO2 onto InP (111) A substrate using PECVD. They
patterned 120 nm ring-shaped mask openings using EBL and ICP. A micro-ring InP laser
was obtained via SAE using a two-stage growth process. In the first stage, the temperature
and V/III were 750 ◦C and 300, respectively. The opening areas were completely filled with
high-quality wurtzite InP, and ELO occurred. The growth temperature was then lowered to
730 ◦C, and the V/III content was increased to suppress vertical growth and enhance lateral
growth. The micro-ring laser was operated at room temperature with a low threshold.

3.3.2. Lasers on Si/SOI

Wang et al. [70] demonstrated an optically pumped InP-based DFB laser array in-
tegrated on (001) Si, operating at room temperature using the SAE technique. InP was
selectively grown in the trenches of the STI structure. ART limits the defective layer to a
thickness of approximately 20 nm, instead of several micrometers. The emitted light can
couple with the optical waveguide defined in the same horizontal plane. Figure 13 shows
the structure of the device. Each DFB laser in the array contained an InP waveguide with a
λ/4-phase shift first-order grating, and a second-order grating was defined 30 μm away
from the DFB cavities. The Si substrate below the InP laser was intentionally etched away to
avoid pump light absorption. Silicon substrates supported suspended cavities at both ends.

 

Figure 13. Schematic diagram of the InP-on-Si DFB laser array structure. Reprinted with permission
from ref. [70] © Springer Nature. Copyright 2015 Nature Photonics.

The suspended cavity exhibited thermal, electrical injection, and mechanical stability
issues. These problems can be addressed if the laser structure is grown on a SOI. Megalini
et al. [71] successfully fabricated InGaAsP MQWs in InP nanowires. SEM and TEM images
of the InGaAsP MQWs are shown in Figure 14. The 500 nm-thick SiO2 was deposited on
the Si surface and patterned into 200 nm-wide stripes with a spacing of 800 nm. The Si layer
was etched by KOH to form V-grooves. The inhomogeneous spectrum shape broadening
and wavelength peak emission observed in PL tests were attributed to the poor uniformity
of the MQWs, as shown in Figure 14a. The MQWs of {001} were thicker than those of
{111}, as shown in Figure 14c,d, which caused a spectrum of inhomogeneous broadening
and decreased the lasing material gain. The growth was completed during the V-groove
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patterning of the SOI to trap most of the defects at the Si/SiO2 interface. The PL peak
wavelength of the MQW was 1567 nm.

Figure 14. (a) SEM cross-section images of the InP nano-ridge. (b) TEM image of a single nano-ridge
with a good symmetry. TEM images of the QWs and the barrier layers in (c) the (001) surface and
(d) the {11−1} B facet. The dark-colored layer is the barrier; the light-colored is the QW. Reprinted
with permission from ref. [71] © AIP Publishing. Copyright 2017 Applied Physics Letters.

The mask prevents dislocation propagation and the growth of the ~μm buffer layer
using the ART method. Compared to optically pumped lasers, electrically pumped lasers
are more challenging to manufacture. There are two main difficulties: acquiring high-
quality ternary or quaternary compounds and the fabrication of micrometer-scale ridge
waveguides with the constraints of sub-micrometer selective masks. Kunert et al. [72,73]
integrated an InGaAs/GaAs heterostructure into box-shaped GaAs ridges with (001) flat
surfaces outside the trenches, as shown in Figure 15. An apparent PL of the QW was
observed for different ridge sizes. A sufficient III–V volume to fabricate a micrometer-order
ridge waveguide can be realized by extending the ridge width.

Several studies have reported on electrically pumped lasers. Shi et al. [74] utilized
InGaAs/InP strained layer superlattices (SLSs) as filter layers to suppress the propagat-
ing TDs. III–V materials were grown in V-grooved (001) Si to realize ART. They fabri-
cated an electrically pumped InP-based laser at 1550 nm on (001) Si. Figure 16 shows
the laser structure. The threshold current density was 2.05 kA/cm2, and the slope effi-
ciency was 0.07 W/A. The maximum output power was 18 mW without facet coating.
The continuous-wave (CW) operation temperature reached 65 ◦C, and the pulsed lasing
operation temperature was up to 105 ◦C.
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Figure 15. SEM image of the InGaAs/GaAs MQWs in box-shaped GaAs nano ridge structure; the
InGaP cap layer was easily observed by the darker contrast. The three MQWs were slightly lighter in
color. Reprinted with permission from ref. [72] © IOP Publishing. Copyright 2016 ECS Transactions.

Figure 16. Schematic representation of an InP-based laser on (001) Si. Reprinted with permission
from ref. [74] © The Optical Society. Copyright 2019 Optica.

Wei et al. [75] fabricated a 1.3 μm InAs/InAlGaAs quantum dash (QDash) laser on
V-grooved (001) Si. The two sets of eight-period In0.16Ga0.84As/GaAs films were grown
above the V-grooved Si as a buffer layer to trap dislocations at the GaAs/Si interface.
TDs were filtered in three sets of ten-period In0.61Ga0.39As/InP SLSs. After the n-type InP
contact and cladding layers were grown, the three layers of InAs/InAlGaAs QDashes were
formed. Finally, the p-type InP cladding and contact layers were deposited. A schematic of
the device structure is shown in Figure 17. The threshold current density was 1.05 kA/cm2,
and the output power per facet was 22 mW. The laser realized CW operation at 70 ◦C.
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Figure 17. Cross-section schematic of QDash laser on V-grooved (001) Si, including the structural
parameters of each epitaxial layer. Reprinted with permission from ref. [75] © AIP Publishing.
Copyright 2020 Applied Physics Letters.

Fujii et al. [76] designed an InP-on-SOI template consisting of an InP buffer layer,
InGaAs etch stop layer, and InP layer on a (001) InP substrate. The template was fabricated
using a bonding technique. A SiO2 mask was deposited on the template and patterned
using photolithography. They successfully fabricated an electrically pumped eight-channel
membrane DFB laser array with wavelengths ranging from 1272.3 to 1310.5 nm by adjusting
the geometries of masks to optimize the InGaAlAs MQWs on InP-on-SOI. The active regions
were buried by n-doped and p-doped InP, which also formed lateral p-i-n structures. A
schematic of the membrane laser array is shown in Figure 18. The fiber-coupled output
power was greater than 1.5 mW in each channel at 25 ◦C. The actual lasing wavelength
deviated from the designed lasing wavelength by less than 2 nm, and the average channel
spacing was 860 GHz.

Figure 18. Schematic diagram of eight-channel laser array and membrane laser cross–sections. The
output light for each channel was coupled with single–mode fiber by butt–coupling the facets of
the high–numerical–aperture fiber and spot-size converter (SSC). Reprinted with permission from
ref. [76] © The Optical Society. Copyright 2020 Optica.

Several studies on the SAE growth of III–V materials on SOI or Si have been conducted.
The aim is to obtain epitaxial structures with a low defect density on Si. The main method is
ART, which confines most of the dislocations in a nanometer–thick buffer layer, preventing
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defects from reaching the surface of the epitaxial layer, thus deteriorating the performance
of the optoelectronic device. However, the problem of obtaining high-quality ternary or
quaternary III–V compounds limits the epitaxial laser structure on Si.

3.4. Integrated Semiconductor Laser

Monolithic PIC has been developed to meet the increasing data flow transmission
demand of the Internet. Advanced material growth methods have promoted the develop-
ment of the PIC. The PIC refers to the integration of numerous optoelectronic components
on the same chip [77]. The various device structures in PICs require different energy gaps
for each portion of the wafer, and the device must be integrated in a reproducible and
cost-effective manner. SAE enables the spatially localized epitaxial growth of the desired
material structures for specific chip functions. This is a low-cost and reproducible method
to achieve device integration. Recently, integrated semiconductor lasers have included
EML and MWLA, which are suitable for wavelength division multiplexing (WDM).

3.4.1. EML

Monolithically integrated EML arrays are a promising light source for modern WDM
systems. EML have attracted extensive attention owing to their small size, low packaging
cost, low driving voltage, and good stability [78]. In the long waveband of thelong-distance
optical communication system, such as 1.31 μm and 1.55 μm, the chirp phenomenon
will appear, which is not conducive to the high-speed transmission of information. The
modulator is integrated with the laser to form the modulated optical signal source because
the modulator can avoid the large-wavelength chirp observed in directly modulated lasers.
Using the SAE, the EML is fabricated by combining an electro-absorption modulator (EAM)
and a laser on the same chip. Compared with discrete EAM and lasers, EML without fiber
coupling reduces loss and cost and improves device reliability. At present, there are two
main methods to realize the integration of EAM and laser: butt-joint (BJ) coupling (the laser
and EAM are grown separately) and SAE [79].

Figure 19 shows the QWs achieved by BJ, wherein the MQWs of the EAM and the laser
are grown in separate epitaxy steps. The MQW laser was grown on the entire wafer in the
first step. Then, wet or dry etching was used to selectively etch the region, where the EAM
MQW would grow in the second epitaxy. Two epitaxy steps increase the manufacturing
cost, and the etched interface became rough and easily formed defects, deteriorating the
output performance of the EML. BJ enables the optimization of the laser and EAM.

Figure 19. Schematic of the EAM and laser MQWs achieved using the butt-joint technique.

The SAE technique avoids poor interfaces and multiple epitaxy, as shown in Figure 20.
Dielectric oxide masks were deposited and patterned in the laser region. The mask width
was changed such that the laser region between the masks had a higher growth rate
than that of the EAM region without mask coverage. The lower bandgaps of the MQWs
of the laser were formed in one epitaxy step because of the growth-rate enhancement,
which avoided the absorption of light due to the rough interface introduced by the etching
process between multiple epitaxial growth layers and increased the output power of this
system [80]. The disadvantage of the SAE is that the optimal parameters of the active region
for the laser and modulator cannot be obtained simultaneously [81]. The bandgap of the
MQWs in the EAM region is typically designed to be larger than that of the laser MQWs.
The MQWs were grown between and outside of the mask stripes via SAE. The thickness
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and composition of the MQWs in the two regions differed in one-step epitaxy. The MQWs
located between the mask stripes could be well controlled to obtain the desired gain region,
while it was difficult to simultaneously obtain perfect EAM MQWs outside of the mask
region. For example, the laser preferably exhibited few QWs at the lower threshold current,
while the EAM region required more QWs to obtain a high extinction ratio.

Figure 20. Schematic of the EAM and laser MQWs achieved using the SAE technique.

Zhao et al. [82] integrated a high-mesa DFB laser and EAM using SAE. The absorption
and active regions consisted of an InGaAsP/InGaAsP MQW structure and an optical
confinement layer with different thicknesses caused by the fusiform mask, as shown in
Figure 5b. The spacing of the two SiO2 mask stripes was fixed at 15 μm, and the mask
width varied from 30 to 15 μm in the tapered region. Figure 21 presents a schematic of this
device. The EML CW threshold current was 26 mA without the modulation bias for the
uncoated laser. The output power of the modulation was 5.5 mW when the current was
100 mA at the laser, in single–mode operation with a side–mode suppression ratio (SMSR)
> 40 dB at 1.552 μm. The on/off ratio was 15 dB at the biased voltage of −5 V on the EAM.

 

Figure 21. Ridge-waveguide EML consisting of a DFB laser and EAM. The enlarged portion shows
the MQWs and interface of the EAM and laser regions. Reprinted with permission from ref. [82] ©
IOP Publishing. Copyright 2005 Semiconductor Science and Technology.

Kim et al. [83] designed and fabricated an EML consisting of a distributed Bragg
reflector (DBR) laser and an EAM. The mask geometry and schematic of the device are
shown in Figure 22. The threshold current was 5.7 mA. The output power was 5 mW when
the active region injection current was 65 mA. The SMSR was >45 dB at a laser current of
60 mA. A static extinction ratio greater than 20 dB at a biased voltage of −3 V was applied
to the EAM.
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Figure 22. (a) Geometry of the SiNx mask and (b) schematic diagram of an EAM integrated with a
tunable DBR laser. Reprinted with permission from ref. [83] © Elsevier. Copyright 2007 Journal of
Crystal Growth.

There is a transition zone of a few microns between the EAM and the laser. The energy
bandgap in this region changes slowly because of the bandgap engineering for the SAE
(shown in Figure 4), leading to light absorption losses. The quantum well intermixing (QWI)
technique enables bandgap changes within a few microns. QWI refers to the generation
of defects on the surface using a special method involving QWs. Defects can become
incorporated into the QW active region under external actions, such as thermal annealing,
thereby changing the QW bandgaps. Combining the QWI and SAE techniques further
reduce the coupling losses of the EML. After undergoing SAE, the laser gain and EAM
regions were covered with a thermal silicon oxide layer. The QW bandgap of the interface
between the EAM and laser was abruptly changed within several micrometers through ion
implantation and rapid thermal annealing, reducing the absorption loss of light.

Liu et al. [84] integrated a sampled-grating distributed Bragg reflector (SG-DBR) laser
with an EAM by combining SAE and QWI, as shown in Figure 23. The mask width was
20 μm, and the gap of SiO2 stripes was 16 μm. When the current was 200 mA, the threshold
current was 62 mA and the output power was 3.6 mW. The current of the front and rear
mirrors varied from 0 to 70 mA, with increments of 2 mA; the gain part current was 100 mA
unchanged, and the phase current was kept at 0 mA. The lasing wavelength ranged from
1552 to 1582 nm, and all SMSRs were larger than 30 dB. The extinction ratio was 17 dB at a
bias voltage of −5 V in the EAM.

In addition to the conventional SAE technology that fabricates EML, Zhu et al. [85]
used a modified double-stack active layer (DSAL) SAE technology, which has the advan-
tages of both BJ and conventional SAE. Contrary to Figure 20, SiO2 was deposited in the
EAM region, followed by the growth of the EAM and laser MQWs sequentially in a single-
step epitaxy process. The SAE-DSAL technique enabled the optimization of the EAM and
laser MQWs separately because the growth proceeded at different times. The energy-gap
difference became larger between the upper and lower MQWs in the laser region, which
reduced the absorption of the EAM. The SAE-DSAL technique can reduce the threshold
current of the EML. The threshold current of the EML was 20 mA. The output power was
10 mW with an injection current of 100 mA. The lasing wavelength was 1550.5 nm with an
SMSR of more than 41 dB. The extinction ratio was 12 dB when the −3 V bias voltage was
applied to the EAM. Zhu et al. [86] also fabricated an EML that combined SAE and DSAL.
The threshold current was further decreased to 16 mA, and the output power was larger
than 10 mW when the injection current was 64 mA. The wavelength was 1552.28 nm with
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an SMSR larger than 53 dB. A 30 dB static extinction ratio over 30 was obtained when the
bias voltage in the EAM was −5 V.

Figure 23. Schematic of EML consisting of a SG-DBR laser and EAM by combining SAE and QWI.
The active region consisted of eight compressively strained InGaAsP MQWs. The 1.2 Q InGaAsP
was used as the SCH structure. The grating mask and contact layer were InP layers. Reprinted with
permission from ref. [84] © Chinese Physical Society. Copyright 2008 Chinese Physics Letters.

Monolithically integrated EML arrays are key light sources in modern dense wave-
length division multiplexing (DWDM) systems. DWDM systems require high-speed,
high-coupling output power, single-mode, and low-chirp multi-wavelength light sources
in long-distance optical communications [87]. SAE reduces the complexity of EML array
fabrication. Cheng et al. [88] designed a four-channel EML array and completed the device
using SAE. The threshold current was approximately 18 mA, and the output power at
100 mA was 9 mW. The lasing wavelength ranged from 1551.8 nm to 1554 nm, and the
average channel spacing was approximately 0.8 nm. The average value of the single-mode
SMSR was up to 45 dB. The extinction ratio was 15 dB with −5 V voltage applied to
the modulator.

Xu et al. [89] reported a ten-channel EML array using SAE. The arrayed waveguide
grating (AWG) combiner was integrated with an EML array using BJ. The Ti film heaters
integrated into the device achieved thermal tuning. The fabricated device is shown in
Figure 24. The emission of the ten-channel EML spacing was 1.8 nm. The PL peak wave-
length of the ten-channel in the laser region ranged from 1530 nm to 1580 nm due to the
increasing width of the stripe mask. The threshold currents of each laser in the array was
between 30 and 60 mA. The output power ranged from 8 to 13 mW at an injected current
of 200 mA injected current. All channels had high single-mode light emission with an
SMSR > 40 dB. The device had a static extinction ratio greater than 11 dB and a modulation
bandwidth larger than 8 GHz.

3.4.2. MWLA

Multi-wavelength DFB laser arrays (MWLAs) can realize a wide range of wavelength
tuning in WDM optical communications. The advantages of monolithic integrated laser
arrays are miniaturization, cost-effectiveness, high reliability, and low consumption [90,91].
Lasers with different emission wavelengths and uniform channel spacing are realized in
MWLAs by adjusting the grating pitch and the ridge waveguide width [92–95]. The use
of EBL to fabricate MWLA is time–consuming and expensive, and the limitation of EBL
resolution makes it difficult to fabricate MWLA with a channel spacing of 1 nm. In the
SAE, the same channel spacing can be achieved with oxide stripe mask widths of a few
micrometers. The reproducibility and processing simplicity of SAE are much better than
those of EBL. In SAE, the lasing wavelength of the active region and the effective refractive
index of the waveguide are modulated by the thickness and composition variation of
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the materials, which is achieved through the control of the dielectric mask geometry and
material growth conditions.

 

Figure 24. Optical graph of the fabricated device. The size of the integrated chip was 5800 × 5800 μm2.
The lengths of the DFB laser and EAM were 500 and 150 μm, respectively. A 50 μm isolation region
was located between the EAM and DFB laser. Reprinted with permission from ref. [89] © Elsevier.
Copyright 2017 Optics & Laser Technology.

Darja et al. [96] reported a four–channel DFB laser array with multi-mode interference
(MMI) for 1.55 μm coarse wavelength division multiplexing (CWDM) systems. The width
of the opening region between the mask stripes was 15 μm. The device fabrication process
included: (1) the formation of the InGaAsP DFB grating; (2) SiO2 mask pattern fabrication;
and (3) the growth of the InGaAsP MQW, InP cladding layers, and InGaAs capping layer.
The average threshold current of the four-channel was an average of 70 mA. The lasing
wavelengths of the four-channel DFB laser arrays were 1521.2, 1541.4, 1564, and 1580.6 nm,
with SMSR > 30 dB.

The lasing wavelength and channel spacing of the MWLA must be consistent with
the desired wavelength. It is not easy to guarantee that the actual situation of growing
materials between different elements in MWLA matches the ideal design. Zhang et al. [97]
modified the SAE method as shown in Figure 25. The conventional SAE-deposited and
patterned masks on the buffer layer realized the selective growth of the laser arrays. The
thicknesses of the SCH and MQW layers increased due to growth-rate enhancement, as
shown in Figure 25a. The lower SCH and MQW active regions were first formed in the
buffer layer. Then, the patterned masks were deposited above the MQW layer, followed
by the completion of the remainder of the laser structure, as shown in Figure 25b. The
gap of each mask stripe was fixed at 20 μm. The widths of the stripe masks varied from
0 μm by 1.5 μm steps to adjust the thickness of the upper SCH layer to different Brag
wavelengths. The threshold current of each channel was approximately 18 mA in MWLA,
with a wavelength spacing of 0.42 nm. The lower SCH and MQW layers achieved excellent
control of the lasing wavelength and channel spacing because they were insensitive to the
growth-rate enhancement and composition variation of SAE. The wavelength matching of
the device was better than that of the MWLA fabricated using EBL.
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Figure 25. (a) Schematic of the MWLA structure achieved via conventional SAE. The upper and
lower SCH and MQW were thicker due to the growth-rate enhancement generated by the masks.
Reprinted with permission from ref. [98] © Elsevier. Copyright 2013 Optics Communications.
(b) Modified SAE. The lower SCH and MQW were hardly affected by the growth-rate enhance-
ment, enabling the realization of precise emission wavelengths. Reprinted with permission from
ref. [95] © Springer Nature. Copyright 2018 Science China Information Sciences.

Zhang et al. [99] subsequently combined the modified SAE and bundle integrated
guide (BIG) to fabricate a four-channel DFB laser array integrated with an MMI and a
semiconductor optical amplifier (SOA). The output power of each channel in the array was
17 mW at a current of 200 mA, and the slope efficiency was 0.11 W/A. The optical spectra
of the lasers in the array showed SMSRs larger than 42 dB, with an average channel spacing
of 0.6 nm.

Zhang et al. [100] integrated a ten-channel EML array with MMI to fabricate a trans-
mitter by SAE and BJ. The average output power of each channel was 0.25 W with an
injected current of 200 mA. The threshold current of the ten channels was between 20 and
40 mA. The SMSRs of the entire channel were greater than 40 dB. The extinction ratio
ranged from 15 to 27 dB at a biased voltage of −6 V.

Guo et al. [101] conducted a 1.3 μm six-channel DFB laser based on an SAE for the first
time. The width between the SiO2 mask stripes was fixed at 30 μm, and the mask widths
in the array were 20, 30, 40, 50, 55, and 65 μm. The threshold current was approximately
20 mA, and the output power of all channels was greater than 10 mW at an injection current
of 100 mA. The lasing wavelengths of the six-channel DFB laser were 1301.8, 1305.1, 1308.1,
1311.2, 1313, and 1315.7 nm, respectively. The threshold current was approximately 20 mA,
and the output power of all channels was greater than 10 mW at an injection current
100 mA.

Kwon et al. [102] developed a ten-channel DFB laser array operating at 1.55 μm for
the transmission of a 100 Gbit/s Ethernet system. The average SMSR was larger than
50 dB, and the average channel spacing was 8.2 nm at an injection current of 50 mA. The
average threshold current in the ten-channel DFB laser arrays was 25 mA. Subsequently,
Kwon et al. [103] fabricated a planar-buried heterostructure (PBH) eight-channel DFB laser
array to obtain a higher energy efficiency and better output beam quality attributed to fine
current confinement than that of the ridge waveguide structure. The threshold current
of the lasers ranged from 8.5 to 11 mA, which is lower than that of the ridge waveguide
structure DFB laser array described in a previous study [102]. The output spectra showed
that the lasing wavelength changed from 1528.4 to 1584 nm, with an interval of 8 nm. The
SMSR of each channel was larger than 50 dB, and the power loss was less than 2 dB after a
2 km transmission.
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4. Conclusions

SAE is a crucial design and integration tool for fabricating semiconductor lasers. The
thickness and composition of the active layer depend on the geometry of the patterned
mask. Knowing the characteristics of growth-rate enhancement and composition varia-
tion in SAE is significant in realizing wavelength-tunable lasers. SAE has completed the
fabrication of the BH laser with a low threshold and nearly circulated light spot, owing to
its cost-effectiveness and inherent manufacturing simplicity. The SAE achieved uniform
distribution and size of QDs. The main challenges in obtaining QDs using SAE are increas-
ing the density of QDs and reducing the defects at the interfaces between the QDs and the
surrounding embedded materials to improve the laser gain. Although the realization of
electrically driven lasers on Si is limited by the availability of micrometer-scale materials
and the large number of defects created by direct epitaxy on Si, novel growth schemes,
including lateral ART, enable the material dimension to be micrometer-scale and block
material defects within an appreciable size, which is beneficial for achieving electrically
pumped lasers on Si.

SAE integrates lasers with other optoelectronic devices that are repeatable and cost-
effective, typically EML and MWLA. The EML and MWLA will continue to move towards
high-speed arrays with low power consumption and cost-effectiveness. The emission
intensity of the active region of the EML array channel decreases as the wavelength increases
because of the accumulation of SAE mask defects, deteriorating long-distance optical
transmission. The SAE should improve the precisely controllable lasing wavelength and
channel spacing in the MWLA. Although remarkable progress has been made in the
material growth and device fabrication in SAE, specific methods that can realize the precise
control of emission wavelength and the position of materials in the active region are
still unknown. Defects caused by the presence of the mask more or less deteriorate the
output characteristics of lasers. The potential of SAE to reduce material defects, lower
device consumption, achieve controllable lasing wavelengths, and improve modulation
performance is yet to be explored and will be investigated in future studies regarding the
SAE technique.
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Abstract: Photonic integrated circuits (PICs) play a leading role in modern information and com-
munications technology. Among the core devices in PICs is the distributed feedback (DFB) multi-
wavelength semiconductor laser array. Multi-wavelength semiconductor laser arrays can be inte-
grated on a single chip and have the advantages of high stability, good single-mode performance,
and narrow line width. The wavelength tuning range has been expanded through the design of
the DFB laser array, which is an ideal light source for wavelength-division multiplexing systems.
The preparation of DFB laser arrays with a large number of channels, ease of mass production, and
accurate emission wavelengths has become an important field of research. The connection methods
of lasers in DFB laser arrays are introduced systematically and the current methods of manufactur-
ing multi-wavelength DFB laser arrays covering the perspective of technical principles, technical
advantages and disadvantages, main research progress, and research status are summarized.

Keywords: DFB laser array; multi-wavelength; series and parallel; optical communication; photonic
integrated circuits

1. Introduction

The rapid development of optical and wireless networks has driven the proportion
of fiber broadband users in China from 56% at the end of 2015 up to 94% currently. The
gigabit optical network covers more than 120 million households, and the end-to-end user
experiences speeds of 51.2 Mbps. The continuous expansion of optical communication
networks and the rapid development of big data, cloud computing, and other fields increase
the requirement for sources of light. Semiconductor lasers are small in size, lightweight,
have long lifespans, high efficiency, and integration, and have become an important light
source for optical communication systems.

The speed of development of the optical communication industry relies on break-
throughs made in the optoelectronic device industry, such as semiconductor lasers and
optical amplifiers. The current developmental trends in optical device technology are
integration, intelligence, and tunability. Miniaturization, environmental protection, low
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power consumption, and low cost are also important areas of research for future light
sources used in communication.

In the NG-PON2 standard, a fiber capacity of 40 Gbit/s is achieved by utilizing multi-
ple wavelengths and user terminal tunable transceiver technology at dense wavelength-
division multiplexing (WDM) channel spacing. In terms of current actual products, the
maturity of tunable receivers is lower than that of tunable transmitters. Therefore, tunable
lasers are still the focus of this technology [1].

Tunable semiconductor lasers are an important component of future WDM systems,
including external cavity diode lasers (ECDLs), vertical-cavity surface-emitting lasers
(VCSELs), quantum cascade lasers (QCLs), sampling grating-distributed Bragg reflectors
(SG-DBR), and adjustable distributed feedback multi-wavelength lasers and arrays (DFB-
MLAs) [2].

The ECDL is usually based on a gain chip and an external mode-selection component
and is used to extend the resonant cavity outside of the laser chip. By adjusting the external
mode-selection component, ECDL realizes the wavelength-tuning function, allowing the
line width to be significantly narrowed and a large tuning range to be obtained. However,
this type of laser is large, the optical path is difficult to align, and the mechanical structure
lags and wears out during the adjustment process, making it difficult to use in optical
communication networks.

The unipolar light source of the QCL, based on the principle of electron transition
between quantum-well sub-bands, is different from that of conventional semiconductor
lasers. In the case of QCL, the lasing wavelength is limited by the forbidden bandwidth
of the material and determined by the conduction and neutron bands. The energy level
spacing between sub-bands can be changed by adjusting the thickness of the quantum well,
thereby changing the lasing wavelength, and as a result, the QCL is widely used in the
mid-and far-infrared bands. At present, QCL is mainly used in free-space communication,
gas detection, and other fields, and the 1.3–1.5 μm band of optical communication does not
need to use this scheme to change the wavelength.

Semiconductor lasers, such as VCSEL, SG-DBR, a vertical grating-assisted codirec-
tional coupler laser with a sampled Bragg reflector (GCSR), DFB, and DFB-MLA, are
available for use in photonic integrated circuits (PICs), which play a key role in overcoming
the bottlenecks of transmission capacity and energy consumption in future broadband
networks.

Tunable VCSEL lasers usually introduce air gaps in the laser manufacturing process
and adjust their position using micro-electromechanical systems (MEMS) to change the
size of the air gap, thereby changing the equivalent cavity length to achieve the desired
wavelength tuning. However, the mechanical structure of wavelength-tunable VCSELs
using MEMS results in wider line width, slower response, and lower output power.

The SG-DBR laser and GCSR laser have a front and rear grating, gain, and phase
sections. Periodic modulation is performed on the uniform grating for the wavelength-
tuning function, and the vernier effect of the sampling grating is used to expand the
tuning range. Its tuning speed is very fast [3]. The mode stability difference between
the SG–DBR laser and GCSR laser is its key weakness, which limits its application in
optical communication.

Compared to the above tunable lasers, DFB lasers are advantageous because of their
small sizes, easy monolithic integration, simple tuning schemes, high wavelength stability,
and good single-mode performance. These characteristics promote their wide application
in optical communication networks.

For DFB lasers, the output wavelength is related to the refractive index of the active
region and Bragg grating period. For tunable DFB lasers, by changing the period of the
laser Bragg grating and the injection current or temperature of the laser, the refractive
index of the active region is changed accordingly to achieve the desired wavelength. The
DFB laser is the most widely used as a mature semiconductor light source for optical
communication networks. It has an excellent dynamic single mode and stability, avoids the
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influence of multi-longitudinal mode dispersion, and is suitable for multi-channel optical
fiber communication systems. The tunable DFB laser can be set to any channel of the dense
wavelength-division multiplexing system, and the device can be easily integrated into a
single chip to reduce the power consumption of wavelength switching and simplify the
system, thereby reducing the cost of the coupling, packaging, and energy consumption.
In addition, in a definable optical network with a wavelength-selective switch, the tun-
able DFB laser provides a wavelength routing function, which effectively increases the
reconfiguration capability of the optical network.

However, for a single DFB laser, the tuning wavelength range is generally below
10 nm, which does not meet the needs of large-scale tuning [4]. To overcome this problem,
a series of DFB lasers can be assembled into arrays to expand the wavelength-tuning range.
The first proposed scheme was by Japan’s NEC Company [5].

The tuning mechanism of the DFB laser array can be divided into wavelength tuning
of a single DFB laser and switching between different DFB lasers. Among them, the
wavelength tuning of a single DFB laser, in principle, is to change the grating structure
and refractive index of the laser by a certain amount by heating or adding current, thereby
changing the emission wavelength. In addition, through the design of some special grating
structures or active region and waveguide layer structures, wavelength tuning under
different conditions can also be achieved, such as reconstruction equivalent chirp (REC)
technology, selective area growth (SAG) technology, asymmetric periodic structure, and
periodic gain coupling; switching between different DFB lasers is realized through a
personal computer (PC) and a microprocessor (MCU). For the tuning of the DFB laser array,
due to the limited space, only the REC technology and the SAG technology are mainly
introduced in this paper.

The DFB laser array has good single-mode stability and a simple wavelength-tuning
scheme that can be roughly tuned by switching different lasers and fine-tuned by adjusting
the laser temperature or injection current. With careful design, DFB laser arrays for coarse
and fine WDM systems (20 nm and 0.8 nm channel pitch, respectively) can be fabricated.

Compared with hybrid integrated laser array modules consisting of discrete DFB
lasers, a well-designed monolithic integrated DFB laser array can potentially reduce system
costs by simplifying the optical alignment and packaging process. The DFB laser array with
accurate multichannel spacing can achieve an accurate wavelength spacing to align with
the wavelength standard of all WDM channels. Furthermore, it can be tuned significantly
faster than that more mature thermally tuned semiconductor lasers; therefore, it has a wide
range of applications in WDM.

The time classification of wavelength channel tuning is also specified in the NG-PON
standard. For class 1, the switching time is generally required to be less than 10 μs, which
is difficult for ordinary electrically tuned and thermally tuned lasers to achieve, while
multi-wavelength DFB laser arrays can be achieved at this point [1].

For DFB laser arrays used in optical communication, in addition to the conventional
properties such as wavelength, linewidth, power, and side-mode suppression ratio (SMSR),
we also need to pay attention to issues such as wavelength stability, wavelength accuracy,
and wavelength locking [6]. For wavelength stability, it is usually defined by the maximum
spectral excursion (MSE). In NG-PON2, when the channel spacing is 100 GHz, the MSE
should be within the range of ±20 GHz, and when the channel spacing is 50 GHz, the
MSE should be within the range of ±12.5 GHz [7]. For DFB laser arrays with channel
switching, the MSE when the laser is on/off must also be compliant. Due to the use of
tunable lasers in the array, its inherent wavelength accuracy and wavelength stability can
be moderately relaxed to reduce cost, and the channel is aligned by tuning, but must be
compensated by employing a wavelength locking mechanism, usually relying on optical
line terminal feedback.

Multi-wavelength DFB laser arrays have been widely investigated and exploited by
the researchers in institutes and corporations.
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At present, the main difficulties facing multi-wavelength DFB laser arrays are that the
emission wavelength needs to be highly accurate, the channels must not affect each other,
the number of integrations must be as large as possible, and it is necessary to find a feasible
solution suitable for mass production.

In the introduction, we consider the properties of the required light source from the
perspective of practical application and compare various lasers. On this basis, the properties
and working principles of the DFB laser array are briefly introduced.

DFB laser arrays can be divided into series, parallel, and series–parallel combination
structures, depending on the connection mode; design and manufacturing methods of
these arrays include electron beam lithography, nano-imprint lithography, reconstruction
equivalent chirp, ridge width change, and selective area growth.

This paper reviews the principles, advantages, and disadvantages, research progress,
and application status of the above structures and methods. It is hoped that this study can
provide a reference for research on the monolithic integrated DFB laser array for optical
communication, as well as the promotion of their development.

2. Connection Method

2.1. Parallel DFB Laser Array
2.1.1. Technical Principle, Advantages, and Disadvantages

A parallel DFB laser array is an array in which each laser has an independent waveg-
uide and is coupled together by an S waveguide and a coupler, as shown in Figure 1.

 

Figure 1. Integrated parallel DFB laser array [8] © Springer link. Copyright 2018 Science China
Information Sciences.

The light emitted by the parallel DFB laser array needs to be coupled to a waveguide
through photosynthetic wave devices to output. Various photosynthetic wave devices
can be used such as a star coupler, directional coupler, multi-mode interference coupler
(MMI), array waveguide grating (AWG), and micro-electro-mechanical system (MEMS). A
star coupler can be provided with a high wavelength ratio, but its output power between
channels is not uniform and produces high power loss. A directional coupler meets the
very low insertion loss and reverse reflection requirements; however, the gap between
waveguides is sub-micron in size, resulting in a fabrication process that is difficult to control
accurately. Currently, directional couplers are commonly used in MMIs and AWGs, as
shown in Figure 2.

Based on the principle of self-imaging, the MMI is not sensitive to wavelength and
is suitable for the combined output of the multi-wavelength laser array. The process is
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relatively simple, but it has a low output power and large insertion loss, which increases
with the increase in the number of channels. To solve these limitations, the MMI can be
etched in both deep and shallow ridges, where the deep ridge can reduce insertion loss
and crosstalk, and the shallow ridge has less end reflection.

The AWG is large and has both deep and shallow etching structures. The deep etching
structure is small in size but is accompanied by a high insertion loss of greater than 5 dB
in general. In contrast, the shallow etching structure has a relatively low insertion loss,
generally less than 2 dB, but it requires a large bending radius, and the device is large. In
InP-based chips, the AWG has wavelength sensitivity and as the wavelength of the laser
changes, its insertion loss further increases.

Additionally, couplers are no longer required when using MEMS. In this configuration,
a micromechanical mirror is added to the DFB laser array to achieve coupling. As MEMS
tilt mirror achieves precise optical-mechanical alignment electronically, the tolerance is
relaxed, and any deviation in the package can be corrected to reduce the package cost [9].
This method increases the device size compared to on-chip integration.

 

(a) 

 

(b) 

Figure 2. Schematic diagram of different couplers, (a) AWG [10] and (b) MMI [11]. © (a) Else-
vier. Copyright 2015 optics communications. (b) Springer link. Copyright 2013 Science China
Information Sciences.

In terms of coupling stability, consider a system of N coupled semiconductor lasers
described in dimensionless form by the following coupled-mode equations [12]:

dYj

dt
= (1 − iα)ZjYj + iη (1)

TdZj

dt
= P − Zj − (

1 + 2Zj
)∣∣Yj

∣∣2 (2)
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where Yj and Zj are defined as the normalized electrical field amplitude and normalized
excess carrier density in the jth laser in sequence, respectively. t is measured in units of
the photon lifetime τp. T is the ratio between the carrier recombination time and photon
lifetime, and is typically large. P is the normalized excess pumping current for a single
laser above the threshold, α is defined as the linewidth enhancement factor, and η is the
coupling constant between lasers, which represents the coupling difficulty and coupling
strength required to obtain a stable in-phase solution.

If the lasers are coupled in parallel mode, the coupling term ∑ Yk in Equation (1)
includes all the elements in the array except k = j. Then,

∑ Yk =
n

∑
K=1

Yk, k 
= j (3)

It is convenient to reformulate Equations (1) and (2) in terms of the amplitude and phase
of the electrical field. When Yj = Ej exp

(
iϕj

)
is introduced, Equations (1) and (2) become

dEj

dt
= ZjEj − η ∑

[
Ek sin

(
ϕk − ϕj

)]
(4)

TdZj

dt
= P − Zj −

(
1 + 2Zj

)
E2

j (5)

dϕj

dt
= −αZj + ηE−1

j ∑
[
Ek cos

(
ϕk − ϕj

)]
(6)

For parallel coupling, from the characteristic equation [12], use

η > ηp ≡ 2αP
2(1 + 2P)N

(7)

We will discuss this equation in detail in the next section when η is derived in a
series array.

Technical advantage: the current DFB laser arrays are connected in parallel, meaning
multiple DFB lasers are designed to be arranged in parallel and are coupled to a multimode
interference combiner through a passive S-type waveguide. The advantage of this design
is that its fabrication is relatively simple, only the fabrication of a single DFB laser and
its couplings are considered, the mutual influence between the lasers is small, and the
single-mode stability is high, and the tuning scheme is simple.

Technical disadvantage: during the coupling process, the output optical power encoun-
ters large losses, which is particularly critical for DFB lasers with an output wavelength of
1550 nm; therefore, an integrated optical amplifier (SOA) is often required. Moreover, as
the number of lasers increases, the complexity and loss of parallel DFB laser arrays gradu-
ally increase when combining waves, the area occupied by the S-type passive waveguide
increases, and the integrated optical amplifier will further add to the chip size, which is
not conducive to the performance and integration of the chip, and also increases the total
required current [13].

At present, for parallel DFB laser arrays, the main problem is that it is difficult to
achieve low coupling loss and volume reduction simultaneously, which requires a higher
output optical power of the laser or a coupling mode with lower loss.

2.1.2. Main Research Progress and Status

A parallel DFB laser array was manufactured for the first time in 1984 [14] and has
made great improvements in various aspects of performance over the years. Currently,
in laboratory preparation and commercial application, DFB laser arrays are still mainly
connected in parallel. This method can integrate 16 or more DFB lasers, covering C-band,
L-band, or O-band, and is suitable for coarse wavelength-division multiplexing (CWDM)
systems and dense wavelength-division multiplexing (DWDM) systems.
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For DWDM systems, the parallel DFB laser array can achieve a channel spacing of
0.8 nm [15], which is difficult to achieve by other structures such as series and series–
parallel combinations. However, at the same time, the coupling loss of a parallel DFB
laser array increases when the number of integrated lasers increases. Additionally, the
problem of large volume after the integration of the MMI and AWG has not been solved.
One possible solution to this problem may be to manufacture smaller combination devices.

2.2. Series DFB Laser Array
2.2.1. Technical Principle, Advantages and Disadvantages

To reduce the coupling difficulty and power loss of the laser array, a series DFB
laser array is introduced, and its structure is shown in Figure 3. The technological process
combines several DFB lasers in series such that all the DFB lasers are on the same waveguide.
Thus, the laser array need not be laterally coupled, which avoids power losses during the
coupling process, effectively reduces the chip size, and improves integration. However, in
a tandem DFB laser array, the single-mode stability and wavelength accuracy of a single
laser are easily affected by reflections from other lasers, resulting in poor beam quality and
wavelength shift. When the wavelength spacing is less than 100 GHz (0.8 nm), grating
crosstalk causes mode hopping. Using linear-chirped gratings to perform multiple π-
phase shifts in a full cavity is an effective method for reducing crosstalk and suppressing
side modes.

 
Figure 3. Series DFB laser array [16] © Elsevier. Copyright 2015 optics communications.

In a series DFB laser array, the wavelength spacing between the lasers is generally
large, which requires a large temperature or current range to be tuned to cover all the
desired wavelengths. Although, an excessive temperature or current tuning range many
lead to device failure. Furthermore, decreases in the output power affects the reliability of
the device. To reduce the influence of reflection, the phases of Bragg gratings in different
lasers can be designed, and phase-shift gratings can be introduced between lasers to realise
single longitudinal mode lasing.

In terms of coupling stability, if the lasers are coupled in series, the coupling stability
is mainly affected by the two neighboring lasers. Consider a loop configuration and the
coupling term ∑ Yk in Equation (1) given by

∑ Yk = Yj+1 + Yj−1 (8)
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From the characteristic equation [12]

η > ηc(n) =
αP

2(1 + 2P) sin2(πn
N
) (9)

The largest of all the ηc(n) corresponds to the wave number n = 1. Thus, it is
required that

η > ηs ≡ αP
2(1 + 2P) sin2(πn

N
) (10)

By Equations (8) and (11), the critical coupling strengths ηs and ηp have been verified
to be identical if N = 3, since series coupling and parallel coupling are the same for three
coupled lasers in a ring configuration. If N > 3, ηs becomes larger than ηp. Thus, series
coupling requires a larger value of the coupling strength q to have stable in-phase solutions.

At present, the number of DFB lasers that can be integrated into a series array is far
less than that of a parallel array, and generally only 3–4 DFB lasers can be integrated with a
channel spacing generally above 2 nm. For the series DFB laser array, it is easy to achieve
a small volume, but methods to integrate more lasers, and ensure the single longitudinal
mode and beam quality have not yet been developed.

2.2.2. Main Research Progress and Status

In a series DFB laser array, the number of lasers increases linearly as the required
tuning range increases, which leads to an increasing length of the chip structure. By means
of the shared grating sections of laser sections, that is, laser 1 passes through grating 1 and
grating 2, laser 2 passes through grating 2 and grating 3, and laser N shines through grating
N and grating N + 1, so that the total cavity length is significantly shortened, up to 40% in
the array composed of 5 lasers [17].

In a series DFB laser array, the single-mode stability and wavelength reliability are
poor due to the reflection of Bragg gratings in other lasers, especially when the wavelength
spacing is very small. Lateral resonant modes can be suppressed by designing π phase
shifts in the middle of each segment, and by inserting two mirrors on both ends of the laser
to provide compensated reflection for both channels [18,19]. On this basis, a three-stage
design was adopted to suppress the side mode by optimizing the current distribution and
improving the priority of the dominant mode [20].

In 2021, Xiangfei et al. [21,22] proposed a tunable series-connected distributed feedback
multi-wavelength laser array (DFB-MLA) based on reconstruction equivalent chirp (REC)
technology. Its wavelength spacing was 2.4 nm and the SMSR was greater than 40 dB. The
structure of the heat sink block was optimized for fast, continuous wavelength tuning.

2.3. Series–Parallel Combined DFB Laser Array
2.3.1. Technical Principle, Advantages, and Disadvantages

Regardless of a series or parallel onefold scheme of the DFB laser array, an increase in
the number of lasers should consequently increase the difficulty of ensuring a single-mode
output and low power loss. Therefore, when the number of integrated lasers is large, the
use of a series or parallel structure alone makes the chip structure long and narrow, leading
to difficulties when packaging. Therefore, a series–parallel combination is required.

At present, the series–parallel combination scheme is relatively new, and difficult to
implement because it experiences the disadvantages of both types of arrays simultaneously.
Nevertheless, it is still expected to become a popular topic in DFB laser array research.

2.3.2. Main Research Progress and Status

The series–parallel combination of a DFB laser array is not frequently implemented,
but it may be the future development direction. In 2020, Xiangfei et al. [23,24] fabricated a
4 × 4 16-channel series–parallel DFB laser array that achieved 48 channels with a spacing of
100 GHz near 1550 nm and a temperature adjustment range below 20 ◦C. Compared with

146



Crystals 2022, 12, 1006

the series-only configuration, this matrix configuration reduces the potential interference
from adjacent lasers, which reduces the overall power loss compared with the parallel-
only configuration.

3. Implementation Method

The wavelength of the DFB laser is related to the refractive index of the active region
and grating spacing, as shown in Equation (11). When fabricating a DFB laser array in
which each DFB laser has a different emission wavelength, the fabrication methods can
be divided into two categories: changing the grating structure and index of refraction
modulation, and is represented as follows:

λ =
2ne f f Λ

m
(11)

where λ is the lasing wavelength, ne f f is the effective index, Λ is the grating period, and m
is the order of the grating.

3.1. Changing the Grating Structure

In the fabrication process of DFB laser arrays, various advanced fabrication methods
are used to ensure the gratings of each laser have different periods. DFB laser arrays with
different emission wavelengths can be fabricated based on one-time epitaxy of the same
active region. Such technologies include electron-beam lithography, nano imprints, and
REC technology.

3.1.1. Fabrication Methods
Electron Beam Lithography

1. Technical Principle

Electron beam lithography (EBL) is a lithography technique with the current highest
known resolution, which can reach less than 10 nm. Currently, direct-write electron-beam
lithography is primarily used. A focused electron beam bombards the photoresist to form
the required pattern and scans, point by point, by moving and switching the electron beam
to obtain the required grating structure.

2. Technical Advantages and Disadvantages

Technical advantages: EBL has high precision, its direct point-by-point scanning does
not require a photolithography mask, it can produce highly complex patterns, diffraction
effects are negligible since the electron beam has a short wavelength, it supports dry etching
rather than wet etching, it is easier to fabricate high-quality nanostructures, and can be
used in high-precision processing of micro-nano electronic and optoelectronic devices.

Technical disadvantages: Owing to the high maintenance cost of EBL equipment, the
need to write grating lines one by one leads to an extremely slow etching rate. Therefore, it
is expensive and time consuming, and it is difficult to apply to the large-scale manufacturing
of lasers and arrays. At the same time, EBL also has blanking or deflection errors and
splicing errors, and only 35% of the lasers can be controlled within a range of ±0.2 nm [25].
Processes associated with EBL can generate errors of up to 3 nm [26]. Therefore, it is
difficult to ensure the yield of this method when fabricating DFB laser arrays with small
channel spacing.

3. Main Research Progress and Status

EBL is a new lithography technology developed from the scanning electron microscope.
Since the 1970s, it has been widely used in semiconductor integrated circuit manufacturing.
Due to its slow processing speed, it is often used to manufacture application-specific inte-
grated circuit (ASIC) with quick turn-around times and repeatable optical frames that require
extremely high precision [27]. It has also been applied to laser grating manufacturing.
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In the fabrication of the DFB laser array, a large number of studies have used electron
beam lithography to fabricate grating structures [15,28–35], and the results are shown in
Table 1. However, throughput capability, the most important problem of electron beam
lithography in industrial applications, has not yet been solved. Hence, this technology is
still mainly used in the laboratory and in the industry to build very small structures.

Table 1. Recent achievements in the fabrication of DFB laser arrays using EBL.

Year Institution
Number of

Lasers
Channel
Spacing

Connection
Method

Band SMSR Ref

2001 NIT Photonics
Laboratories 16 3 nm Parallel 1.55 μm [36]

2011 Hitachi 9 3.7 nm Parallel 1.3 μm >42 dB [28]

2017 University of Glasgow 8 0.8 nm Parallel 1.55 μm >36 dB [31]

2017 University of Kassel 4 10 nm Parallel 1.55 μm >40 dB [30]

2019 Russian Academy
of Science 4 2.3 nm Parallel 1.55 μm >25 dB [35]

2019 Huazhong University of
Science and Technology 4 2.2 nm Parallel 1.3 μm >25 dB [34]

2019 Tsinghua University 10 3.4 nm Parallel 1.3 μm >40 dB [32]

2020 Tsinghua University 4 5.7 nm Parallel 1.3 μm >45 dB [33]

2021 University of Glasgow 8 0.8 nm Parallel 1.55 μm >50 dB [15]

Nano-Imprint Lithography

1. Technical Principle

Nanoimprint lithography (NIL) is a pattern transfer technology; under pressure or
heat or UV assisted action, the pattern on the template is transferred to the resist, the
resist on the substrate to produce thickness difference, and then by etching the pattern
transferred to the substrate. NIL is a promising, high-resolution, low-cost, nanoscale
replication patterning technology.

The NIL pattern transfer technology process is illustrated in Figure 4, and is as follows:
a film is created by spin-coating a resist onto a substrate, and the film is heated to vitrifica-
tion. Subsequently, specific pressure is applied to imprint the pattern from the resist-coated
substrate to the mold. Afterward, the mold is exposed to heat, UV light, or other elements
to solidify the pattern. Finally, the mold and the pattern are separated and the pattern
resist is left on the substrate, completing the photonic lithography process. DFB lasers with
different grating periods can be prepared by imprinting templates of different shapes using
this technique.

2. Technical Advantages and Disadvantages

Technical advantages: NIL technology combines the advantages of EBL and holo-
graphic lithography and has the additional advantages of ultra-high resolution, easy mass
production, low cost, fast speed, and high consistency. The imprint template is generally
manufactured using high-precision EBL and can be used multiple times, thus significantly
reducing costs. NIL technology changes the resist by imprinting instead of holographic
lithography; therefore, its resolution is not affected by light diffraction, scattering, reflection,
etc. Lithography pattern defects are suitable for large-scale manufacturing processes.

Technical disadvantages: during small-scale manufacturing, the cost of NIL technology
is high owing to the high production cost of the imprint template. During the production
process, the imprint template and the photoresist can easily lead to pattern defects, thereby
decreasing precision. The mechanical brittleness of the InP substrate and the temperature
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difference between the substrate and the imprint template in hot imprinting results in
nanoimprinting requiring a very refined process to ensure a good yield.

Figure 4. Schematic diagram of the principle of NIL technology.

3. Main Research Progress and Status

NIL technology mainly includes thermal and UV embossing.
Thermal NIL was first proposed by Chou in 1995 [37] and has been widely spread in the

manufacturing process of optoelectronic devices such as gratings, microrings, and photonic
crystals. At present, this technology is widely used in the fabrication of semiconductor
laser gratings, which is a promising DFB laser array grating manufacturing technology.
Thermal embossing is simple; however, the heating and cooling durations are long and
time consuming, the thermoplastic polymer is prone to thermal expansion and contraction
during the heating and cooling process, and the dimensional stability is poor, which easily
leads to distortion of the copied graphics. This technique can be improved by employing
laser-assisted direct imprinting [38].

There are two main challenges in laser grating thermal NIL. (1) The imprint process
is very delicate because of the mechanical brittleness of the InP substrate and the thermal
mismatch between the substrate and Si imprint. (2) Subsequent processing requires specific
imprint compressive thicknesses after plate making, the crystallographic direction of the
substrate, and arrangement of the grating for plate making [39].

Therefore, for thermal NIL, the most important physical properties of the mask are the
thermal expansion coefficient and Poisson’s ratio. In addition, properties such as hardness,
durability, and surface roughness should also be considered. Material selection includes Si,
SiO2, SiC, Si3N4, metal, and sapphire [40].

For InP substrates, current studies have shown that the maximum pressure in hot
stamping technology does not exceed 3 bar [39].
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UV imprinting is also known as room-temperature imprinting. In 1996, UV nanoim-
print lithography was designed by introducing a low viscosity UV-curable polymer layer
to improve the fluidity of the imprint material [41]. The process involves cross-linking
the polymer by UV light on a transparent die after embossing on a UV-cured layer, which
significantly reduces the pressure during nano embossing without the need for high tem-
peratures. Low temperature eliminates deformation errors and graphic distortions caused
by differences in the thermal expansion coefficient, and low pressure makes the process
more likely to succeed on more brittle substrates such as InP and GaAs. Therefore, the
technology is more suitable for PICs and manufacturing DFB laser arrays.

UV soft-printing technology is used to fabricate gratings, as shown in Figure 5 [42].
Compared with nano-imprinting directly using hard master printing, the pattern quality is
better, especially in the case of surface unevenness that often occurs during multiple epitaxy
processes. The specific implementation method is as follows. First, a soft imprint is prepared
by imprinting a hard master composed of Si on a flexible intermediate polymer imprint (IPS
Obducat AB) using thermal NIL. Next, the epitaxial wafer is carefully cleaned and coated
with a layer of UV-curable resist (stuc-220, Obducat AB). Home-made mechanical tools are
used to precisely align the soft-printed grating pattern with the grating segments on the
wafer. The pattern is then transferred onto the epitaxial structure using an intermediate
polymer imprinting (IPS) process by performing simultaneous thermal and UV imprinting
processes. After cleaning the residual resist using an oxidative reactive ion etching (RIE)
process, inductively coupled plasma (ICP) RIE is used to prepare the grating, and O2
plasma is used to remove the mask.

 

Figure 5. Preparation of gratings by UV soft printing (a–c) transfer the patterns onto the epitaxial
structure (d) clean residual resist (e) fabricate grating (f) remove the mask [42]. © IOP Publishing.
Copyright 2014 Journal of semiconductors.

However, as there is no heating or cooling process, polymer bubbles cannot be elimi-
nated, which greatly affects the graphics. An improvement in this process uses a step-flash
or thermal UV imprint technology that combines UV imprinting with stepping technology
or thermal imprints, respectively. In this process, the corrosion inhibitor is the key problem.
The selected resist must maintain low viscosity at room temperature, be able to cure under
UV irradiation with minimal shrinkage to maximize pattern accuracy and be released from
the mask after curing to adhere to the substrate. A modified poly-dimethyl-siloxane (PDMS)
soft stamp has been used to reduce pattern deformation and residual layer thickness, and
the residual layer thickness has been reduced by 50% [43].
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NIL technology is also widely used in the fabrication of DFB lasers and array gratings,
and there have been many recent innovations. Compared with Si substrates used in large-
scale integrated circuits, compound semiconductor substrates such as GaAs and InP often
have large thickness fluctuations, resulting in the uneven thickness of the residual layer
in the imprinting area when NIL technology is applied, ultimately resulting in the graph
changes. To solve this problem, reverse NIL technology has been developed and is based
on step-and-repeat imprinting named step and flash imprint lithography (SFIL), which can
inhibit the uneven residual layer caused by substrate fluctuation [44].

In the NIL process, the duty cycle of gratings may change due to the deformation of
the resist and the soft mode. However, when the grating angle is less than 3◦ and the duty
cycle is between 0.4 and 0.6, the effect of error can be ignored, which can be easily achieved
with SFIL technology [45].

In NIL, the imprint template is usually prepared using the EBL method, which pro-
vides better stability. In addition, during the pattern-transfer process using the NIL method,
the resist is in direct contact with the stamp with little deformation. Therefore, NIL can
smooth raster edges. This has important implications for the fabrication of high-quality
lasers, which can reduce the spectral width of higher-order Fourier components owing to
imperfect gratings.

3.1.2. Special Grating Design Reconstruction
Reconstruction Equivalent Chirp

1. Technical Principle

The REC technique is based on the reflection response. By designing a sampling
grating based on the sampling function, the chirp structure of the grating period that
changes with position is obtained, and the function of the complex grating is realized
effectively. The REC technique achieves equivalence with complex grating structures
by fabricating specially designed sampling gratings that are superposed on a uniform
gratings pattern. The REC technology utilizes sampled Bragg gratings (SBGs) to design
and fabricate lasers and laser arrays with complex grating structures. By changing the
sampling mode, an equivalent chirp (continuous variation) or equivalent displacement
(discrete variation) of the grating neutron grating (Fourier component) can be generated.
The Bragg wavelengths of the sub-ratings can also vary with the sampling period. Thus,
various sub-grating with complex structures can be obtained by designing the sampling
patterns in advance. The sampling period is usually a few microns and can be formed by
ordinary photolithography [46].

According to Fourier analysis, the index modulation of a grating section with sampling
period P and a basically uniform (seed) grating period Λ0 can be expressed as [47]:

Δn(z) =
1
2

Δns ∑
m

Fm exp
(

j
2πz
Λ0

+ j
2mπz

P
+ ϕ

)
+ c.c (12)

where Δns is the index modulation of the uniform seed grating, Fm is the Fourier coefficient
of the mth order sub-grating z is the position along the laser cavity, Λ0 is the seed grating
period, P is the sampling period, ϕ is the initial phase of the seed grating, m is the order
of Fourier component, and usually the +1st or −1st order sub-grating is used. The ±1st
order period can be expressed as,

1
Λm

=
1

Λ0
+

m
P

(13)

Therefore, if the sampling period P is carefully designed for a suitable wavelength
grid and each laser section with a specific wavelength is tuned by changing the chip
temperature, a wide wavelength range can be covered and the wavelength tuning can
be realized simultaneously. According to Equation (11), Λ can change by changing P to
achieve different output wavelengths in different lasers.
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2. Technical Advantages and Disadvantages

Technical advantages: the REC technology can achieve complex grating structures
through micron-scale sampling patterns. In the grating fabrication process, only two steps
are required: holographic exposure of the uniform base (seed) grating and lithography
of the sampling pattern. All other processes are the same as those used for conventional
DFB lasers. Therefore, the manufacturing costs are low. The most important advantage
of this technique is that it provides precise fabrication of periodic structures for precise
control of wavelengths, and its accuracy is 100-fold higher than that of general theoretical
methods [48].

Technical disadvantages: owing to different sampling periods, the phase of the cavity
surface of the laser will change, which destroys the uniformity of the wavelength spacing of
the laser array. To obtain a uniform wavelength separation, minimal reflection is required
on both laser faces; however, this results in a high threshold current and low slope efficiency.
Without a reflection-enhancing coating, the wavelength deviation of the laser array can
reach approximately 1 nm [47]. In addition, the REC technique reduces the SMSR of
side-mode sampling.

3. Main Research Progress and Status

REC technology was initially proposed in fiber Bragg gratings [49] and has been
applied to optical filters, fiber lasers, OCDMA en/decoders, and other important optical
devices. Xiangfei et al. conducted extensive and in-depth research on the fabrication of DFB
laser arrays using REC technology. REC technology in 2009 to fabricate a multi-wavelength
DFB laser array, which attracted wide attention due to its low cost and simple method [50].
In 2012, they then made an 8-channel parallel DFB, with an error tolerance of approximately
520-fold higher than the previous array [48].

For the DFB laser array, because it integrates multiple DFB lasers, the yield drops
sharply compared with a single DFB laser. The yield is a key issue in the fabrication of
DFB laser arrays. The 60-channel DFB laser array produced by REC technology can control
the wavelength error of 83% of the laser within ±0.20 nm and 93.5% of the laser within
±0.30 nm [51], greatly improving the yield. REC technology can not only be used in the
manufacturing of parallel DFB laser arrays but also in the manufacturing of series DFB
laser arrays [22] and series–parallel combined DFB laser arrays [52].

3.2. Index of Refraction Modulation

In the fabrication of DFB laser arrays, in addition to realizing different emission
wavelengths by preparing gratings with different periods in different lasers, wavelength
changes can also be achieved by changing the refractive index in different lasers. Such
technologies include ridge width variation technology and selective area growth.

3.2.1. Ridge Width Variation Technology
Technical Principle

The systemic equivalent refractive index can be adjusted by adjusting the width of the
ridge waveguide of the laser, according to Equation (12).

Technical Advantages and Disadvantages

Technical advantages: the process of changing the width of the laser waveguide is
simple, and is suitable for manufacturing DFB laser arrays with narrow channel spacing.

Technical disadvantages: the scope of application is limited, the threshold value of the
device is too wide and may cause the device to generate multiple transverse modes, the
waveguide is too narrow, the series resistance is too high, the thermal effect is obvious, and
it is difficult for the device to achieve consistent characteristics.
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Main Research Progress and Status

Li et al. [53] proposed varying ridge widths to adjust the lasing wavelength of DFB
laser arrays in 1996 and demonstrated that even if the ridge width was sufficient to support
multiple lateral modes, single-mode lasers could be maintained. Therefore, the tuning
range of the array could be increased without affecting the single-mode performance.

The method can be used to fabricate DFB laser arrays with very small channel spacing,
which can reach 0.8 nm [54]. However, because the effective refractive index of the laser
varies nonlinearly with the width of the ridge waveguide, and the width of the ridge
waveguide cannot be too small (the machining accuracy is difficult to achieve) or too large
(A high-order transverse mode is generated), the wavelength tuning range that can be
achieved by this scheme is very limited.

3.2.2. Selective Area Growth
Technical Principle

Selective area growth (SAG) is performed as follows: a series of mask stripes are
fabricated on a substrate, and then epitaxial layers are grown in areas without mask stripes,
as shown in Figure 6. In the SAG process, SiO2 mask stripes are formed on the substrate
before the material is grown; thus, in the subsequent Metal–Organic Chemical Vapor
Deposition (MOCVD) or Metal–Organic Vapor Phase Epitaxial Growth (MOPVE) process,
the material is only grown where there are no mask stripes. In other words, SAG technology
can be used to control the structural parameters of each laser active region, including the
thickness and material composition, to change the refractive index of the laser active region,
thereby changing the emission wavelength. The SAG technology can simultaneously
control the multiple quantum well (MQWs) bandgap energy of the arrayed waveguide by
changing the mask pattern’s dummy stripe width and the width of the outer mask [55]. By
using an asymmetric mask, an almost linear shift in emission wavelength can be obtained.
For MQWs, because the emission wavelength is sensitive to the thickness of the well,
extensive wavelength tuning can be obtained in addition to refractive index changes.

Figure 6. Selective area growth schematic (Zhang C et al. 2013 [11]). © Springer link. Copyright 2013
Science China Technological Sciences.

The thickness enhancement factor of the selectively grown layer is affected by the
geometry of the mask pattern, including mask width and pitch. By designing the geometry
of the mask, precise control of the thickness of the active region and the waveguide layer
can be achieved, and thus control of the effective index of refraction can be achieved to
achieve different wavelengths in the laser array [56].

The SAG mechanism is generally considered to be the surface diffusion component and
the vapor phase diffusion component. Surface diffusion refers to the molecular diffusion of
reactants from the mask surface to the exposed surface, while vapor phase diffusion refers
to the vertical and lateral diffusion of reactant molecules in the gas phase and adhesion to
the exposed surface.

153



Crystals 2022, 12, 1006

In general SAG modeling, surface diffusion is usually ignored because it only occurs
within a few micrometers of the edge of the mask.

Vapor phase diffusion can be described by the gas-phase diffusion model, and its
diffusion equation is [57]:

∂2C
∂x2 +

∂2C
∂y2 = 0 (14)

where C(y, z) is the vapor phase concentration.
Assuming no growth of material on the mask, and that the gas concentration just

above the crystal surface in the exposed region between the masks remains constant at
equilibrium [57]: ⎧⎨

⎩
z = d, C = C∞

y = y0
2 + w, z = rs

π , C = Cc
z = 0, C = 0

(15)

where d is the height of the stagnant layer, y0 is the width of the mask, and w is the distance
between the masks. rs is the radius of the hemicylindrical structure of the grown SAG
structure at the window. The value of rs is equivalent to the window width, w, and is
assumed to be much smaller than y0 to simplify the following formula.

Under this boundary condition, the solution of equation (14) is [57]:

C = A ln
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π

y0
y
)
+ sinh

(
π

y0
z
)] 1

2
+ B (16)

where A and B are [57]:
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B = C∞ + A ln
[
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(18)

The growth rate vg can be expressed as [57]:

vg = −vDg

w
πA
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=
vDgπ(C∞ − Cc)
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{
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where Dg is the diffusion coefficient of molecules in the vapor phase.
A s a limiting case, rs � d and y0 � d,

vg ∼= vDg(C∞ − Cc)

wrsd
y0 (20)

During the SAG growth process, the grown material generates a growth rate enhance-
ment curve in the unmasked area, by formula (20), the growth rate is proportional to the
width of the dielectric mask and inversely proportional to the square of the mask spacing.
In addition, group III elements will have a certain compositional shift during growth, while
group V elements will not; therefore, the SAG technique will lead to a certain degree of
inhomogeneity [58].

The traditional MQW SAG technology forms a dielectric mask on the buffer substrate,
and the selective region growth layer includes the lower separate confinement structure
(SCH), MQW, and upper SCH layers. The difference is that in the new SAG technology, the
buffer, lower SCH, and MQW layers are first grown on the substrate. Subsequently, mask
strip pairs are formed on the MQW layer. In the following SAG process, only one upper
SCH layer is grown, which effectively reduces the difficulty of the process by reducing the
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number of selectively grown layers. At the same time, SAG technology can be combined
with EBL and REC technologies to achieve improved performance.

Technical Advantages and Disadvantages

Technical advantages: SAG technology is used to fabricate DFB semiconductor laser
arrays because of its simplicity, low cost, and suitability for mass production. While forming
a laser array, SAG can also be used for the integration of the laser array with other optical
components, such as electro-absorption modulators (EAMs) [59].

Technical disadvantages: The SAG process requires good control of the epitaxial
growth process and advanced technology. Additionally, it has low repeatability and it is
difficult to guarantee the single longitudinal modulus rate, requiring other technologies to
control it.

Main Research Progress and Status

SAG is widely used in the epitaxial growth of various semiconductor devices and was
first applied in the preparation of the multi-wavelength DFB laser array in 1994 [60]. This
method can prepare a DFB laser array with a wide wavelength span of up to 155 nm [61].
SAG technology is very flexible and can be used in combination with a variety of tech-
nologies. For example, gratings can be made using EBL based on SAG [62], and the width
of ridge waveguides can be changed while SAG technology is used [63] or by combining
SAG technology, and EBL technology, and reverse mesa ridge waveguide LD processing
technology [64]. SAG technology can simultaneously integrate MMI, SOA, MOD, and
other devices on the chip [65]. SAG technology can also be combined with bundled inte-
grated waveguide (BIG) technology to obtain uniformly spaced multi-wavelength emission
and low-loss passive waveguide materials in one MOCVD step, greatly simplifying the
integrated fabrication of the array [66].

In the SAG process, the material layers affected by SAG include two SCH and MQW
layers, which may affect the uniformity of the laser array [8]. Therefore, an improved
SAG method has been proposed [67]. First, the buffer, low SCH, and MQW layers are
grown on the substrate, and then the size is formed on the MQW layer, gradually changing
mask–strip pairs. In the next step, only the upper SCH layer is grown, and only the
thickness of the upper SCH layer is changed through the SAG mask to obtain different
Bragg wavelengths. Materials including the SCH and MQW layers are very sensitive to
different growth conditions; therefore, the wavelength spacing can be precisely controlled.

As the thickness of the material can be controlled with precision, SAG technology
is especially suitable for fabricating laser arrays with small channel spacing, which can
achieve good wavelength spacing uniformity. However, DFB lasers with a high single-
longitudinal-mode rate are not guaranteed. Therefore, REC technology has been adopted
to introduce an equivalent phase shift to ensure the single-mode laser output of the DFB
laser [68].

4. Conclusions

In summary, the DFB laser array is among the most widely used and mature solutions
in WDW. Compared with other lasers, its mode stability, high wavelength stability, and
narrow linewidth make it stand out. The research on DFB laser arrays is also the most exten-
sive. The multi-wavelength DFB laser array is a key component of the wavelength-division
multiplexing system, and its manufacturing difficulties affect its mass production and
use. This paper summarizes the structure and fabrication methods for multi-wavelength
DFB laser arrays. At present, various DFB laser array structures and fabrication methods
can still be improved. Finding a low-cost, high-yield, easy fabrication method, that can
adopt a reasonable structure, are key factors to promote the further development of DFB
laser arrays.

For DFB laser arrays, the main problems to be solved in the future are the wavelength
accuracy and the wavelength spacing of different lasers. In particular for DWDM applica-
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tions, the wavelength spacing of future DFB laser arrays may still be further reduced, which
will put forward higher requirements for technical accuracy. On the one hand, we need
to continue to improve the existing technologies such as EBL, NIL, and other processes;
on the other hand, in the design of gratings, active regions, waveguides, etc., such as REC
and SAG, it is also necessary to further reduce errors. In addition, the DFB laser arrays
currently used in optical communications are mainly InP based, which is difficult to match
with standard integrated circuit processes. In the future, emerging multi-wavelength WDM
sources based on Si photonics are also very expected.
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Abstract: Narrow linewidth external cavity semiconductor lasers (NLECSLs) have many important
applications, such as spectroscopy, metrology, biomedicine, holography, space laser communication,
laser lidar and coherent detection, etc. Due to their high coherence, low phase-frequency noise, high
monochromaticity and wide wavelength tuning potential, NLECSLs have attracted much attention
for their merits. In this paper, three main device structures for achieving NLECSLs are reviewed and
compared in detail, such as free space bulk diffraction grating external cavity structure, waveguide
external cavity structure and confocal Fabry–Perot cavity structure of NLECSLs. The Littrow structure
and Littman structure of NLECSLs are introduced from the free space bulk diffraction grating external
cavity structure of NLECSLs. The fiber Bragg grating external cavity structure and silicon based
waveguide external cavity structure of NLECSLs are introduced from the waveguide external cavity
structure of NLECSLs. The results show that the confocal Fabry–Perot cavity structure of NLECSLs is
a potential way to realize a lower than tens Hz narrow linewidth laser output.

Keywords: narrow linewidth; external cavity; FSBDG; FBG; silicon-based waveguide; confocal
F-P cavity

1. Introduction

Semiconductor lasers have been applied in many fields, such as high-resolution
spectroscopy and broadband communication network systems. Semiconductor lasers
need to have the characteristics of a narrow linewidth, high-frequency modulation and
wide tunable range at the same time. In other fields, it is required that lasers have the
characteristics of narrower output linewidth, larger coherence length, and narrower spatial
coherence [1]. By using the external cavity technology, semiconductor lasers can produce
stabilized output with a single longitudinal mode and narrow linewidth, and they can also
be tuned in the range of tens of nanometers to hundreds of nanometers [2]. At the same
time, some other properties of semiconductor lasers are also improved, including a lower
threshold, higher output power and larger side mode suppression ratio (SMSR) [3,4]. These
properties meet the requirements of coherent optical communication, coherent detection
and other applications of NLECSLs. In 1964, J.W. Crowe et al. [5] first proposed the external
cavity theory of the semiconductor laser. In 1975, Heckscher H et al. [6] reported the
compact and relatively inexpensive external cavity structure of the laser with the III-V
compound semiconductor.

An NLECSL includes a semiconductor laser active section and an external cavity. The
active section, which typically contains a III–V semiconductor quantum wells structure, is
used to provide the optical gain for the whole cavity, and thereby determines the lasing
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wavelength range. The external cavity is used to select the lasing wavelength, while
reducing the linewidth. The natural cleaving surface at both ends of the active section chip
is the resonant cavity, which is called the internal cavity or the intrinsic cavity [7]. The
cavity composed of the external feedback element and the chip cleaving surface is called the
external cavity. Through the external cavity, part of the output light is fed back to the active
region for multiple gain, thereby narrowing the linewidth and reducing the phase noise
and intensity noise of the lasers [8]. There are many kinds of external feedback components,
such as free space bulk diffraction grating, fiber Bragg grating (FBG), waveguide and
Fabry–Perot (F-P) cavity and the combination of these components. NLECSLs have many
advantages, such as good monochromaticity, high stability, long coherence length, and so
on. Therefore, NLECSLs are widely used in the fields of photoelectric detection, coherent
communication, precision measurement, optical frequency standards, absorption spectrum
measurement and the study of the interaction between lights and matters [9]. In this paper,
free space bulk diffraction grating (FSBDG) external cavity structure, waveguide external
cavity structure and confocal F-P cavity structure, the three main device structures for
achieving NLECELs, are expanded upon. Among them, the confocal F-P cavity can further
narrow the linewidth. Lewoczko-Adamczyk W et al. [10] proposed the mode of optical
self-locking with the external single-chip confocal F-P cavity; when the output power
exceeds 50 mW, the corresponding Lorentz linewidth is only 15.7 Hz, which is the highest
level in the world at present.

2. FSBDG Structure of NLECSLs

The FSBDG is one of the most widely used external mirrors. It has good performance,
especially in its wide tuning range, high spectral resolution, and flexible and precise tun-
ability. Great progress in the ECSL with FSBDG mirror have been achieved, and the results
of research and development in the field are continuously transferred to industrialization.
Wavelength selectivity and tunability of FSBDG ECSL can be realized by adjusting the
incident angle to the FSBDG plane. Different applications put forward different tuning
requirements; some require a large tuning range with hopping allowed, whereas others
require fine continuous tuning without hopping. This paper focuses mainly on the latter.
The continuous tuning range and precision are dependent on the design of optics and
related mechanics. Two configurations are well developed and widely used, including the
Littrow structure and Littman structure, which are introduced as follows.

2.1. Littrow Structure of NLECSLs

The Littrow structure of NLECSLs is shown in Figure 1. The output light of the
Littrow ECSL is collimated by the lens group to obtain the horizontal parallel light, which
is incident to the FSBDG external cavity for optical feedback. After FSBDG splitting, the
first-order diffraction is fed back to the active region of the laser, and the light field in
the active region interacts with each other, resulting in the gain difference between the
longitudinal modes and the gain is larger. The longitudinal mode excitation satisfying the
laser excitation condition is excited, and the mode with the small gain is lost. By changing
the wavelength of the FSBDG external cavity feedback light, the laser output with different
wavelengths can be obtained, so as to realize wavelength tuning [11].

In 2016, Shin D K et al. [12] used the SAF gain chip and FSBDG Littrow structure
of ECSL and realized the maximum injection current was 195 mA, the maximum output
power was 83 mW, the Lorentz linewidth was 4.2 kHz, and the Gaussian linewidth was
22 kHz.
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Figure 1. Littrow structure of NLECSLs.

In 2018, Xu B et al. [13] used a commercially available high-power green LD as a gain
device and the influence of FSBDG parameters on the performance of external cavity laser
was studied. For the Littrow structure of ECSL with the first-order diffraction beam as the
feedback and the zero-order diffraction beam as the coupling output, the tuning bandwidth
was 11.0 nm and the output power was close to 400 mW.

In 2019, Wang Yan, et al. [14] built an ECSL with Littrow structure using a
1200 groove/mm FSBDG with 91% first-order diffraction efficiency as an external cav-
ity. The maximum SMSR could reach 65 dB and the tunable range could reach 209.9 nm.

In 2021, Lucia Duca et al. [15] reported an ECSL based on an improved Littrow struc-
ture, by placing a piezoelectric transducer behind the 780 nm diode laser; the wavelength
adjustment by rotating the FSBDG was separated from the fine adjustment of the external
cavity. The free spectral range was 3.6 GHz, the SMSR reached 48 dB, and the Lorentz
linewidth was 540 kHz. Table 1 shows the performances of the Littrow structure of NLEC-
SLs. Littrows structure of NLECSLs are widely used in many applications, due to its
advantages of simple structure and convenient operation. However, the direction of output
beam will rotate in tuning. This shortcoming must be overcome for many applications.

Table 1. The performances of Littrow structure of NLECSLs.

Central
Wavelength

Tuning
Range

SMSR Line Width
Output
Power

Publication
Time

1080 nm 100 nm - 4.2 kHz 83 mW 2016 [12]

525 nm 11.0 nm - 0.08–0.18 nm 400 mW 2018 [13]

1550 nm 209.9 nm 65 dB - 48.9 mW 2019 [14]

780 nm 3.6 GHz 48 dB 540 kHz - 2021 [15]
Note: “-” denotes that the data are not available.

2.2. Littman Structure of NLECSLs

In the Littman structure, as shown in Figure 2, the FSBDG position is fixed; the
wavelength of the semiconductor laser can only be changed by adjusting the position of the
plane mirror. The laser output beam direction is constant, the linewidth becomes narrow,
but the output laser power is less than Littrow structure of ECSL. In the Littman structure,
the collimated laser grazes onto the FSBDG, and the incident angle of the beam is large.
Compared with Littrow structure, when the laser irradiated the grating, more diffracted
lasers are generated, anyone of them laser output linewidth is narrower [16].
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Figure 2. Littman structure of NLECSLs.

In 2018, N. Torcheboeuf et al. [17] reported a 222 nm tuning range, using a compact
external cavity GaSb-based diode laser and micro-electro-mechanical system (MEMS)
mirror. In the tuning range, the power range was 8–24 mW, the SMSR was 50 dB, and the
mode hopping was controllable 18 GHz.

In 2020, Hoppe M et al. [18] optimized the ECSL of 1550 nm bent waveguide based on
GaSb with the MEMS with the concept of ECSL cavity, and realized the tuning range of
106 nm, covering the wavelength range from near infrared to MIR.

In 2021, Morten Hoppe et al. [19] used a laser diode with a central wavelength of
2.02 μm. The collimated laser beam passed the MEMS mirror at approximately the 45◦ an-
gle. It was reflected onto the reflection grating. The arrangement of the optical components
was chosen to achieve optimal illumination of the grating. In the gain chip with curved
waveguide, both facets are accessible, where the laser beam is couplet out via the rear facet
of the laser diode, resulting in a higher efficiency of the resonator, with an SMSR of 2.02 μm
and a central wavelength of 53 dB. Table 2 shows the performance of the Littman structure
of NLECSLs. The Littman structure of NLECSLs provides an output beam with a stable
direction. Tuning of the Littman structure of NLECSLs is realized by the rotating mirror.
Since it does not change the incident angle to the grating, the direction of the output beam
is stable.

Table 2. The performance of Littman structure of NLECSLs.

Central
Wavelength

Tuning
Range

SMSR Line Width
Output
Power

Publication
Time

2221 nm 222 nm 50 dB 18 GHz 8~24 mW 2018 [17]

1550 nm 106 nm 55 dB - 30 mW 2020 [18]

2.02 μm 110 nm 53 dB - 7.1 mW 2021 [19]
Note: “-” denotes that the data are not available.

3. Waveguide Structure of NLECSLs

There are two types of waveguide structure of NLECSLs, including FBG and silicon-
based waveguide. When the fiber grating is used as the feedback element of the external
cavity laser, the linewidth performance is excellent and the tuning range is wider, but the
volume is larger, the refractive index is smaller, the size is larger, and the absorption loss
of material is larger [20]. Using the external low loss waveguide as the optical feedback
element can effectively reduce the linewidth of the semiconductor laser and obtain low
noise spectral characteristics. Due to its small size, low energy consumption, low loss and
the ability to integrate with other optical components, NLECSLs based on silicon-based
waveguides have become a competitive and attractive candidate laser in many coherent
applications [21].
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3.1. FBG Structure of NLECSLs

FBG structures of NLECSLs in optical fiber transmission systems have become a
research hotspot. The FBG structure of NLECSL has its AR facet facing the FBG, the FBG
end coupled directly to the gain chip and the other end of the FBG acts as the end reflector
of the external cavity. With AR coating on the gain chip, the lasing wavelength may be
selected by choosing the appropriate FBG, as shown in Figure 3.

Figure 3. FBG structure of NLECSLs.

In 2011, Loh W et al. [22] reported a 1550 nm InGaAlAs/InP quantum well, high
power, low noise encapsulated ECSL demonstration. The laser consisted of a dual-channel
curved channel plate coupled with an optical waveguide amplifier and a 2.5 GHz narrow
bandwidth FBG passive cavity using a lens fiber. Under the bias current of 4A, ECSL
generates 370 mW of fiber-coupled output power, and its Gaussian linewidth and Lorentz
linewidth are 35 kHz and 1 kHz, respectively.

In 2016, Lynch S G et al. [23] demonstrated a new integrated platform with FBG.
The high thermal conductivity of silicon substrate contributes to the heat dissipation and
thermalization of the device. The geometric shape of the device is precisely designed
with a small inclined plane, which connects the end of integrated platform to eliminate
unnecessary optical feedback, and its layout can minimize the angular coupling loss
between waveguides. The laser works in a single mode at 1532.83 nm, with an output
power of 9 mW and a linewidth of 14 kHz.

In 2017, Li Zhang et al. [24] combined a semiconductor gain chip and FBG with
enhanced thermal sensitivity, and demonstrated a mode-free external cavity laser design.
The compact ECSL had a narrow linewidth of 35 kHz, SMSR greater than 50 dB, and the
mode-free tuning range was 62.5 GHz.

In 2019, Huang D et al. [25] demonstrated an ultra-low loss silicon based waveguide
(0.16 dB/cm) with a linewidth of 1 kHz and an output power of more than 37 mW, and
a long FBG fully integrated extended distributed Bragg reflector laser with a narrow
bandwidth. The combination of narrow linewidth and high power enables it to be used in
coherent communication, radio frequency photonics and optical sensing.

In 2021, Antoine Congar et al. [26] realized a 400 nm FBG InGaN-based laser diode. A
narrow band FBG was fabricated under near ultraviolet light. The device has a SMSR of
44 dB and an inherent linewidth of 16 kHz.

In 2022, Suqs et al. [27] reported a laser based on the FBG ECSL module near the wave-
length of 1550 nm, using the combination of narrow linewidth technology and frequency
stable transfer technology to narrow the laser intrinsic Lorentz linewidth to 15 kHz. Table 3
shows the performances of the FBG structure of NLECSLs. The FBG structure of NLECSL
is easily obtain narrow linewidth, high SMSR and high wavelength thermal stability. It
is easy to design and screen the gain chip and FBG separately; the performances of FBG
structure of NLECSL can be optimized and it is very convenient to be used in fiber systems.
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Table 3. Performance of FBG structure of NLECSLs.

Central
Wavelength

Tuning Range Line Width Output Power
Publication

Time

1550 nm - 1 kHz 370 mW 2011 [22]

1532.83 nm 20 pm 14 kHz 9 mW 2016 [23]

1550.4 nm 62.5 GHz 35 kHz - 2017 [24]

1565 nm 2.9 GHz 1 kHz 37 mW 2019 [25]

400 nm - 16 kHz - 2021 [26]

1572 nm 22 GHz 15 kHz 25 mW 2022 [27]
Note: “-” denotes that the data are not available.

3.2. Silicon-Based Waveguide Structure of NLECSLs

With the maturity of the silicon optical chip design and process platform, the external
cavity feedback elements based on silicon, Si3N4 and other materials endlessly emerge,
and with the help of various microcavity structures, the linewidth of ECSL can be further
compressed. It has the characteristics of high reliability and low power consumption of
the monolithic integrated structure, as well as the narrow linewidth and wide tuning
characteristics of the external cavity structure, and has gradually become a hotspot in the
research field of NLECSLs [28]. Vissers E et al. [29] studied the hybrid integrated mode-
locked laser diode with silicon nitride expansion cavity in 2021, coupled the silicon nitride
external cavity with the InP active chip, and obtained the line width of 31 Hz. In 2018, Guan
H et al. [30] studied III-V/Si hybrid external cavity lasers. The Si3N4 edge-coupled silicon
chip is mixed into the spot size converter in the silicon chip. The maximum output power
of the laser is 11 mW, the measured minimum linewidth is 37 kHz (maximum < 80 Hz),
and the SMSR is 55 dB.

In 2019, Guo Y et al. [31] demonstrated a III-V/silicon nitride hybrid external cavity
laser. The tuning range of ECSL is 45 nm, the SMSR is 60 dB, and the linewidth is about
100 kHz.

In 2020, Kharas D et al. [32] showed a high-power on-chip 1550 nm laser, which was
integrated into a silicon nitride waveguide and distributed Bragg reflector grating photonic
integrated circuit by a bending channel and a two-way InGaAsP/InP plate coupled with
an optical waveguide amplifier. The driving current of the single-mode emission optical
power of 312 kW was 2.5 A, and the linewidth of 192 kHz was integrated.

In 2020, Guo Y Y et al. [33] demonstrated hybrid lasers by using InP reflective semi-
conductor optical amplifier chips coupled with Si3N4 tunable reflector chips. The laser
wavelength tuning range was 160 nm, and the linewidth was 30 kHz.

In 2020, Sia Jx et al. [34] adopted the hybrid integration of the III-V optical amplifier
and extended, low-loss wavelength-tunable silicon cursor cavity, and first reported the III-
V/silicon hybrid wavelength-tunable laser in the rich wavelength region of 1647–1690 nm.
When the continuous wave operates at room temperature, the output power can reach
31.1 mW, the maximum SMSR is 46.01 dB, and the line width is 0.7 kHz.

In 2021, Guo Y Y et al. [35] reported a widely tunable III-V/Si3N4 hybrid integrated
external cavity laser. Under 500 mA injection current, the maximum output power was
34 mW. In the tuning range of 58.5 nm, the SMSR exceeds 70 dB. The laser linewidth is
2.5 kHz. The same structure was used in the optical fiber communication conference and ex-
hibition next year, but its performance was higher than last year, reaching a record of about
170 nm tuning range. The linewidth of the laser decreased slightly less than 2.8 kHz [36].

In 2021, Zhao R L et al. [37] reported a wavelength tunable hybrid integrated external
cavity laser for C-band. Two parallel reflective semiconductor optical amplifier gain
channels are composed of Y branches in the Si3N4 photonic circuit to increase the optical
gain. The SMSR is about 67 dB and the pump current is 75 mA. The linewidth of the
unpackaged laser is 6.6 kHz, and the on-chip output power is 23.5 mW.
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In 2021, Mckinzie K A et al. [38] demonstrated the hybrid integration of an InP-based
laser and amplifier array PIC and high-quality factor silicon nitride microring resonator.
Laser emission based on the gain of the interference combination amplifier array in the
external cavity was formed by the feedback from the silicon nitride micro resonator chip;
the linewidth was reduced to 3 kHz, and the average output power was 37.9 mW. Table 4
shows the performances of silicon-based waveguide structures of NLECSLs. Silicon-
based waveguide structures of NLECSLs have excellent characteristics, such as compact
structure, low cost, mass production, integrated packaging, small size, etc., and have a
wide tuning range, while achieving a narrow linewidth. At present, the technical difficulty
of silicon-based waveguide structures of NLECSL involves how to improve the coupling
efficiency and reduce the reflectivity at the coupling. In addition, the heat accumulation
and dissipation during the thermo-optic effect tuning process takes a certain amount of
time, which affects the high-speed tuning. How to further improve the modulation speed
is a big challenge.

Table 4. Performance of silicon-based waveguide structure of NLECSLs.

Central
Wavelength

Tuning Range SMSR Line Width
Output
Power

Publication
Time

1565 nm 1560–1570 nm - 31 Hz 300 mW 2021 [29]

1550 nm 60 nm 55 dB 37 kHz 11 mW 2018 [30]

1540 nm 45 nm 60 dB 100 kHz 0.78 mW 2019 [31]

1550 nm - 55 dB 192 kHz 312 mW 2020 [32]

1559 nm 160 nm 55 dB 30 kHz - 2020 [33]

1670 nm 1647–1690 nm 46.01 dB 0.7 kHz 31.1 mW 2020 [34]

1550 nm 58.5 nm 70 dB 2.5 kHz 34 mW 2021 [35]

1546 nm 44 nm 67 dB 6.6 kHz 23.5 mW 2021 [36]

1542 nm 1513–1564 nm 42 dB 3 kHz 37.9 mW 2021 [37]

1550 nm 170 nm 64 dB 2.8 kHz 24.8 mW 2022 [38]
Note: “-” denotes that the data are not available.

4. Confocal F-P Cavity Structure of NLECSLs

To further narrow the linewidth on the basis of the structure of the ECSL, it is necessary
to use the mode selection element with a narrow bandwidth. The interference filter or
F-P cavity and narrow-band filter are the structures of the external cavity optical feedback
technology that are commonly used to narrow the linewidth [39]. Compared with the
optical cavities used in the traditional fiber narrow linewidth laser, solid narrow linewidth
laser and chip external cavity narrow linewidth laser, the high quality factor F-P cavity has
an extremely low thermal effect, nonlinear effect and ultra-high temperature stability [40].

Confocal F-P cavity structures of NLECSLs are designed as a monolithic confocal F-P
cavity and the focused laser beam is coupled with the tilted monolithic confocal F-P cavity.
The tilt angle of the cavity, with regard to the optical axis of the laser system, prevents
the non-resonant feedback from the cavity being re-injected into the emitter; this ensures
resonant-only optical feedback in the laser diode, as shown in Figure 4.

Figure 4. Confocal F-P Cavity structure of NLECSLs.
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A 657 nm ECSL system with stable output frequency was proposed in 2011 [41].
Through a narrowband high transmission interference filter, the instantaneous linewidth of
the laser emitted by this new diode laser system was 7 kHz and the linewidth was 432 kHz.
In the same year, Yang et al. [42] proposed a wide-cavity ECSL with a linewidth of kilohertz
using optical feedback from a single folded F-P cavity. The linewidth of the ECSL was
successfully reduced to 6.8 kHz.

In 2012, Yang Z et al. [43] proposed a NLECSL with high-precision dual-mirror non-
confocal cavity optical feedback. Through Lorentz fitting, the full width half maximum
linewidth of the laser was reduced to 100 Hz, and the instantaneous linewidth was reduced
to 30 Hz.

In 2014, Luo Z et al. [44] proposed an extended cavity diode laser with MHz linewidth.
The optical feedback technology of the folded Fabry–Perot cavity was used to replace the
mirror in the traditional ECSL configuration. The effective laser reduced the linewidth and
stable frequency, and the linewidth of the laser was reduced from about 20 GHz to 15 MHz.

In 2015, Lewoczko-Adamczyk W et al. [10] proposed a compact, ultra-narrow linewidth
semiconductor laser based on a 780 nm distributed feedback diode laser, which was self-
locked to an external single-chip confocal F-P cavity mode. When the output power
exceeds 50 mW, the Lorentz linewidth corresponding to the resonant optical feedback laser
is 15.7 Hz.

In 2015, Pyrlik C et al. [45] proposed a DFB based on 1.5 mm length and 780 nm with
a single confocal Fabry–Perot cavity. Both surfaces of DFB are coated with anti-reflection
coating. The tilt of the external resonator cavity relative to the optical axis of the laser system
is 15◦, which can prevent the non-resonant feedback of the cavity from being reinjected
into the transmitter. The line width of 31 Hz is obtained in the paper.

In 2017, Christopher H et al. [46] focused the light emission of the DFB semiconductor
laser chip into a confocal resonant feedback cavity. Therefore, the resonant feedback is
re-injected into the DFB diode laser chip. The light emitted from the other side of the DFB
laser chip is collimated through an optical isolator and coupled to the single-mode fiber.
The Lorentz linewidth of about 630 Hz is obtained by the self-delayed heterodyne device.
The corresponding FWHM level technical linewidth is about 30 kHz.

In 2018, the ultra-narrow bandwidth dual filter was used as the ECSL of the laser
longitudinal mode selection element developed by the Institute of Optoelectronics, Shanxi
University. For the angle of the rotating narrow band filter, the laser wavelength coarse
tuning range was 14 nm. The linewidth of the narrow-band filter ECSL is measured by the
fiber delay beat method. The linewidth is about 187 kHz [47].

In 2018, Yu Li et al. [48] developed a new on-chip semiconductor laser by introducing
the cursor effect and self-injection locking effect between the F-P diode laser on the silicon
chip and the external micro resonator. The narrow linewidth of the laser is 8 kHz, and the
wide switching range is 17 nm.

In 2020, Zhang L et al. [49] used a narrow-band interference filter for spectral selection,
and used a cat-eye reflector for optical feedback to design an ECSL. The ECSL works near
698.45 nm. The tuning range of the current control is more than 40 GHz, and the tuning
range of piezoelectric control is 3 GHz. The ECSL line width measured by heterodyne beat
frequency is about 180 kHz.

In 2021, YongXiang Zheng et al. [50] demonstrated a method of laser frequency sta-
bilization in a wide tuning range by installing piezoelectric ceramic actuators into the
Fabry–Perot cavity to stabilize the ultraviolet laser. In order to suppress the piezoelectric
drift, the piezoelectric actuator adopts a two-layer symmetrical structure to achieve a tuning
range of 14.7 GHz. It can be extended to the wavelength from ultraviolet to infrared. The
wavelength of ECSL is 369.5 nm and the linewidth is 20 MHz.

In 2021, Jakup Ratkoceri et al. [51] observed the stable locking region of the injection-
locked FP laser by using the delay self-zero difference technique and the RF spectrum of
the external cavity FP laser. The center wavelength is 1546.244 nm, and the 3 dB Lorentz
linewidth is 100 MHz. Table 5 shows the performance of the confocal F-P cavity structure of
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NLECSLs. The confocal F-P cavity structure of NLECSLs shows wide band frequency noise
suppression characteristics with a narrow linewidth; the confocal cavity length and the
cavity mirror’s curvature radius must be matched to avoid breaking the mode degeneracy,
which means higher requirements for accuracy when using higher finesse cavities.

Table 5. Performance of confocal F-P cavity structure of NLECSLs.

Central
Wavelength

Tuning Range Line Width Output Power
Publication

time

657 nm 0.5 GHz 432 kHz - 2011 [41]

689 nm 3.97 GHz 6.8 kHz 20 mW 2011 [42]

689 nm 4 MHz 100 Hz - 2012 [43]

635 nm 5–20 GHz 15 MHz 5 mW 2014 [44]

780 nm - 15.7 Hz 50 mW 2015 [10]

780 nm - 31 Hz 38 mW 2015 [45]

1064.49 nm - 630 Hz 4 mW 2017 [46]

852 nm 1.5 GHz 187 kHz 56 mW 2018 [47]

1555 nm 17 nm 8 kHz - 2018 [48]

698.45 nm 40 GHz 180 kHz 36 mW 2020 [49]

369.5 nm 14.7 Hz 20 MHz - 2021 [50]

1547 nm 20 nm 100 MHz - 2021 [51]
Note: “-” denotes that the data are not available.

5. Conclusions

In this paper, the three main device structures of NLECSLs are expanded upon. By
comparing a large number of data, we conclude that the confocal F-P cavity structure of
NLECSLs is the best structure to achieve a narrow linewidth, and could obtain the narrowest
linewidth, which is more precise and more suitable for applications that require a high
accuracy of the linewidth. NLECSLs are developing towards high power and narrower
linewidth. Through the continuous development of new optical feedback elements and
optical resonator design, the ultra-narrow linewidth laser below 20 Hz has been realized.
Combined with its characteristics of small volume, light weight, high conversion efficiency
and wide spectral range, it will be widely used in the fields of ultra-high precision lidar, inter
satellite communication, coherent optical communication, laser spectroscopy, atomic clock
pumping, atmospheric absorption measurement and optical fiber communication. How to
realize the wide tuning range, narrow linewidth laser output is a main research direction
for the future development of NLECSLs. In addition, a narrow linewidth laser is critical for
its application as a pump source for generating an extremely narrow linewidth Brillouin
output [52]. Currently, different approaches to narrow linewidth lasers have distinct
characteristics. In the future, new technologies will lead to further compression of the laser
linewidth, improvement of frequency stability, expansion of wavelength, and increase in
power, which will pave the way for human beings to explore the unknown world.
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Abstract: High-power semiconductor lasers have attracted widespread attention because of their
small size, easy modulation, and high conversion efficiency. They play an important role in national
economic construction and national defense construction, including free-space communication;
industrial processing; and the medical, aerospace, and military fields, as well as other fields. The
reliability of high-power semiconductor lasers is the key point of the application system. Higher
reliability is sought in the military defense and aerospace fields in particular. Reliability testing
and failure analysis help to improve the performance of high-power semiconductor lasers. This
article provides a basis for understanding the reliability issues of semiconductor lasers across the
whole supply chain. Firstly, it explains the failure modes and causes of failure in high-power
semiconductor lasers; this article also summarizes the principles and application status of accelerated
aging experiments and lifetime evaluation; it also introduces common techniques used for high-power
semiconductor laser failure analysis, such as the electron beam-induced current (EBIC) technique
and the optical beam-induced current (OBIC) technique, etc. Finally, methods used to improve the
reliability of high-power semiconductor lasers are proposed in terms of the preparation process,
reliability screening, and method application.

Keywords: high-power semiconductor laser; failure mechanisms; accelerated aging test; failure
analysis techniques

1. Introduction

High-power semiconductor lasers have the advantages of small size, light weight,
high electro-optical conversion efficiency, and easy monolithic integration, and are widely
used in free-space communication; industrial processing; and the medical, aerospace, and
military fields, as well as in other fields. High power characteristics and the long-term
stability of the laser’s wavelength and bandwidth are important prerequisites for the broad
application of semiconductor lasers. Generally speaking, levels above 100 mW for narrow-
stripe, single-mode devices and levels above 1 W for all other single- and multi-emitter
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lasers can be considered to be high power [1]. The reliability of high-power semiconductor
lasers is limited by the optical power density at the output facet, heat dissipation, and the
current density in the semiconductor. Understanding the reliability and failure mechanisms
of high-power semiconductor lasers is essential for the development of high-performance
and highly reliable application systems.

Research on the degradation mechanisms of semiconductor lasers dates back to the
1960s. In 1966, internal self-damage in gallium arsenide lasers was investigated by D.P.
Cooper et al. from Services Electronics Research Lab. Baldock, Herts, UK. They suggested
that the damage occurred as a result of the interaction between a critical high flux density
and some randomly distributed structural properties such as defects or diffusion irreg-
ularities [2]. In 1967, H. Kressel and H. Mierop from RCA Laboratories postulated that
the catastrophic damage in a GaAs injection laser resulted from the effects generated by
stimulated Brillouin emissions [3].

In the mid-1970s, the Nippon Telegraph and Telephone Corporation (NTT) and the
Nippon Electric Corporation (NEC) in Japan formed two research groups for collabora-
tion in the study of the reliability of semiconductor lasers for optical communications [4].
However, for the next two decades, reliability research studies were limited by the tech-
nology, and the degradation failure phenomenon was not fully understood at the atomic
level [5,6]. In the 21st century, IBM Zurich Research Laboratory (Switzerland) [7–9], Sumit-
omo Electric Industries, Ltd. (Japan) [10], Agilent (USA) [11], and the American Aerospace
Corporation [12] have conducted systematic studies on the reliability and degradation of
semiconductor lasers. The degradation mechanisms are gradually being addressed.

Analysis of the failure mechanism of high-power semiconductor lasers is an important
basis for studying their reliability. In this paper, the failure mechanisms of high-power
semiconductor lasers are introduced in detail, including three failure modes and the causes
of performance degradation, such as internal degradation, mirror facet degradation, elec-
trode degradation, packaging-related degradation, and the influence of environmental
factors. The principles of accelerated aging experiments in high-power semiconductor
lasers and their applications are also summarized. Failure analysis techniques such as the
electron beam-induced current (EBIC) technique, the optical beam-induced current (OBIC)
technique, the thermally induced voltage alteration (TIVA) technique, electroluminescence
(EL), microphotoluminescence mapping (μ-PL), emission microscopy (EMMI), cathodo-
luminescence (CL), electron channeling contrast imaging (ECCI), transmission electron
microscopy (TEM), and Raman are introduced in detail. The advantages and limitations
of each technique are compared. Finally, methods by which to improve the reliability
of high-power semiconductor lasers are proposed in terms of the preparation process,
reliability screening, and method application. It is hoped that this study can provide a
reference for research on the failure mechanisms of high-power semiconductor lasers, as
well as improvements to their reliability.

2. Failure Mechanism

The performance of semiconductor lasers decreases with an increasing operating time.
The most obvious manifestation of this is the decrease in output power and electro-optical
conversion efficiency of the semiconductor laser at a constant drive current. In addition,
catastrophic damage to the laser leads to a sudden drop in optical power [13]. Therefore,
an increase in the drive current is required to prevent the degradation of the laser during
constant power operation. The change in output power during laser degradation is mainly
caused by the decrease in the lifetime of the injected carriers and the increase in internal
optical losses. The mathematical model of the optical power output of a semiconductor
laser is as follows [1]:

Pout = ηe(I − Ith)
�ω

q
(1)

ηe = ηi
αm

αm + αi
(2)
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αm =
1

2L
ln

1
R1R2

(3)

where Pout is the optical output power, ηe is the external differential quantum efficiency,
I is the drive current, Ith is the threshold current, q is the electron charge, and h̄ω is the
energy quantum. ηi is the internal differential quantum efficiency; αi is the internal loss,
mainly caused by the free-carrier absorption of the waveguide material and the scattering
loss due to the roughness of the optical waveguide layer; and αm is the mirror loss. L is the
cavity length, R1 and R2 are the front cavity mirror reflectivity and the rear cavity mirror
reflectivity, respectively. Then, the root cause parameters directly affecting the decrease
in output power are the increase in the threshold current and the decrease in the slope
efficiency or external differential quantum efficiency.

2.1. Failure Mode

In most operating systems, semiconductor lasers usually operate at a constant output
power and lasing wavelength. Therefore, when degradation occurs, variations in the drive
current show different patterns, as shown in Figure 1.

 
Figure 1. Failure mode of the laser diode at constant output power.

The failure modes of high-power semiconductor lasers are similar to those of ordinary
semiconductor lasers. According to the relationship between drive current and lifetime, the
failure modes of high-power semiconductor lasers are manifested in the following three
forms: rapid failure, gradual failure, and sudden failure after gradual failure [14].

2.1.1. Rapid Failure

Rapid failure is usually observed within the first hundred hours of operation of
a semiconductor laser. It manifests itself as a rapid drop in the output power and a
rapid increase in the threshold current. Rapid failure is associated with defects present
within the laser. These defects are introduced during the epitaxial growth of the wafer
or the fabrication of the chip. The defects (such as the precipitation of impurity atoms
and dislocations) are accelerated by non-radiative recombination processes; there is also
vibration energy generated by recombination-enhanced dislocation climb or glide (REDC
or REDG) [15,16]. As defects propagate in the diode structure, dislocation networks form
and grow in the crystal structure, and these defects can destroy the active region of the
semiconductor laser and make the laser ineffective. The types and formation mechanism of
defects in degraded high-power semiconductor lasers are shown in Table 1 below.
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Table 1. Defect types in degraded high-power semiconductor lasers.

Lasing Wavelength Semiconductor Lasers Defect Types Mechanism

440–450 nm InGaN/GaN QW lasers <11-20>
a-type dislocations [17]

Climb mechanism
involving point defect

808 nm AlGaAs/GaAs QW-SCH
lasers

<110> DLDs
Dislocations dipoles [18] Gliding mechanism

980 nm InGaAs/AlGaAs QW lasers

<100> DLDs
Dislocation dipoles or climbed

dipoles [18]

Climb mechanism
involving point defect

<1-10> DLDs
Edge dislocation dipoles

Gliding mechanism
not involving point defect

1300 nm InGaAsP/InP QW lasers <100> DLDs
Dislocation dipoles [19]

Climb mechanism
involving point defect

1550 nm InGaAs/InP QW lasers
V-shaped defects

DLDs
Misfit dislocations [20]

Climb mechanism

To eliminate rapid failure, it is necessary to apply low-defect or defect-free substrates
to eliminate dark-line defects (DLDs) or dark-spot defects (DSDs) formed by the REDC or
REDG mechanism. In addition, the selection of lattice-matched epitaxial films to reduce
internal stresses in the laser structure and the selection of a support solder to reduce external
stress during bonding are useful methods. Last but not least, avoiding defect formation
during the epitaxial growth and fabrication processes is very important for reducing the
probability of rapid failure.

2.1.2. Gradual Failure

This failure mode manifests itself in several forms, including a gradual and slow long-
term decrease in the optical output power, and an increase in the threshold current with an
increasing operation or aging time. To reach a certain output power, the drive current of
the semiconductor laser needs to be increased. During this degradation process, the slope
efficiency of the laser remains constant, and, for a constant drive current, the output power
of the laser experiencing this failure mode can be seen to decrease over time. In general, the
optical power of the laser must be recovered at the cost of a higher drive current [21]. The
gradual failure mode often determines the maximum operating lifetime of semiconductor
lasers. The mechanism of gradual failure is related to the enhancement of internal stress
and the increase in non-radiative recombination centers in the active region. This failure
is always associated with the formation of DSDs, caused by the growth of dislocation
networks, and internal stresses, which are caused by defect clusters or micro-dislocation
loops in the active region of high-power semiconductor lasers [4].

To avoid the gradual failure of semiconductor lasers, it is important to reduce the
formation of non-radiative deep-level defect centers during epitaxial growth and device
fabrication [22]. For example, a diffusion barrier layer is created during the preparation of
metal electrodes to eliminate the inter-diffusion of metals and semiconductor materials.

Elimination of internal and external stresses around the active region, such as the
selection of an appropriate strained quantum well (QW) structure, is an effective way to
avoid long-term degradation. When the thickness of the QW layer is designed below a
certain level, no misfit dislocation is formed due to strain relaxation. A heat sink material
with a coefficient of thermal expansion that matches that of the semiconductor laser chip
should be selected.

2.1.3. Sudden Failure after Gradual Failure

Sudden failure after gradual failure is manifested by a semiconductor laser that has
been operating for a long period under normal operating conditions, but suddenly has no
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light intensity output. This is the most serious failure mode in high-power semiconductor
lasers. Sudden failure after gradual failure in most devices is associated with DLDs [23].
This degradation mode is closely related to electrical, optical, and thermal overloads
and also limits the maximum power of high-power semiconductor lasers. In addition,
catastrophic optical mirror damage (COMD) and electrode, solder, or heat sink degradation
may also lead to sudden failure after gradual failure [24].

Effective cavity surface passivation methods, vacuum cleavage, and coating techniques
or the fabrication of non-absorbing mirror structures, such as the use of QW intermixing
technologies, are applied to prevent the COMD phenomenon. Appropriate composite
heat sinks with high thermal conductivity and less thermal expansion stress can effectively
improve the reliability of semiconductor lasers due to their good matching of thermal
expansion efficiency to the chip.

2.2. Reasons for Degradation

As with many other types of electronic devices, the reliability and lifetime of high-
power semiconductor lasers depend heavily on their operating conditions, the suitability
of the epitaxial materials, and device structure. The high optical power density at the
output facet, heat accumulation, and the large current density in the semiconductor have
a significant influence on the reliability of high-power semiconductor lasers. Depending
on the type and location of the degradation in semiconductor lasers, degradation can
be classified as internal, mirror facet, electrode, degradation related to packaging, and
degradation caused by environmental factors.

2.2.1. Internal Degradation

As the operating time increases, local gain saturation or the spatial hole burning effect
lead to the formation of filamentation, self-focusing, or thermal lensing in the chip. Opti-
cally induced heating enhances defects, which are introduced by the substrate, epitaxial
growth, or fabrication processes migrating to the active region. The non-radiative recom-
bination rate of the carrier is accelerated [12]. The energy generated by the non-radiative
recombination process is converted into an Auger recombination or lattice vibrations,
leading to recombination-enhanced defect reactions (REDRs). The propagation of defects
through the REDC and REDG mechanisms leads to the formation of dislocation networks
known as DLDs [4]. The REDR process is further enhanced by the strong optically induced
heating phenomenon. The slow propagation of internal defects within the epitaxial material
leads to an increase in non-radiative recombination centers in the active region, accompa-
nied by a decrease in the electro-optical conversion efficiency and the output power. As a
result, degradation of the semiconductor laser occurs. Internal degradation also includes
DLDs and DSDs, which often lead to the rapid failure of semiconductor lasers. Figure 2
shows a TEM image of a typical DLD observed in a rapidly degraded GaAlAs/GaAs
double-heterojunction laser [25]. DLD can also cause catastrophic optical bulk damage
(COBD), leading to the rapid failure of the laser [26]. COBD refers to the catastrophic
damage occurring inside the laser, which is different from that on the mirror facet.

2.2.2. Mirror Facet Degradation

Mirror facet degradation is a serious problem for high-power semiconductor lasers. It
is a combination of COMD and chemical corrosion. COMD is considered one of the major
limiting factors for achieving ultra-high optical power and is the main bottleneck limiting
its reliability [27].

Figure 3 below illustrates the process of COMD generation, which is directly caused
by high cavity surface temperatures. The relevant heating mechanism is the non-radiative
recombination process induced by impurity oxides formed at the cleaved facet surface and
the strong optical absorption process of the emitted laser light [28].
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Figure 2. TEM image of dislocation dipole associated with <1 0 0> direction DLD in a rapidly
degraded GaAlAs/GaAs double-heterojunction laser. Reprinted with permission from ref. [25] ©
Elsevier. Copyright 1999 Microelectronics Reliability.

Figure 3. COMD generation mechanism.

In addition, the type of package may lead to an increase in the cavity surface temper-
ature: packages of semiconductor lasers usually have an “overhang” of about 10 μm to
protect the mirror facet’s desorption from the solder material. As a result, the temperature
of the mirror facet may be higher than that of the cavity [29]. The critical local temperature
may be reached when the temperature is further increased by increasing the operating cur-
rent or heat sink temperature, or when defects caused by aging are generated by long-term
operation. At this point, intrinsic or extrinsic mechanisms leading to additional temperature
increases from a positive feedback loop and thermal runaway start to occur.

When COMD occurs, DLDs are generated during the laser’s operation; these DLDs
are areas of non-radiative combination centers in the active region of the laser; they are
generated locally, both on the cavity surface and inside the cavity, and can propagate along
the cavity driven by the optical field, eventually leading to laser failure.

The photochemical action leads to slow oxidation of the mirror facet, which, in turn,
leads to a gradual increase in local defects on the cavity surface and a change in their
corresponding local reflection coefficients. An increase in optical absorption at the defects
leads to an increase in local non-radiative recombination and a corresponding increase in
temperature. Semiconductor lasers containing aluminum in the active region are more
susceptible to catastrophic damage because aluminum adsorbs water and oxygen, making
the laser cavity surface more susceptible to oxidation, which leads to the formation of local
defects, and the device suffers catastrophic damage with increasing operation time.
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2.2.3. Electrode Degradation

The main causes of electrode degradation are the degradation of ohmic contact and the
degradation of thermal resistance. Ohmic contact degradation is mainly due to ion diffusion
and electrical migration between the electrode material and the semiconductor material. In
order to obtain a high output power, the electrodes of semiconductor lasers usually operate
at very high current densities. At high current densities, electrical migration of metal ions in
the electrodes occurs [30]. Metal ions undergo directional migration driven by high-density
electron flow, and undergo significant mass transport, which, in turn, creates cavities voids
or mounds (or whiskers) in the contact structures of the metal and semiconductor materials,
producing electromigration failures. Electromigration failure often occurs together with
processes such as chemical migration, stress migration, and thermal migration [31], leading
to degradation failure of the electrode. In addition, impurity particles introduced during
the welding process, as well as thermal stresses due to excessive temperature rising and
falling, can also lead to degradation of the electrode.

2.2.4. Packaging-Related Degradation

The packaging stresses generated during the manufacturing process of a high-power
semiconductor lasers can seriously affect their service life. Encapsulation stress is mainly
caused by the mismatch of thermal expansion coefficients between the chip and the heat
sink materials. Encapsulation stress changes the bandwidth of the semiconductor material
and introduces a large number of dislocations in the active region, affecting the threshold
current, wavelength, linewidth, and polarization of the laser [32]. Then, the service life of
the laser is reduced, leading to transient failure. Solder (e.g., indium) creeps and climbs
during operation, accumulating at the mirror facet and causing side leakage, leading to
short circuits. Gaps created during the soldering process and oxidation of the solder can
lead to laser degradation.

2.2.5. Influence of Environmental Factors

High-power semiconductor lasers are widely used in both terrestrial and space sys-
tems. For application scenarios in space systems, the exacerbating effect of radiation
damage from the environment on laser degradation needs to be considered. Proton irradia-
tion [33], electron irradiation [34], and γ-ray irradiation [35] can lead to crystal defects in
semiconductor materials (e.g., Frenkel-type defects), which can affect the reliability of semi-
conductor lasers. The ambient temperature range for terrestrial systems is typically −40
to +85 ◦C. The temperature conditions in space are much harsher than those in terrestrial
applications, e.g., from −120 ◦C to +120 ◦C. A drastic temperature variation range can also
deteriorate the reliability.

The reliability of high-power semiconductor lasers can also be greatly affected by
electrostatic discharge damage (ESD) generated during manufacturing, transportation, and
use. ESD damage is typically caused by one of three events: direct static electricity from
a person to a device, static electricity from a charged device, or field-induced discharge.
Therefore, suitable models for simulating ESD-induced damage are called the Human
Body Model (HBM), the Charged Device Model (CDM), and the Machine Model (MM),
respectively. High-power semiconductor lasers are classified into edge-emitting lasers
(EELs) and vertical cavity surface-emitting lasers (VCSELs) according to the emitting
direction. VCSEL and VCSEL arrays are extremely sensitive to ESD [36,37]. If an ESD event
occurs, catastrophic damage in the active area may occur leading to sudden failure of the
semiconductor laser, and the laser may then degrade in its subsequent operation with the
occurrence of other failure mechanisms, which can be easily confused with other causes
of failure.
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3. Accelerated Aging Test and Lifetime Test Method

3.1. Reliability
3.1.1. Reliability Overview

Reliability is the ability of a product to perform a “specified function” under “specified
conditions” and for a “specified time”. Reliability is usually reflected indirectly by the
failure rate. According to Equation (1), failure of a semiconductor laser is generally defined
as a failure when the drive current I remain constant and the output power Pout decreases
to a certain percentage (e.g., 50% of the initial value, which can also be specified), or when
the output power Pout remains constant and the drive current I rises to a certain degree
(e.g., 120% of the initial value).

The failure rate of a semiconductor laser (instantaneous failure rate) λ(t) is the proba-
bility of failure per unit of time after the laser has been in operation up to the moment t.

Figure 4 shows a typical failure rate function for a 1550 nm distributed feedback (DFB)
laser [38].

Figure 4. Variations of the time-dependent failure rate. Reprinted with permission from ref. [38]
© Elsevier. Copyright 2021 Advanced Laser Diode Reliability.

The failure pattern of most optoelectronic devices is similar to this curve and is
divided into three phases called the early failure period, the random failure period, and the
wear period.

(1) Early failure: The device has a high failure rate and a very short operating lifetime, usu-
ally due to rapid degradation caused by the rapid growth of the internal defects within
the device. These defects are mainly generated during the manufacturing process.

(2) Random failure: This stage has a low failure rate, is difficult or impossible to predict,
and is associated with chance factors.

(3) Wear and tear failure: The device shows wear and ages in different operating environ-
ments, reaching its service life, and eventually failing.

3.1.2. Reliability Experiments

Reliability experiments are an important method by which to study the reliability
of high-power semiconductor lasers. Reliability experiments are divided into four main
categories: environmental experiments, lifetime experiments, special test experiments, and
field application experiments. The lifetime of a high-power semiconductor laser is an
important indicator of its reliability. Lifetime experiments are common methods used to
evaluate the reliability and degradation analysis of semiconductor lasers.

The lifetime experiments are divided into long-term lifetime experiments and acceler-
ated aging experiments. With the development of high-power semiconductor lasers, their
lifetimes have been continuously improved, and most of them have reached a lifetime
on the order of 10,000 h. If the lifetime experiment is completed according to an actual
application environment, the test time can be long and the device cost can be high. In order
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to save time and costs, accelerated aging experiments are often used to quickly determine
the reliability of the device.

3.2. Accelerated Aging Experiment
3.2.1. Theoretical Basis for the Accelerated Aging Test

The idea of the accelerated aging experiment is to create an experimental environment
at high stress levels, so the necessary experimental data of the test device can be obtained.
Then, one can apply statistics or other data processing methods to extrapolate the lifetime
characteristics of the device operating at normal stress [39]. Therefore, the relationship
between lifetime characteristics and stress levels needs to be established. The common
accelerated stresses used in aging experiments of high-power semiconductor lasers are
mainly temperature stresses and electrical stresses.

Arrhenius Model

An important model is the Arrhenius equation that expresses the temperature stress
and reaction rate as follows [40]:

dM(T)
dt

= A0exp
(−Ea

kT

)
(4)

dM(T)
dt is the rate of process to failure, indicating the speed of the reaction; k is the Boltzmann

constant; Ea is the activation energy that causes the failure or degradation process; T is
the absolute temperature; and A0 is a non-thermal constant factor. A cumulative failure
distribution diagram at different constant temperatures is usually used to obtain the median
life (mean time to failure) at each temperature. According to the Arrhenius curve of median
life and temperature, the failure activation energy and the extrapolated working life of the
devices can be obtained.

Inverse Power Law Model

When the life of a system is an inverse power function of the accelerating stress vari-
able, the inverse power law is commonly used. The inverse power law model describes the
relationship between the applied stresses (e.g., voltage, current, optical power, temperature
cycling, or mechanical vibration, etc.) and the lifetime of a semiconductor laser [41].

Ls = Av−C (5)

LS represents the life at a stress of v; A is a constant typical for laser type; C is an exponent
characteristic of the laser device, which is a positive constant related to the activation
energy; and v is the accelerating stress.

Different stresses produce different failure mechanisms, and the choice of stresses in
the experiment is determined by the actual situation. The Arrhenius model and the inverse
power law model can be linearized and written uniformly in the following form:

Ls = a + blnφ(s) (6)

LS is the characteristic lifetime; φ is a function related to the s stress; and a and b are
coefficients that can be calculated from the experimental data.

3.2.2. Classification of Accelerated Aging Test

The accelerated aging test can be divided into constant stress, step stress, and sequen-
tial stress accelerated aging experiments according to the variation law of the accelerated
stress applied in accelerated aging experiments [42].

Constant stress experiments are performed by dividing the stress levels into different
groups and then testing the devices in different groups until all the devices fail. The stress
level does not change during the whole experiment.
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Step stress experiments are also divided into different stress levels. All the test devices
are placed at the same level. After a period of time, the stress level is switched to a higher
level. The failed devices are removed, then the experimental conditions are switched to
another higher stress level, and so on, until a certain percentage of devices fail.

The sequential stress experiment is similar to the step stress experiment, except that
the stress level of the sequential stress experiment increases continuously with time, which
can also be regarded as the limiting case of the step stress, in which the time interval of the
stress transition is considered to be very small.

Among these three experimental methods, the experimental environment setting of
the constant stress experiment is relatively simple, but the test is very time-consuming; the
experimental operation of the step stress experiment is more complicated than that of a con-
stant stress experiment, but it is more time saving. The experimental environment setting
of the sequential stress experiment is complicated, and there are fewer related reports.

3.3. Example of Accelerated Aging Test

Research on the lifetime of high-power semiconductor lasers around the world has
focused on several large laser manufacturing companies and research institutions, such
as IBM Zurich Research Laboratory [43,44], NASA [45,46], COHERENT [47], JOLD in
Germany [48], the 13th Research Institute of China Electronics Technology Group Corpo-
ration [49], the Research Institutes of Chinese Academy of Sciences [50], nlight Corpora-
tion [51,52], and the American Aerospace Corporation [53,54], etc.

In 1991, A. Moser and E.E. Latta of the IBM Research Division, Zurich Research
Laboratory, determined the apparent Arrhenius parameters for the rate process of COMD
failure. They compared the rate processes for various cleaved facets with and without a
subsequent plasma oxidation step. A tentative model for facet heating that ultimately leads
to COMD in AlGaAs/GaAs QW lasers was established [43].

In 1994, A. Oosenbrug and E.E. Latta of the IBM Research Division, Zurich Research
Laboratory studied the high-power operational stability of 980 nm InGaAs/AlGaAs QW
lasers. In total, 60 high-power semiconductor lasers were tested for their long-term lifetimes,
with individual hours ranging from 6000 to 32,000 h, some at power levels above 200 mW
(up to 300 mW continuous wave). For a group of devices operating at 200 mW continuous
wave and at 50 ◦C, they found a log-normal distribution with a median life of >150 kh [44].

In 2005, Guoguang Lu et al. of Changchun Institute of Optics and Mechanics, Chinese
Academy of Sciences, investigated the reliability of 808 nm high-power InGaAsP/InP
lasers using constant stress accelerated aging tests [49]. They conducted constant current
aging tests on six randomly selected lasers at 70 ◦C and 80 ◦C with an operating current of
1000 mA, and used the Arrhenius equation to derive a lifetime of 30,000 h at 25 ◦C.

In 2008, Hongde Wang et al. of the 13th Research Institute of China Electronics Technol-
ogy Group Corporation conducted aging experiments on 808 nm AlGaInAs/AlGaAs/GaAs
QW lasers [50]. They performed step stress experiments based on the inverse power law
model, with electrical stress levels of 1, 1.3, 1.5, 1.7, and 2 A for a duration of 600 h. By
comparing the failure rates of the devices with constant stress and step stress experi-
ments, they found the same failure modes and similar lifetime estimates for both methods.
This experiment verified that the step stress test is more time efficient than the constant
stress test.

In 2011, nLight corporation performed reliability tests on 976 nm single-emitter laser
diodes [51,52]. Seven sets of test conditions were performed: 18 A, 52 ◦C (drive current,
junction temperature); 12 A, 62 ◦C; 16 A, 55 ◦C; 14 A, 58 ◦C; 15.7 A, 88 ◦C; 15 A, 73 ◦C;
and 13.7 A, 42 ◦C. Over 15,000 h of accelerated life test reliability data were collected. The
effects of temperature and power acceleration were evaluated by accelerated aging tests,
and it was concluded that the mean time to failure was greater than 30 years at an output
power of 10 W and a junction temperature of 353 K (80 ◦C), with a statistical confidence
level of 90%.
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In 2016, the American Aerospace Corporation reported their study of long-term
accelerated aging tests on high-power, single-mode and multi-mode InGaAs/AlGaAs
strained QW lasers [53,54]. They tested 64 single-mode 975 nm QW lasers with four
experimental conditions: a drive current of 1.5 A and a junction temperature of 70 ◦C; a
drive current of 1.5 A and a junction temperature of 120 ◦C; a drive current of 1.8 A and
a junction temperature of 70 ◦C; a drive current of 2.1 A and a junction temperature of
70 ◦C. The test time for each test condition was 6500 h, and the test accumulation was
25,000 h (nearly 3 years). They tested 32 multi-mode lasers with lasing wavelengths of
920–960 nm at a drive current of 4 A and a junction temperature of 55 ◦C, for a total of over
35,000 h. This is the longest reported lifetime test for a single-mode or multi-mode laser in
the 915–980 nm band. Their failure analysis of the devices showed that the main cause of
failure was internal degradation.

In 2017, Zhiwen Wang et al. of the Institute of Semiconductors, Chinese Academy of
Sciences, conducted a lifetime test of their self-developed 975 nm high-power semiconduc-
tor laser using a current step stress aging experiment [55]. They set the current stresses
to 10, 12, and 14 A, and the aging times to 1200 h, 500 h, and 500 h. The test results were
analyzed according to the inverse power law model, and the average lifetime of the device
at a current of 8 A was calculated to be 28,999 h.

In 2019, constant temperature and constant current aging tests were conducted on
18 conduction-cooled packaged 60 W 808 nm high-power diode lasers by the Xi’an Institute
of Optics and Precision Mechanics, Chinese Academy of Sciences, and Xi’an Focuslight
Technologies Inc [56]. The average laser lifetime was 1022, 620, and 298 h at three different
heat sink temperatures of 55, 65, and 80 ◦C with a constant current of 60 A. The lifetime at
room temperature was calculated to be 5762 h according to the Arrhenius formula. The
number of lasers in this experiment was relatively large, and the test temperature and
output power were high. Because of the high costs and long duration of this experiment,
such reports are quite rare.

4. Failure Analysis Techniques

The performance and reliability of semiconductor lasers can be significantly improved
by precisely defining the location and cause of damage. Many techniques have been
employed to characterize the failure modes and degradation mechanisms of high-power
semiconductor lasers: the EBIC technique, the OBIC technique, the TIVA technique, EL,
μ-PL, EMMI, CL, ECCI, TEM, and Raman, etc.

4.1. EBIC

EBIC is a technique commonly used to detect defect localization in semiconductor
lasers for in-depth failure analysis [57,58]. It is a scanning electron microscopy (SEM)-based
technique used to measure the current flowing through a semiconductor. When an electron
beam is shone on a semiconductor chip, electron–hole pairs are created in a certain range
within the semiconductor. The induced current of carriers can be collected by the internal
electric field, which detects electrical defects with reduced carriers due to recombination.
The intensity of the EBIC signal corresponds to the strength of the internal electric field
around the p–n junction. Defects that are non-radiative recombination centers show a
significantly lower EBIC signal [59,60].

Since the depth of the generated carriers depends on the accelerating voltage, a wide
voltage range from 5 to 40 kV is essential for the quantitative study of the defect activity.
Typically, the lateral resolution of EBIC varies from 20 to 500 nm, depending on the SEM
conditions and material composition.

In 2018, Yong Kun Sin et al. from the California Aerospace Corporation EI Segundo,
employed the EBIC technique for the first time to determine the failure modes of 980 nm
degraded single-mode InGaAs/AlGaAs strained QW lasers by observing DLDs [61]. Fig-
ure 5 shows the EBIC images of the high-power InGaAs/AlGaAs QW laser under different
aging conditions: (a) 2.1 A/70 ◦C with a fail time of 10,205 h, (c) 1.8 A/70 ◦C with a fail
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time of 2560 h, and (d) 2.1 A/70 ◦C with a fail time of 1180 h. This clearly shows that the
onset of the DLDs is confined within the 4 μm wide waveguide. The combination of the
SEM and EBIC images indicates that the degradation process occurs in the active layer.

Figure 5. EBIC images were captured from high-power InGaAs/AlGaAs QW lasers with different
aging conditions near the front facet. (a) 2.1 A/70 ◦C with a fail time of 10,205 h, (c) 1.8 A/70 ◦C
with a fail time of 2560 h, and (e) 2.1 A/70 ◦C with a fail time of 1180 h and corresponding EBIC
images near the rear facet (b,d,f). Reprinted with permission from ref. [61] © SPIE. Copyright 2018
Proceedings of SPIE.

In 2020, the rapid degradation behavior and failure mechanisms of InGaN/GaN
green laser diodes (LDs) were investigated by the University of Shanghai for Science and
Technology and the Chinese Academy of Sciences using the EBIC technique to assist in
identifying the location of defects [62]. The SEM and EBIC images of the non-aged LD
are shown in Figure 6a,d, and the SEM images of the two possible locations where the
LD underwent severe degradation after the aging experiments are shown in Figure 6b,c.
Compared with the non-aged LD, bubble-like defects can be observed in the images marked
as P1 and P2, in which, combined with Figure 6e,f, the EBIC signal is slightly reduced.
According to the EBIC principle, a higher carrier trap density exists in the active region of
the laser near the bubble-like defects.

4.2. OBIC

OBIC is a non-destructive, highly sensitive, and high-resolution technique that is
widely used to characterize defects present in semiconductor lasers such as stacking faults,
dislocations, diffusion spikes, diffusion pipes, electrical over stress (EOS), and ESD damage.
OBIC is a scanning optical microscopy imaging mode that locates regions of Fermi-level
transitions. When the active region of a semiconductor laser is illuminated by a focused
and scanned beam, the electron–hole pairs generated in the active region are separated by
the built-in electric field in the p–n junction, and then collected by the electrodes to form a
photocurrent that serves as the OBIC signal. Defects in the semiconductor material produce
local variations in the Fermi level or the built-in potential that can enhance or weaken the
recombination current, and, hence, the OBIC signal.

184



Crystals 2022, 12, 765

 

Figure 6. Typical secondary electron images of (a) non-aged LD and (b) and (c) rapidly degraded LD
and the corresponding EBIC images of (d) non-aged LD and (e) and (f) rapidly degraded LD (the
two black ovals mark two possible heavily degraded positions in the LD). Reprinted with permission
from ref. [62] © Elsevier. Copyright 2020 Superlattices and Microstructures.

In 2007, Tatsuya Takeshita et al. of NTT, Japan, proposed a novel OBIC measurement
technique to analyze the degradation position of a 2.5 Gbps directly modulated 1.55 μm
uncooled DFB laser [63]. Incident beam sources with wavelengths longer than the band
edge of the InGaAsP active layer were applied to improve the sensitivity of the OBIC. They
confirmed that the degradation mechanism of the 1.55 μm InGaAsP/InP strained QW laser
was mainly governed by diffusion defects on the waveguide rather than defects near the
anti-reflective surface.

Figure 7a shows a digital OBIC scan image of the anti-reflective facet for the 1.55 μm
InGaAsP/InP strained QW laser [63]. It underwent an aging time of 9000 h at 95 ◦C. The
bright areas in the figure represent the active region. To characterize the degradation of
the semiconductor laser, the peak OBIC intensity of the laser was normalized to 1.0 before
aging. Figure 7b shows the normalized OBIC (nor-OBIC) signal intensity profile of the
laser perpendicular to the p–n junction before and after aging. The peak of the nor-OBIC
intensity dropped to 0.95 after aging, which indicates the degradation of the active layer
after aging.
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Figure 7. OBIC technique for monitoring the internal degradation of the laser. (a) OBIC image of
the laser and (b) normalized OBIC signal intensity profile. Reprinted with permission from ref. [63]
© Elsevier. Copyright 2007 Microelectronics Reliability.

In 2021, Che Lun Hsu et al. from National Yang Ming Chiao Tung University presented
a modified OBIC microscope based on a tunable ultrafast laser to spectrally resolve the
failure point of an electrostatic discharge-damaged VCSEL [64]. A spectrally resolved OBIC
image of a normal VCSEL is shown in Figure 8 [64].

 
(a) (b) 

Figure 8. Spectrally resolved OBIC for ESD detection. (a) Normal and (b) Spectrally resolved OBIC
image of the EDS-HBM VCSEL. Reprinted with permission from ref. [64] © The Optical Society.
Copyright 2021 OSA Continuum.

The OBIC image was obtained by adjusting the incident wavelength at 5 nm intervals
between 780 and 900 nm. The photocurrent signal was adjusted by a voltage preamplifier
before being fed to the A/D converter for mapping. The obtained OBIC images are
presented in a color-coded format. The active region of the OBIC confined by the oxide
layer can be identified, resulting in a circular pattern. In a normal VCSEL (Figure 8a), the
photocurrent distribution in the active region is very uniform. The maximum intensity
of the photocurrent appears when the incident wavelength is 780 nm. When the incident
wavelength is longer than 860 nm, there is no photocurrent response.

Figure 8b shows the spectrally resolved OBIC image of the ESD-HBM (human body
model) VCSEL, in which it can be seen that there are two defect points in the active
region: a large one at the edge and a small one near the center of the edge. Therefore,
the OBIC technique can precisely define the damage location and failure cause of ESD-
damaged VCSELs.
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4.3. TIVA

Due to it being non-invasive and having a simple sample preparation, the TIVA
technique is widely recognized as a fast and effective tool for locating defects in current
biased devices, especially those with poor optical emission [65,66]. It is a type of thermal
laser stimulation (TLS) technique. A focused 1.064 μm laser beam is used as an active
probe to scan and locate defects in group III–V semiconductor lasers. The focused laser
scan causes a localized change in thermal gradient at the scan location, which results in
a change in local resistance. The change in resistance is captured when monitoring the
voltage change across a fixed current source.

TIVA has been widely used to perform topside and backside inspections of failed
VCSELs. Robert W. Herrick et al. of the Intel Corporation used the “backside TIVA”
technique to inspect the DLDs in VCSELs [67]. Figure 9 shows TIVA images of mesa oxide
in VCSELs before and after aging tests [67]. The reflected bright image (Figure 9a) shows a
mesa with a diameter of about 42 μm and an oxide pore size of 12 μm. Figure 9b shows the
TIVA image of the back side of the device under normal operation conditions. It shows
some evidence of damage in the upper left corner, but it has not yet spread. The TIVA
image of the degraded device (Figure 9c) shows the DLD propagating from the edge of the
mesa in the lower right corner and then causing a failure as it reaches the emitting region
in its center.

   
(a) (b) (c) 

Figure 9. TIVA for detecting DLDs in VCSEL. (a) Reflected light image, (b) TIVA image of a normal
VCSEL, and (c) TIVA image of a VCSEL damaged by aging test. Reprinted with permission from
ref. [67] © Springer Nature. Copyright 2013 Springer eBook.

4.4. EL

EL is always employed to detect hidden cracks, black blocks, dislocations, and stacking
faults in semiconductor lasers. The use of EL is usually sufficient to classify the location
of the damage in EELs. When a fixed field is applied to the active region of a laser chip,
the part without defects emits photons due to electron and hole recombination, while the
defective part without electron and hole recombination shows a dark region. EL imaging
is particularly suited to study the development of DLDs caused by luminescence-killing
dislocation networks in laser cavities. EL line scans across a defect structure provide useful
quantitative information.

In 2018, Yongkun Sin et al. from the Aerospace Corporation, El Segundo, found a
new failure mode in high-power multi-mode InGaAs/AlGaAs strained QW lasers using
EL techniques for short-term step stress tests and long-term accelerated aging tests [68].
Figure 10 shows the top surface EL images of two multi-mode InGaAs/AlGaAs strained
QW lasers [68]. Figure 10a shows the DLD starting from the front mirror, indicating the
degradation of the facets (COMD failure). Additionally, the DLDs of the bulk failure in
Figure 10b start from the inside of the cavity, indicating catastrophic optical bulk damage
(COBD failure).
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Figure 10. EL images of degraded multi-mode lasers show a facet failure and a bulk failure. Reprinted
with permission from ref. [68] © Springer Nature. Copyright 2018 MRS Advances.

4.5. μ-PL Mapping

The μ-PL mapping technique is a simple, non-destructive, and non-contact method
used to detect the defect concentrations and crystalline quality of semiconductor materials.
The semiconductor material is irradiated by a certain frequency of light. The electrons in
the defect-free parts are excited to a higher electronically excited state, and then radiate
a photon as the electrons return to a lower energy state and release energy (photons). PL
intensity mapping and peak wavelength mapping in semiconductor wafers as grown and
processed can provide information on material uniformity, dislocation density, the density
of deep traps, the distribution of residual impurities, and anneal uniformity.

In 2006, Marwan Bou Sanayeh et al. of OSRAM Opto Semiconductor GmbH employed
the μ-PL mapping technique to investigate COMD-induced defects in high-power AlGaInP
broad-area lasers [69]. Figure 11 shows the μ-PL mapping of the COMD laser. From the
magnification of the defects near the output facet, highly non-radiative defects start from
the output facet and propagate parallel to the waveguide direction inside the cavity.

Figure 11. μ-PL mapping of a laser after COMD with a magnification of the output facet
(white = low PL intensity and black = high PL intensity). Reprinted with permission from ref. [69]
© AIP Publishing. Copyright 2006 Applied Physics Letters.

4.6. EMMI

The EMMI technique is a highly efficient and high-precision, non-destructive method
used to detect leakage currents from device defects, ESD failures, junction leakage, contact
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spiking, and hot electrons, etc. By detecting the photons excited by the recombination of
electron and hole, the failure position and mechanism can be deduced. Based on the precise
positioning of the EMMI, focused ion beam (FIB) slitting enables direct observation and
analysis of the localization of failure points.

In 2021, Roert Fabbro et al. from AMS, Unterpremsteatten, AG, Austria, and Graz
University of Technology, Graz, applied the reverse-bias EMMI technique to detect defect
localization in high-power VCSEL arrays. They performed failure detection on a high-
power 2D-VCSEL array consisting of 932 emitters, as shown in Figure 12a [70].

Figure 12. (a) High-power 2D-VCSEL array consisting of 932 emitters. (b) Reverse-bias EMMI image
of region A of the VCSEL array before stress; (c) reverse-bias EMMI image of region A of the VCSEL
array after stress; (d) reverse-bias EMMI image of region B in the VCSEL array after stress; and
(e) colorized close-up of the marked emitter in (d). Reprinted with permission from ref. [70]
© IOP Publishing. Copyright 2021 Measurement Science and Technology.

Figure 12b,c show the photon emission changes of individual emitters on the VCSEL
array in a reverse-bias EMMI before and after stress [70]. They found that the most
promising emitters showing degradation and defects were those showing a change from
dark to bright (i.e., the change shown between Figure 12b,c) The emission intensity of each
emitter depends on the intrinsic shunt resistance; defects such as cracks, ESD damage,
and DLDs also act as leakage current pathways by damaging the internal crystal structure.
These additional pathways increase the overall leakage current flowing through the emitters
during PN junction reverse bias, and avalanche breakdown occurs, thus increasing the
emission intensity of the damaged emitters during reverse bias. Figure 12d presents the
reverse-bias EMMI image of region B in the VCSEL array after stress, where one of the
emitters has high brightness (red square on the right side of the figure). A colorized close-up
of the reverse-bias emission pattern of one of the emitters with a high brightness shows
emissions across the whole emitter with two main defect spots (Figure 12e).

4.7. CL

The cathodoluminescence (CL) spectroscopy technique has a nanoscale spatial reso-
lution (30–50 nm), which is normally applied to characterize the changes in composition,
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strains, and crystalline defects in semiconductor materials, such as dislocations, stack-
ing faults, and impurities, etc. It can track elements and impurities and analyze the
failure causes of semiconductor materials and defect localization within lasers. The CL
technique is a powerful tool for observing dislocation defects in the active region of a
semiconductor laser.

Due to the interaction of high-energy electrons (cathode rays) with a semiconductor
material, electromagnetic radiation or a light ranging from visible to near-infrared is created
by electron transitions in bandgaps or defect localizations. Using a specialized SEM, the
electromagnetic radiation or light can be collected.

In 2013, V. Hortelano from the University of Valladolid investigated the defect signa-
tures in degraded high-power laser diodes [18]. The degradation mechanism of an aged
980 nm single-ridge waveguide InGaAs/AlGaAs-based QW laser and broad-area emitter
808 nm AlGaAs/GaAs QW laser were studied using the CL technique. The character-
istics are shown in Figure 13. Figure 13a,b show the CL images of DLDs in the 980 nm
InGaAs/AlGaAs QW laser. The <100> DLDs at 45◦ to the cavity and the <1–10> DLDs
perpendicular to the cavity can be observed in Figure 13 (a) and (b), respectively. The
propagation of the DLD in Figure 13a is driven by the REDC mechanism. The propagation
of the DLD in Figure 13b is driven by the REDG mechanism. Figure 13c shows the V-shaped
defect in an aged 808 nm AlGaAs/GaAs QW laser.

  
(a) (b) (c) 

Figure 13. DLDs observed by the CL technique. (a) CL image of DLDs at 45◦ to the cavity, (b) CL
image of DLDs perpendicular to the cavity, and (c) CL image of V-shaped defects. Reprinted with
permission from ref. [18] © Elsevier. Copyright 2013 Microelectronics Reliability.

4.8. TEM

TEM is based on the interaction between a high-energy electron beam and a very thin
sample. It is a high-resolution technique used to reveal the crystallographic phase at the
nanometer scale; to characterize crystal defects such as dislocation, grain boundaries, voids,
and stacking faults in a III–V super lattice; and to identify nanometer-sized defects on
integrated circuits, including embedded particles and via residues.

In 2010, Shigetaka Tomiya et al. from Advanced Materials Laboratories, Sony Cor-
poration, investigated the structural defects and degradation phenomena in high-power
pure-blue InGaN-based laser diodes. They proposed that the 440–450 nm InGaN-based LDs
were degraded by an increase in the capture cross-section of non-radiative recombination
centers at the active regions due to the diffusion of point defects and/or impurities during
laser operation [17].

They confirmed that the introduction of a current injection-free region at/near the
laser facet had a significant effect on the suppression of COMD degradation. Additionally,
the increase in non-radiative recombination centers was caused by the current injection
and not by an optical effect. The multiple defects consisted of a combination of columnar
defects, and dislocations were demonstrated by cross-sectional TEM images of the multiple
quantum wells (MQWs).
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4.9. ECCI

ECCI relies on electron diffraction inside crystalline materials. The information of the
crystalline defect is carried by elastically backscattered electrons, which can be significantly
modulated by the crystal orientation near the top surface. It is a helpful method used to
examine the dislocation distribution and cross-sectional facet conditions of aged devices. It
allows the detection and characterization of dislocation substructures near the surface of
bulk specimens, which can be retested and re-examined, and it allow a large area of the
specimen to be examined, thus allowing statistical information to be collected for large
numbers of persistent slip bands and cracks.

The advantage of adopting the ECCI method compared to cross-sectional TEM image
is that no sample preparation is required, and, moreover, one can continuously monitor the
device aging process without damaging the device structure.

In 2021, Bei Shi et al. from the University of California Santa Barbara, USA, applied
the ECCI technique to examine the dislocation distribution of aged 1550 nm InGaAs/InP
QW laser diodes monolithically grown on silicon [20]. A high density of V-shaped defects
originating from the multiple-QW region was detected before device aging. Extended
DLDs were observed in the QW region, the InP buffer, and the strained-layer super lattices.
They found that the DLDs introduced new misfit dislocations and promoted the climbing
of threading dislocations, leading to device degradation.

4.10. Raman

Laser Raman microprobe spectroscopy is a non-destructive detection method that
measures damaged portions of semiconductor materials and characterizes the composi-
tional changes and lattice quality of the epitaxial layers [71]. It is an analytical technique
in which scattered light is used to measure the vibrational energy pattern of the sample.
The stresses and strains present in the sample can be obtained by comparing the changes
in the peak positions of the Raman peaks; the polarization direction of Raman is used to
determine the crystal symmetry and lattice orientation. By comparing the intensity of the
Raman peaks, the total amount of substances in the material can also be known.

In addition to the above methods, there are many other techniques that can be ap-
plied to analyze the degradation mechanism of high-power semiconductor lasers, such as
deep level transient spectroscopy (DLTS) [72,73], X-ray diffraction (XRD) [74,75], scanning
electron microscope (SEM) [76], secondary ion mass spectroscopy (SIMS) [77,78], X-ray
photoelectron spectroscopy (XPS) [79], and infrared thermal image detection technology
(IRT) [80]. The principles of the different detection techniques are quite different, so there
are big differences in the difficulty of the detection techniques, sample preparation methods,
and matters needing attention.

Table 2 lists the detection category, selectivity, and technical advantages and limitations
of different detection techniques. In practical applications, the advantages and strategies of
the various techniques should be comprehensively considered to find the root cause of the
device’s failure.

Table 2. Comparison of various detection methods.

Method Detection category Selectivity Advantages Limitation

EBIC

Non-destructive
(VCSEL, topside)
Non-destructive

(EEL, topside and front facet)
Destructive (EEL, backside)

High
Detecting the DLDs, stacking
faults and precipitates in the

active region nearby

Defects in cladding or
contact layer are not visible

OBIC

Non-destructive
(VCSEL, topside)

Non-destructive (EEL, topside
and front facet)

Destructive (EEL, backside)

High

Detecting degradation area
and degree in the buried

heterojunction and
waveguide layers

For high-speed devices, the
ability to observe the

spectral response
adequately is limited
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Table 2. Cont.

Method Detection category Selectivity Advantages Limitation

TIVA
Non-destructive
(VCSEL, topside)

Non-destructive (EEL, topside)
High

Sensitive to leakage current
and can detect the failure

both on the surface
and below

Signal might be blocked by
metallic layers

EL

Non-destructive
(VCSEL, topside)

Non-destructive (EEL, topside
and front facet)

Destructive (EEL, backside)

Medium

Good at detecting the
development of DLDs

caused by
luminescence-killing

dislocation networks in the
laser cavity

Not suited to detecting
lasers with blanket metal

over the epi-side, or
mounted epi-side-down

μ-PL

Non-destructive (epitaxial
wafer, topside)

Non-destructive
(VCSEL, topside)

Non-destructive (EEL, topside)
Destructive (EEL, backside)

High

Measures isolated
defects and

residual mechanical stress
induced by the

packaging process

Cannot provide
information of

luminescence features with
dimensions below the

classical diffraction limit

CL

Non-destructive (epitaxial
wafer, topside)

Non-destructive
(VCSEL, topside)

Non-destructive (EEL, topside)
Destructive (EEL, backside)

High

Sensitive to the presence of
non-recombination centers,

high lateral and
in-depth resolution

Result depends greatly on
the device resistances

EMMI

Non-destructive
(VCSEL, topside)

Non-destructive (EEL, topside
and front facet)

Medium
The luminescent defects can

be located, low leakage
current requirement

Poor resolution of
non-luminous defects in

metallic shaded areas

DLTS
Non-destructive
(VCSEL, topside)

Non-destructive (EEL, topside)
High

Sensitive to deep level
defects, comprehensive

characterization information

Cannot obtain deep energy
level electron wave

functions or defect internal
information

Raman
Non-destructive
(VCSEL, topside)

Non-destructive (EEL, topside)
Medium

No need for sample
processing, short time,

high sensitivity
Weak signal strength

FIB-TEM Destructive (VCSEL, topside)
Destructive (EEL, topside) High

Maximum magnification,
high image quality, deep

failure analysis; root
cause identification

Significant sample
preparation time, small

sampling volumes, unable
to detect the materials’

instability in high-energy
electron beams

XRD
Non-destructive (VCSEL,

topside)
Non-destructive (EEL, topside)

High Small sample size and simple
interpretation result

Susceptible to interference
of mutual elements and

superposition peaks

SEM

Non-destructive (epitaxial
wafer, VCSEL, EEL, topside)
Non-destructive (epitaxial

wafer, cross-section)
Non-destructive (EEL,

front facet)
Destructive (EEL, backside)

High

Detects failures such as
delamination, oxidation

contamination, and melting
at the surface

Cannot detect root cause
hidden below surface
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Table 2. Cont.

Method Detection category Selectivity Advantages Limitation

ECCI

Non-destructive (epitaxial
wafer, topside)

Non-destructive
(VCSEL, topside)

Non-destructive (EEL, topside)
Destructive (EEL, backside)

High

High precision, no need for
sample preparation,

allows the examination of
large area of specimen

Resolution is limited by
SEM system; the

background signal is
strong; and dislocation

detection and signal
analysis are prone

to interference

SIMS Destructive (epitaxial wafer,
VCSEL, EEL, topside) High

Can acquire the information
of several atomic layers or

even single elements

Difficulties in
quantitative analysis

XPS
Non-destructive
(VCSEL, topside)

Non-destructive (EEL, topside)
High

Good repeatability of
spectral line, fast speed and

high sensitivity

Low energy resolution and
low peak-to-back ratio

IRT

Non-destructive
(VCSEL, topside)

Non-destructive (EEL,
front facet)

Destructive (EEL, topside)

Medium Strong signal and easy
to measure

Large quantitative analysis
errors and low sensitivity

5. Failure Improvement Measures

By analyzing the failure modes and causes of high-power semiconductor lasers, meth-
ods by which to improve the reliability of high-power semiconductor lasers are proposed
in terms of the preparation process, reliability screening, and method application.

5.1. Preparation Process

To avoid internal degradation, it is very important to avoid defects caused by epitaxial
growth and to minimize internal and external stresses in semiconductor lasers.

Substrates with low or no dislocation density are commercially available to avoid the
propagation of threading dislocations into the active region. Designing an appropriate
buffer layer or an etching stop layer can reduce the defects caused by the segregation
process between atomic layers. Minimizing the oxygen content in the epitaxial growth
atmosphere and selecting lattice-matched epitaxial films are useful methods by which to
reduce the internal stresses and defects in laser diodes.

To reduce the external stresses in the bonding process, a low-melting-point Aurum–
stannum (Au–Sn) alloy solder with strong oxidation, good thermal conductivity, and less
susceptibility to metallurgical reactions can be used to replace the original Indium (In)
solder. Appropriate composite heat sinks with high thermal conductivity and less thermal
expansion stress can effectively improve the reliability of semiconductor lasers due to
their good match with the thermal expansion efficiency of the chip. Appropriate designs
of the high heat flux microchannel heat sink exchanger can be used for the cooling of
semiconductor laser diode arrays. High-efficiency coupling and package technique are
necessary to increase the lifetime of laser diodes.

The application of effective surface passivation; vacuum cleavage and coating tech-
niques; or the fabrication of non-absorbing mirror structures, such as the use of QW
intermixing techniques, can be used to prevent the COMD phenomenon.

5.2. Reliability Screening

High-power semiconductor lasers are generally required to operate for long periods
with continuous electricity input and are subject to changes in environmental conditions
(radiation, temperature, and humidity, etc.), and therefore require a high degree of reliability
and stability.
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To ensure the quality of the devices in the application system, semiconductor lasers
must undergo rigorous inspection and aging screening prior to assembly. In the manufac-
turing process of lasers, early failures are usually accelerated by aging screening to screen
out early failing devices and to ensure the reliability of semiconductor lasers.

Aging screening refers to the method of applying stress during the early operation of
the device to accelerate the discovery of early failing devices and to screen out potential
faults in time [81]. The applied stress can be thermal stress, electrical stress, mechanical
stress, or a combination of different stresses. The applied stress should be controlled within
an appropriate range. If it is too small, it may not achieve the screening effect, and if
it is too large, it will introduce new failure causes. At present, the main methods used
are high-temperature storage, high- and low-temperature shock, high-temperature power
aging, mechanical vibration, centrifuge acceleration, leakage, and humidity and heat, etc.,
among which high-temperature power aging is the most common method [82].

The benefit of aging screening is that it can greatly reduce the risk of early failure,
but it can also increase the overall production costs. For example, for a 144-pin package
product, 24-h aging is used, and the cost is about 30% of the total cost [83].

Typical failure criteria of pump semiconductor lasers include, for example, a 5%
reduction in ex-facet power during accelerated life tests at high temperatures and power or
a 50% increase in the threshold current at the rated power [1].

5.2.1. High-Temperature Storage

High-temperature storage is a static aging mode. The devices are aged and screened
after being placed in a high-temperature environment for certain time. The method mainly
examines the effect of temperature on the device, which can accelerate chemical reactions
on the chip’s surface, the extension of defects inside the device, and the oxidation process
of virtual solder joint, etc. [84]. The influences of high temperatures on the performance of
the device include electrical parameter changes, heat dissipation difficulties, thermal aging,
and chemical decomposition.

The devices are subjected to environmental tests of high-temperature storage between
120 ◦C to 300 ◦C; the storage time can be from dozens of hours to hundreds of hours.
Generally speaking, the higher the temperature and the longer the storage time, the better
the effect. The test depends on the reliability requirements of the device.

5.2.2. High- and Low-Temperature Shock

High- and low-temperature shock means that the device is stored in alternating high-
and low-temperature environments without powering up the device. It is a useful way to
check the match conditions of thermal expansion coefficients between different epitaxial
materials. Potential quality-related problems (cracks, sealing performance, and pressure
welding) can be found.

The rigor of the test depends on the selected high and low temperatures, the length of
exposure time, and the number of cycles.

5.2.3. High-Temperature Power Aging

High-temperature power aging refers to a certain high-temperature stress and electrical
stress on the device. It is an effective aging method used to simulate the operating conditions
of the device in an actual circuit, coupled with high-temperature (+80 ◦C–180 ◦C) aging.

High-temperature power aging is suitable for filtering semiconductor lasers with
surface contamination, wire welding, current leakage, cracks, oxide layer defects, and local
hot spots, etc.

5.3. Method Application

When the semiconductor laser is in operation for a long time, electrical or voltage
overload, electrical surges, and thermal overload often occur. These phenomena could be
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decreased, such as intentionally reducing the electrical stress, thermal stress, or mechanical
stress in the laser.

High-power semiconductor lasers must have good thermal resistance, and the internal
and external thermal resistance of the device should be reduced as much as possible.
Scratches and mechanical damage should be prevented during the operation and use of
the laser diode.

It is important to minimize the generation of static electricity, for example, by designing
the physical circuit of the electrostatic discharge outside the laser; by using an anti-static
carpet, workbench, and clothing; or by controlling the humidity of the environment. The
welding and testing instruments must be properly grounded.

6. Conclusions

This paper introduces the failure mechanisms, accelerated aging experiments, failure
detection techniques, and improvement methods of high-power semiconductor lasers. It
can be seen that the reliability of high-power semiconductor lasers is influenced by many
factors, and the reliability can be improved by using a comprehensive analysis of multiple
techniques. Choosing the right experimental aging conditions not only saves time but
also reveals the correct failure mechanism in semiconductor lasers and obtains the true
reliability level of the devices. Choosing the proper failure detection techniques helps
one to correctly analyze the causes of failure in high-power semiconductor lasers so as to
improve their lifetime and reliability.
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Abstract: Widely tunable, narrow linewidth external cavity lasers on silicon substrates have many
important applications, such as white-light interferometry, wavelength division multiplexing systems,
coherent optical communication, and optical fiber sensor technology. Wide tuning range, high laser
output power, single mode, stable spectral output, and high side-mode suppression ratio external
cavity lasers have attracted much attention for their merits. In this paper, two main device-integrated
structures for achieving widely tunable, narrow linewidth external cavity lasers on silicon substrates
are reviewed and compared in detail, such as MRR-integrated structure and MRR-and-MZI-integrated
structure of external cavity semiconductor lasers. Then, the chip-integrated structures are briefly
introduced from the integration mode, such as monolithic integrated, heterogeneous integrated,
and hybrid integrated. Results show that the silicon-substrate-integrated external cavity lasers are a
potential way to realize a wide tuning range, high power, single mode, stable spectral output, and
high side-mode suppression ratio laser output.

Keywords: silicon substrate; narrow linewidth; widely tunable; external cavity

1. Introduction

Silicon-substrate-integrated narrow linewidth tunable external cavity semiconduc-
tor lasers (SINLT-ECSLs) are devices composed of the substrates Si, SiO2, Si3N4, or other
containing Si materials and external optical feedback elements (low-loss waveguide, waveg-
uide filter, or other elements). By adjusting the external cavity elements, such as polarizer,
prism, gratings, etc., narrow linewidth and wide tuning range can be achieved. SINLT-
ECSLs have the characteristics of tunable [1], narrow, or even ultra-narrow linewidth [2,3],
low noise [4,5], wide application, and so on. In this paper, the device-integrated struc-
tures, chip-integrated structures of silicon-based external cavity semiconductor lasers are
introduced, and, especially, the integration technology and development are introduced.
Silicon-based external cavity semiconductor lasers have significant advantages over Littow
and Littman configurations of the external cavity semiconductor lasers in terms of structure
design, function types, and application range. In recent years, with the continuous devel-
opment of optical fiber communication, coherence technology, and other fields, the silicon
substrate external cavity semiconductor laser will be applied in more and more fields, with
its unique characteristics, and will become the ideal light source.

2. Principle of SINLT-ECSLs

SINLT-ECSLs mainly include a semiconductor optical amplifier (SOA) and a silicon
photonic chip, which are integrated through a spot size converter (SSC). An SOA is an
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optoelectronic device that, under suitable operating conditions, can amplify an input light
signal. A schematic diagram of a basic SOA is shown in Figure 1. The active region in the
device imparts gain to an input signal. An external electric current provides the energy
source that enables gain to take place. An embedded waveguide is used to confine the
propagating signal wave to the active region. When the light signal passes through the
active region, it will cause these electrons to lose energy in the form of photons and return
to the ground state. The excited photon has the same wavelength as the optical signal;
thereby, the optical signal is amplified.

Figure 1. Schematic diagram of an SOA.

The role of the SOA is to provide gain amplification, while the silicon photonic chip is
mainly for wavelength selection. Figure 2 shows the typical structure of a silicon-based
external cavity semiconductor laser. The light wave of the SOA coupled to the silicon wire
waveguide is filtered through two microring resonators (MRR). Two microring resonators
with different radii are designed. According to Formula (1), the free spectral range (FSR) is
also different due to the different radii of the microring resonators.

FSR = λ2/2πrneff (1)

Figure 2. Typical structure of silicon substrate external cavity semiconductor laser.

In Formula (1), the wavelength of the light wave is λ, the radius of the microring
resonator is r, and the effective refractive index of the waveguide is neff. The transmis-
sion spectra of the two microring resonators are superimposed on each other, and the
wavelength of the mutually matched peak is determined by mode competition. The free
spectral range of the microring resonator is changed by adjusting the heater through
thermo-optic effect, and the transmission peak moves. The wavelength is tuned through
the Vernier effect.

Figure 3 shows the working principle of wavelength tuning of a silicon-based external
cavity semiconductor laser. When passing through two annular resonators with different
radii, the wavelength difference of resonance results in a Vernier effect. The tuning wave-
length range is determined by the radius difference between the two ring resonators. A
small radius difference provides a wide wavelength-tuning range, although the transmit-
tance difference between the main peak and the side peak adjacent to the main peak may
be small. However, by heating one of the two ring resonators, the peak wavelength of the
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transmission spectrum of the dual-ring resonator filter changes discretely according to the
resonant wavelength of the other ring resonator filter [6].

Figure 3. Working principle of wavelength tuning of silicon substrate external cavity semiconduc-
tor laser.

3. Research Progress of SINLT-ECSLs

SINLT-ECSLs can be mainly divided into the external cavity semiconductor lasers
integrated with a microring resonator (MRR) [7–9], the external cavity semiconductor
lasers integrated with an MRR and Mach–Zehnder interferometer (MZI), and the exter-
nal cavity semiconductor lasers integrated with an MRR and others [10,11]. In order to
subdivide it, MRR-integrated external cavity semiconductor lasers can be divided into
double-MRR, three-MRR, and multiple-MRR integration. This paper mainly discusses the
research progress of double-MRR integration and MRR-and-MZI-integrated external cavity
semiconductor lasers.

3.1. MRR-Integrated External Cavity Semiconductor Laser

In 2006, Masahige Ishizaka et al. [12] reported an external cavity semiconductor laser
integrated with SiO2 dual MRR and SOA. The structure is shown in Figure 4, and the
wavelength-tuning range is 45 nm, which can completely cover the C-band and L-band in
a wavelength division multiplexing (WDM) optical communication system.

Figure 4. Structure diagram of double-MRR silicon substrate external cavity semiconductor laser.

In 2009, Takeshi Takeuchi et al. [13] reported the use of silicon waveguide (core material
is SiON) three-MRR-and-SOA-integrated external cavity semiconductor laser, coupling
SOA with silicon substrate through passive alignment technology, where the coupling mode
is direct coupling. A waveguide reflector is used instead of high-reflection (HR) mirror
to reduce the manufacturing cost. In the design of the microring structure, the threshold
difference is fully considered, and the three-MRR structure is adopted. Compared with the
two-MRR structure, the three-MRR structure has a larger threshold gain difference and
can provide a more stable laser in a larger tuning range. The silicon-based external cavity
semiconductor laser has a simple structure and is suitable for mass production. It has a
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high fiber output power of more than 15 dBm, is able to tune wavelengths in the 60 nm
range in the L-band, and contains 147 ITU-T channels with channel spacing of 50 GHz.

In the same year, Tao Chu et al. [14] proposed a silica-based external cavity tunable
laser, which is mainly integrated through dual MRR and SOA. The structure is compact, and
the size of the external cavity is only 0.7 × 0.45 mm2, about 1/25 of that of the traditional
tunable laser. There is a wide tuning range, covering the optical communication C-band
(1530–1565 nm) or L-band (1565–1610 nm), at the power of 26 mW, obtaining the maximum
wavelength-tuning range of 38 nm.

Its structure is shown in Figure 5, consisting of an SOA and an external resonator.
The resonator is made of silicon photonic line waveguide, and it is a double MRR. It is
the first external cavity semiconductor laser made by silicon photonic technology. The
ring resonator has a wide FSR due to its short cavity length. In addition, compared with
the ring resonators made of SiON material, the ring resonators made of silicon photonic
line waveguides have wider FSR due to their smaller bending radius of several microns.
Therefore, the larger gain difference and wavelength-tuning range required for single-mode
laser oscillation can be obtained more easily using a silicon ring resonator.

Figure 5. Structure of an external cavity tunable laser integrated with a silicon photonic line waveg-
uide dual MRR and SOA.

In 2012, Keita Nemoto et al. [15] optimized the design of silicon substrate outer cavity
semiconductor laser, using the ring resonator of silicon optical wire as the outer cavity,
and produced a semiconductor laser with adjustable wavelength. The size of the ring
resonator wavelength filter with outer cavity length of 6.0 mm is 1.78 × 0.52 mm2, which is
about 1/8 of that of silicon (SiON) material. The maximum laser output power is 18.9 MW,
using heating power of 115.7 mW and tuning operation of wavelength above 45.1 nm. The
spectral linewidth of the whole L-band is less than 100 kHz, which is suitable for being
used as the light source of the digital coherent light transmission system. The structure is
shown in Figure 6.

Figure 6. Schematic diagram of silicon photonic line waveguide ring cavity laser structure.
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In 2013, Tomohiro Kita et al. [16] fabricated a tunable semiconductor laser with a
maximum output power of 25.1 mW using a silicon photonic line waveguide ring resonator
as an external optical cavity. The micro-heater can be continuously tuned to wavelengths
above 50 nm, with a linewidth less than 100 kHz and a smaller size. While improving
laser stability, it can be used in the actual digital coherent transmission system, as shown in
Figure 7.

Figure 7. Schematic diagram of silicon-substrate tunable semiconductor laser.

In 2014, Sato et al. [17] integrated a silicon-based tunable filter, gain chip, and boost
SOA, as shown in Figure 8. The tunable filter consists of two ring resonators, and the
waveguide core of the gain part is composed of InGaAsP/InGaAsP base multiple quantum
well. The laser side of the gain chip is coated with low-reflection (LR) coating and the
output side of the boost SOA is coated with anti-reflection (AR) coating. The optical fiber
coupling output power is greater than 100 mW, the linewidth is less than 15 kHz, the
side-mode suppression ratio (SMSR) is greater than 45 dB, and the wavelength-tunable
range is about 65 nm, enough to cover the entire C-band.

Figure 8. Schematic diagram of a silicon–photon mixed-ring external cavity tunable laser.

In 2015, Tin Komljenovic et al. [18] demonstrated a widely tunable external cavity
semiconductor laser with an external cavity length of 4 cm through monolithic integration.
The laser works in O-band and can be tuned in the range of 1237.7–1292.4 nm, with a
tuning range of about 54 nm. Over the entire tuning range, SMSR is greater than 45 dB,
output power is more than 10 mW, linewidth is less than 100 kHz, and the best single mode
linewidth is 50 kHz.
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In 2016, Zhao et al. [19] fabricated a low loss (0.1 dB/cm), high Q factor microring
resonator based on double fringe SiN/SiO and developed a tunable InP/SiN mixed external
cavity semiconductor laser, and the waveguide has good performance. The wavelength-
tuning range of the laser is about 1530–1580 nm, the output power is 16 mW, the SMSR
is more than 45 dB, and the linewidth is 65 kHz. It has broad application prospects in
coherent transmission systems.

The schematic diagram of the laser is shown in Figure 9. It consists of a high-power
InP/n-GaAsP SOA gain chip and two microring resonators. The front and back of the SOA
are coated with highly reflective and AR coatings. Using the cursor effect, two MRR with
slightly different radii are used to increase the wavelength-tuning range. Phase and power
tuning sections are for fine-tuning longitudinal mode and output power, respectively.

Figure 9. Schematic diagram of silicon-substrate MRR external cavity laser.

In 2017, Jing Zhang et al. [20] proposed a non-uniformly integrated, wide-tuned,
unidirectional III–V ring laser on silicon. The wavelength-tuning range of the laser is
1560–1600 nm, and the ring radius of the ring resonator structure is 25 μm and 27 μm,
respectively. The FSR in the wavelength range of 1550 nm is 4.1 nm and 3.7 nm, respectively.
Using the Vernier effect of two ring resonators, a wide tuning range of 40 nm is obtained.
Unidirectional operation is achieved throughout the tuning range, with a clockwise SMSR
of about 10 dB. The linewidth is less than 1 MHz throughout the tuning range and can be
reduced to 550 kHz at the optimal operating point.

In 2018, Hang Guan et al. [21] demonstrated a III–V/Si mixed external cavity laser
with a tuning range greater than 60 nm, a maximum output power of 11 mW, a minimum
linewidth of 37 kHz, a C-band that is always less than 80 kHz, a maximum SMSR of 55 dB,
and a C-band that is always greater than 46 dB. It consists of a reflective external cavity
constructed by RSOA, SSC, and a ring resonator.

In the same year, Minha Tran et al. [22] designed and manufactured a narrow-linewidth
tuned laser with multi-ring mirrors. The structure is shown in Figure 10, including two-ring
mirrors and three-ring mirrors. In heterogeneous silicon photons, a laser using a three-ring
mirror was implemented, with an average SMSR of 55 dB in the 30 nm tuning range and a
linewidth reduced to 17.5 kHz.

 
(a) (b) 

Figure 10. (a) Schematic diagram of a double-MRR tunable laser; (b) schematic diagram of a triple-
MRR tunable laser.

In 2019, Yongkang Gao et al. [23] demonstrated a miniaturized packaged hybrid
integrated silicon–photon (SiPh) tunable laser for coherent modules of small size. By
integrating an internally designed high-power SOA, the SiPh laser developed achieved
a record 21.5 dBm C-band output power with a linewidth of 60 kHz, an SMSR greater
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than 50 dB, a relative intensity noise less than 150 dB/Hz, and a tuning range of 65 nm.
In addition, frequency stability of the SiPh tunable laser at 1 GHz was achieved over the
package temperature range from 10 ◦C to 80 ◦C and over SOA current variations of more
than 200 mA, as shown in Figure 11.

Figure 11. Schematic diagram of a hybrid integrated SiPh tunable laser.

In 2020, Jia Xu Brian Sia et al. [24] studied a cursors-based hybrid silicon–photonic
tunable laser. By tuning the wavelength by MRR, the slope efficiency of the laser is
0.232 W/A, the output power is 28 mW, and the SMSR is 42 dB. When the thermal power
of a single MRR reaches 47.2 mW, it can be tuned in the wavelength range of 1881–1947 nm,
and the tuning range is 66 nm. In the same year, Jia Xu Brian Sia et al. [25] also reported a
III–V/Si mixed wavelength-tunable laser with a working wavelength of 1647–1690 nm and
a tuning range of 53 nm. Room-temperature continuous wave operation is realized, with
output power up to 31.1 mW and corresponding maximum SMSR of 46.01 dB. The laser
is hypercoherent with an estimated linewidth of 0.7 kHz, extending the coverage of the
III–V/Si hybrid laser with a sub-kHz linewidth to the 1650 nm wavelength region beyond
the L-band.

In 2021, Ruiling Zhao et al. [26] demonstrated a dual-gain InP–Si3N4 mixed external
cavity laser, whose structure is shown in Figure 12. The working wavelength of the laser is
1550 nm, the tuning range is 44 nm of the working wavelength, the linewidth is 6.6 kHz,
SMSR is greater than 67 dB, and the two gain parts work in parallel, thus providing high
output power; the maximum power is about 23.5 mW.

Figure 12. Schematic structure of tunable INP–Si3N4 mixed external cavity laser with double parallel
gain (the inset shows a cross-section of the Si3N4 waveguide).

In the same year, Yuyao Guo et al. [27] introduced a III–V /Si3N4 hybrid integrated
laser with faster switching time, and its structure is shown in Figure 13. The working
wavelength of the laser is 1516.5–1575 nm, the tuning range is 58.5 nm, the linewidth is
2.5 kHz, and the SMSR is greater than 70 dB. The maximum output power is 34 mW at
500 mA injection current.
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Figure 13. Schematic structure of the III–V/Si3N4 hybrid laser (illustration shows a cross section of a
thermally tunable Si3N4 waveguide).

3.2. MRR-and-MZI-Integrated External Cavity Semiconductor Lasers

The principle of how MZI works is shown in Figure 14. D1 and D2 are detectors, BS1
and BS2 are beam splitters, and M1 and M2 are mirrors. A beam splitter, BS1, splits an
incoming monochromatic light beam from source S into two beams, which, after reflection
by mirrors M1 and M2, recombine and interfere at BS2 to result in two outgoing beams
(collected by detectors D1 and D2). When the phase along one of the paths varies, signals
in both D1 and D2 oscillate out of phase, and as no photons are being lost, the sum of both
signals stays always equal to the input, S.

Figure 14. Principle of how MZI works.

In 2014, Debregeas et al. [28] proposed an integrated tunable laser that combines
a reflective SOA (RSOA) with a silicon ring resonator-based outer cavity and MZI. The
structure is shown in Figure 15. The external cavity of the laser is composed of two MRRs.
The first ring is set to 25 GHz and the second ring is integrated with MZI.
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Figure 15. Structure diagram of RSOA and silicon substrate external cavity hybrid integrated laser.

In the same year, Tomohiro Kita et al. [29] fabricated a wavelength-tunable laser using
a silicon photonic wavelength filter consisting of a ring resonator and an asymmetric
MZI (A-MZI), as shown in Figure 16. The size, including the SOA, is very small, only
2.6 × 0.5 mm2, about 1/9 of the size of the silicon nitrous tunable laser. The wavelength-
tuning range is more than 61.7 ± 0.2 nm, covering the whole optical communication
L-band, and SMSR is more than 38 dB. When the SOA injection current is 300 mA, the
maximum optical output power is 42.2 mW, achieving a stable single-mode laser output.
By optimizing the outer cavity design, a spectral linewidth of less than 100 kHz is obtained.

 
Figure 16. Schematic diagram of a wavelength-tunable silicon photon laser: (a) series configuration
of ring resonators; (b) ring structure of ring resonators with A-MZI.

In 2015, Tomohiro Kita et al. [30] proposed a wavelength-tunable laser using silicon
photonics to create a compact wavelength-tunable filter with high wavelength selectivity.
Two ring resonators and A-MZI are used to realize a silicon photonic wavelength-tunable
filter with a wide wavelength-tuning range. A wavelength-tunable laser made by docking
a silicon photonic filter and an SOA achieved stable single-mode operation in a wide
wavelength range. The size of the chip is 2.5 × 0.6 mm2, the laser threshold is 25 mA,
the maximum fiber coupling output power is 8.9 mW, and the maximum output power
is estimated to be 35 mW. The tuning wavelength range is 99.2 nm (1527.9–1627.1 nm),
covering both C-band and L-band. Through the fine control of heating power, the side
mode rejection ratio is greater than 29 dB.

Figure 17 is a schematic diagram of a silicon photonic tunable laser. The light from
the SOA is filtered using two MRRs with slightly different FSRs and an A-MZI, and the
FSR is about twice as large as the ring resonator FSRs. Laser wavelength is determined
by the Vernier effect between two ring resonators. Wavelength selectivity is defined as
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the transmittance difference between the main mode and the nearest mode. A large
transmittance difference can achieve a stable single-mode laser.

Figure 17. Schematic diagram of a silicon photonic tunable laser.

In the same year, Rui Tang et al. [31] proposed a narrow line-width silicon photonic
tunable laser with a high A-MZI. The laser consists of two silicon ring resonators with
different perimeters and a highly asymmetric MZI, with significantly different optical path
lengths. The calculation and experimental results show that the high A-MZI increases
the gain difference between the longitudinal modes. The result is a stable single-mode
oscillation with a narrow band width of 12 kHz, which can be tuned in the wavelength
range of 42.7 nm. The surface structure can also be applied to other ring resonator filters,
regardless of the waveguide type.

The basic structure of the laser is shown in Figure 18. Both structures consist of an
SOA and an external wavelength-tunable filter. SOA is a gain medium in C-band, and the
filter consists of two ring resonators with different perimeters. The Vernier effect of two
ring resonators is used to roughly select the oscillation wavelength.

Figure 18. (a) Silicon-based laser without MZI. (b) Silicon-based laser with MZI.

In 2020, Aditya Malik et al. [32] proposed a widely tunable quantum dot laser het-
erointegrated on a silicon insulator substrate, and its structure is shown in Figure 19. The
tuning mechanism is based on the Vernier double-ring geometry, and the tuning range is
47 nm at 52 dB SMSR. When the wavelength filter in the form of MZI is added to the cavity,
the SMSR is increased to 58 dB, the tuning range is increased to 52 nm, and the linewidth is
as low as 5.3 kHz.
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Figure 19. Schematic diagram of (a) and (b) double-ring cursors with MZI tunable lasers.

For Vernier ring lasers, the linewidth is in the range of 10–20 kHz, but due to the poor
SMSR at the edge of the gain spectrum, the linewidth is as high as 50 kHz when the output
wavelength is close to 1290 nm. When MZI is used, better SMSR can be obtained, so the
linewidth is always less than 10 kHz in the total tuning range.

The research development on performance of SINLT-ECSLs in recent years is listed in
Table 1. Compared with MRR-integrated external cavity semiconductor lasers, MRR-and-
MZI-integrated external cavity semiconductor lasers have the characteristics of narrow-
band filtering, which can minimize the transmittance of adjacent wavelengths at the
maximum transmittance and improve the wavelength selectivity in the waveguide. By
changing the temperature of the material through the micro-heater, the refractive index
of the waveguide is changed, and wider wavelength-tuning range is realized. Therefore,
MRR-and-MZI-integrated external cavity semiconductor lasers can make the lasers obtain
narrower linewidth, wider wavelength-tuning range, and higher SMSR.

Table 1. A survey displaying developments in the field of the SINLT-ECSLs.

Laser Type Band λ (nm)
Tuning Range

(nm)
Linewidth

(kHz)
SMSR (dB)

Output Power
Year

mW dBm

MRR C, L - 45.2 - >45 >2.9 * >4.7 2006 [12]

MRR C, L 1540–1636 96 - >50 >20 * >13 2009 [13]

MRR C, L 1530–1610 38 - >30 26 14.1 * 2009 [14]

MRR L - 45.1 <100 >40 18.9 12.8 * 2012 [15]

MRR L - 53 <100 >25 25.1 14 * 2013 [16]

MRR C, L 1510–1575 65 <15 >45 >100 * >20 2014 [17]

MRR and MZI C, L - 35 2 >60 3.2 * 5 2014 [28]

MRR and MZI L - 61.7±0.2 <100 >38 42.2 16.3 * 2014 [29]

MRR O 1237.7–1292.4 54.7 <100 >45 10 10 * 2015 [18]

MRR and MZI C, L 1527.9–1627.1 99.2 - >29 35 15.4 * 2015 [30]

MRR and MZI C, L - 42.7 12 - 30 14.8 * 2015 [31]

MRR C, L 1530–1580 50 65 >45 16 12 * 2016 [19]

MRR C, L 1560–1600 40 <1000 10 >1.4 * >1.5 2017 [20]
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Table 1. Cont.

Laser Type Band λ (nm)
Tuning Range

(nm)
Linewidth

(kHz)
SMSR (dB)

Output Power
Year

mW dBm

MRR C - 60 <80 >46 11 10.4 * 2018 [21]

MRR C, L 1557–1587 30 17.5 >55 6.9 8.4 * 2018 [22]

MRR C - 65 60 >50 141.3 * 21.5 2019 [23]

MRR - 1881–1947 66 - 42 28 14.5 * 2020 [24]

MRR - 1647–1690 43 0.7 46 31.1 * 14.9 2020 [25]

MRR and MZI O - 52 5.3 58 10 10 * 2020 [32]

MRR C, L 1524–1568 44 6.6 >67 23.5 * 13.7 2021 [26]

MRR C, L 1516.5–1575 58.5 2.5 >70 34 * 15.3 2021 [27]

Legend: *—Calculated.

4. Integration of SINLT-ECSLs

4.1. Monolithic Integrated

Monolithic integration mainly refers to the direct epitaxial growth of group III–V
compound semiconductor materials on the silicon substrate and synchronous device fabri-
cation process. Due to the high-density thread dislocation in heteroepitaxy, the laser device
performance and reliability will be poor due to the direct growth on silicon [33]. However,
the gain characteristics can be fine-tuned by changing the growth conditions, so that the
device has a long life even when it is epitaxial grown on silicon with high dislocation
density [34]. For example, Chen et al. realized high-performance quantum dot lasers on
silicon by combining the nucleation layer and dislocation filter layer with in situ thermal
annealing and adopting the molecular beam epitaxy (MBE) epitaxial growth method to
achieve high-quality GaAS-on-Si layer with low defects. The large lattice mismatch be-
tween III–V materials and silicon is no longer an obstacle to the single epitaxial growth of
III–V photonic devices on silicon substrates, demonstrating the ability to grow uniformly
high-quality III–V materials on the entire Si substrate, which is a significant advance in
silicon-based photonics and optoelectronics integration [35].

In 2020, Bahawal Haq et al. [36] produced a C-band monolithic integration laser; its
structure is shown in Figure 20. At 20 ◦C, the threshold current of 80 mA and the maximum
single-waveguide coupled output power exceeding 6.9 mW are obtained, with the slope
efficiency of 0.27 W/A and the SMSR greater than 33 dB.

Figure 20. Schematic structure of monolithic integration laser.
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4.2. Heterogeneous Integration

Heterointegration [37] refers to the integration of an epitaxial growth group III–V
compound semiconductor with silicon substrate through bonding technology, and then
the device manufacturing process. Bonding can be divided into direct bonding, adhesive
bonding, and metal bonding. Similar to hybrid integration, heterogeneous integration
has the advantage of selecting the best materials for each function (i.e., lasers, low-loss
waveguides, detectors), resulting in highly complex photonic integrated circuits (PIC).
Thus, heterogeneous integration has all the scaling advantages of monolithic integration,
while gaining greater flexibility in material selection, resulting in superior performance.
However, because the output power of heterogeneous integration is relatively low, it
cannot be well applied in multi-channel communication, and the whole processing process
is complicated, the bonding repetition rate is not high, and it is difficult to carry out
large-scale mass production.

In 2018, Sulakshna Kumari et al. [38] designed a heterogeneously integrated continuous-
wave electrically-pumped vertical-cavity Si-integrated laser (VCSIL). Its structure is shown
in Figure 21. The VCSIL structure consists of two distinct parts, called the upper half and
the lower half. The upper part of the structure is a semi-vertical cavity surface-emitting
laser based on GaAs, oxide layer, DBR, and gold film. The lower part of the structure is a
SiN waveguide/dielectric DBR combination on a silicon substrate. SiO2 cladding at the top
and bottom prevents the waveguide mode from leaking into the high-refractive-index GaAs
semi-vertical cavity surface-emitting laser and the high-refractive-index dielectric DBR
and Si substrates. A VCSIL with a 5 μm oxide aperture diameter has a threshold current
of 1.13 mA and produces a maximum single-sided waveguide coupled output power of
73 μW at 856 nm. The slope efficiency and the thermal impedance of the corresponding
device is 0.085 W/A and 11.8 K/mW, respectively. The SMSR is 29 dB at a bias current of
2.5 mA.

Figure 21. Schematic cross-section of heterogeneously integrated VCSIL.

In 2020, Chao Xiang et al. [39] designed a multilayer heterointegrated III–V/Si/Si3N4
laser structure, which can achieve a high-efficiency electro-pumped laser in a fully inte-
grated Si3N4-based outer cavity. The structure is shown in Figure 22. The linewidth of the
laser is 6 kHz, and it has good temperature stability and low phase noise. The Si3N4 spiral
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grating provides a narrowband filter together with high extinction ratio. This results in a
large lasing SMSR of over 58 dB.

Figure 22. Schematic structure of hetero integrated laser.

4.3. Hybrid Integrated

Hybrid integration refers to the integrated assembly of the III–V laser chip and silicon
substrate. These can be achieved with prior technology, but there is a drawback that two
devices of different sizes or materials must be aligned to sub-micron accuracy for effective
coupling [40]. However, it can also be improved in certain ways to avoid defects as much
as possible. For example, Alexander W. Fang et al. [41] designed a special structure that
can be performed at the wafer, partial wafer, or wafer level so that multiple lasers do not
require any critical alignment of the silicon waveguide with III–V materials. In addition,
this highly scalable structure can be extended to other active devices on silicon, such as
optical amplifiers, modulators, and optical detectors, by selectively changing the III–V
structure through processes such as quantum well mixing or non-planar wafer bonding.

In 2020, Yeyu Zhu et al. [42] designed the hybrid integration of low-loss passive Si3N4
outer cavity and 1.3 μm quantum dot RSOA, and its structure is shown in Figure 23. Chip-
scale, tunable, narrow-linewidth hybrid-integrated diode lasers based on quantum-dot
RSOAs at 1.3 μm are demonstrated through butt-coupling to a silicon–nitride photonic
integrated circuit. The hybrid laser linewidth is around 85 kHz, and the tuning range is
around 47 nm.

Figure 23. Schematic structure of hybrid-integrated laser.
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In 2021, Yilin Xu et al. [43] designed a new hybrid-integrated laser, with the structure
shown in Figure 24. The device consists of an InP-based RSOA that is connected to a
thermally tunable feedback circuit on a silicon photonic (SiP) chip. A photonic wire
bond connects the facet of the RSOA to the SiP external-cavity feedback circuit. The
assembly is built on a metal submount that simultaneously acts as an efficient heat sink.
The photonic wire bonding can be written in situ in a fully automated process and is
shaped to fit the size of the mode field and the positions of the chips at both ends, thus
providing low loss coupling even with limited placement accuracy. It demonstrates a tuning
range from 1515 to 1565 nm along with side-mode suppression ratios above 40 dB and
intrinsic linewidths down to 105 kHz. The approach combines the scalability advantages of
monolithic integration with the performance and flexibility of hybrid multi-chip assemblies
and may thus open a path towards integrated external cavity semiconductor lasers on a
wide variety of integration platforms.

 
Figure 24. Schematic structure of hybrid-integrated laser using photonic line bonds as intracavity
coupling elements.

5. Conclusions

SINLT-ECSLs are developing towards wider tuning range, narrower linewidth, and
higher side-mode rejection ratio. Through the selection of gain media, materials, integrated
devices, etc., and the design of new silicon-based outer cavity structure, the epitaxial
design of SOA is improved, the loss of silicon waveguide is reduced [44], the coupling
efficiency is increased, the reflectivity is reduced, and the stability is enhanced, so as to meet
the application requirements in various fields. High-performance silicon-based external
cavity semiconductor lasers with narrow linewidth or even ultra-narrow linewidth, wide
tuning range, stable output, low noise, small volume, and low cost are realized. With the
development of the information age, silicon-based external cavity semiconductor lasers will
have a broader application market in optical communication, coherent detection, and other
fields [45]. How to realize wide tuning range, high power, single mode, stable spectral
output, and high SMSR laser output is a main research direction for the future development
of external cavity semiconductor lasers.

In summary, the advantages of the SINLT-ECSLs over solitary diode lasers are so im-
portant that their future looks encouraging. This conclusion becomes still better supported
if we consider multichannel external cavity lasers that are particularly interesting for optical
interconnection applications. New materials and configurations appear that make these
lasers still more attractive due to extension of the operation spectral range and high power.
Last, but not least, the SINLT-ECSLs have the potential to be fabricated cheaply enough to
promote more applications.
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Since the end of the last century, in which semiconductor lasers were fast developing,
this kind of laser and its applications have greatly improved our world. Semiconductor
lasers are carriers of both energy for industry and information for optical communications.
The recent progress in research on semiconductor lasers has offered new perspective
regarding both their material growth and structural design. In this Special Issue of Crystals,
we have gathered twelve peer-reviewed papers that shed light on recent advances in the
field of semiconductor lasers and their applications.

Shunhua Wu et al. reported on the theoretical and experimental lasing performance
of a 2 mm laser bar. [1]. An experimental electro-optical conversion efficiency of 71% was
demonstrated, with a slope efficiency of 1.34 W/A and an injection current of 600 A at
a heatsink temperature of 223 K. Qiaoxia Gong et al. established a thermal–structural
coupling model and analyzed the influences of the pump power, cavity structure, and
crystal size [2]. The highest temperature rise was also analyzed. Meanwhile, increasing the
curvature radius of the cavity mirror and the length and width of the crystal, or decreasing
the thickness of the crystal, was also found to be beneficial. Jinliang Han et al. reported
a method of compressing the spectral linewidth and tuning the central wavelength of
multiple high-power diode laser arrays in an external cavity feedback structure based
on one volume Bragg grating (VBG) [3]. A diode laser source producing 102.1 W at an
operating current of 40 A was achieved using a combination of beam collimation and spatial
beam technologies. Moreover, a tuning central wavelength ranging from 776 to 766.231 nm
was realized by precisely controlling the temperature of the VBG, and the locked central
wavelength, as a function of temperature, shifted at a rate of approximately 0.0076 nm/◦C.
Zhuo Zhang et al. designed an ultra-long stable oscillating laser cavity with a transmission
distance of 10 m [4]. The proposed wireless energy transmission scheme based on a VECSEL
laser is the first of its kind to yield a 1.5 m transmission distance output power that exceeds
2.5 W. Yuhang Ma et al. reviewed the progress in the development and application of
external cavity quantum cascade lasers [5]. Nan Zhang et al. discussed the merits of
solution-processed perovskite semiconductors as lasing gain materials and summarized
the characteristics of a variety of perovskite lasers [6]. Yanxin Shen et al. reviewed the
1.3 μm laser crystals and the progress made in their research, as well as some new optical
crystals and novel materials [7]. Bin Wang et al. reviewed the principles of selective
area epitaxy, including growth rate enhancement, composition variation, the vapor phase
diffusion model, and bandgap engineering, as well as its applications, such as BH lasers,
QD lasers, heteroepitaxial lasers on Si, EML, and MWLA, which are introduced in detail [8].
Shen Niu et al. briefly introduced the properties and working principles of the DFB laser
array [9]. Keke Ding et al. reviewed the narrow linewidth external cavity semiconductor
laser [10]. Yue Song et al. reviewed the reliability issues affecting semiconductor lasers
throughout the whole supply chain, including the failure modes and causes of failure
for high-power semiconductor lasers, the principles and application status of accelerated
aging experiments and lifetime evaluation, and common techniques used for high-power
semiconductor laser failure analysis [11]. Xuan Li reviewed two main device-integrated
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structures for achieving widely tunable, narrow-linewidth external cavity lasers on silicon
substrates, such as the MRR-integrated structure and MRR–MZI-integrated structure of
external cavity semiconductor lasers. The results show that the silicon-substrate-integrated
external cavity lasers offer a potential way to realize a wide tuning range, high power,
single mode, stable spectral output, and high side mode suppression ratio laser output. [12].

As shown in this Special Issue of Crystals, the study of semiconductor lasers and their
applications continues to grow and expand as we, as a community, strive to acquire further
understanding of the underlying potential of these lasers. The goal of this Special Issue is
to bring these and other new concepts closer to application in the field of semiconductor
lasers and beyond.

Data Availability Statement: The authors declare no data availability for this editorial.
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