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Abstract: The spontaneous emission recombination lifetime of carriers in the active region of transistor
lasers (TLs) is significantly reduced due to the accelerated carrier transport in the base region under
the collector bias. Thus, it has the potential for use as a high-speed optical fiber communication light
source. The unique three-electrode structure of TL notably enriches the modulation methods of the
light source. As an important parameter to measure the data transfer rate, the modulation bandwidth
of TL has been studied extensively. This paper briefly analyzes the inherent characteristics and
advantages of TL and then discusses the progress in the research on TL modulation characteristics.
Currently, the common methods to increase the modulation rate include optimizing the device
structure, intracavity photon-assisted tunneling, and adding external auxiliary circuits. Through
these techniques, single quantum well GaAs- based TL can achieve error-free transmission of 22 Gb/s,
and simulation data show that for InP- based TL, this can reach 40 Gb/s. Finally, the challenges faced
by TL in the area of optical fiber communication are elucidated.
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1. Introduction

Since the creation of transistors and lasers, numerous scientists have attempted to
combine the electrical signals of transistors with the optical signals of lasers [1-4]. The
transistor laser (TL) was the first electro-optical hybrid device that could output an optical
signal and an electrical signal [5].

In contrast to industrial semiconductor lasers (such as those for additive manufac-
turing [6], laser-foil-printing [7], and laser melting [8-10]), where the focus is on the
electro-optical conversion efficiency, output power, and reliability, the primary focus for TL
is modulation rate performance, with the goal of becoming the core light source device for
next-generation high-speed communication systems.

The carrier lifetime of TL in the active region is as low as 3040 ps [11]. This significant
advantage has extraordinary application potential in the fields of fast optical logic gates [12]
and fast modulation [1]. In the field of semiconductor lasers applied to fiber transmission
(mainly in the 1310 nm and 1550 nm bands), conventional directly modulated lasers
(DMLs) suffer from long carrier recombination lifetimes (approximately 1 ns) [13] and
serious carrier accumulation; thus, the transmission rate of DML is limited to less than
50 Gb/s [14]. It is difficult to overcome this limitation without the use of four-level pulse
amplitude modulation [15] or hetero-integrated structures such as substrate lift-off and
die bonding [16]. TL has the inherent advantage of short carrier lifetime, and the unique
three-electrode structure increases the choice of modulation methods. Therefore, TL is
expected to replace DML in optical fiber communication.
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However, compared with DML, substantially less research has been conducted on
TL. More research is needed on TL to address various issues. Among these is the fact
that the power of TL is less than the commercially required level, which also limits its
modulation capability (see Section 2.2). Further, numerous problems relating to long-
wavelength InP- based TL need to be addressed before it is commercially used in optical
fiber communication; these problems include low mode gain [17] and strong inter-valence
band absorption in the base region [18]. Although these shortcomings limit the application
of TL, it has been reported that the modulation characteristics (including bandwidth,
power, and transmission rate) of TL can be improved by optimizing the base structures
(e.g., quantum well (QW)) and introducing intracavity photon-assisted tunneling and
external auxiliary circuits. This paper introduces and discusses methods that can improve
the modulation performance of TL based on the abovementioned schemes.

2. Inherent Advantages of TL

In 2004, Feng et al. introduced TL as a new type of heterojunction bipolar transistor
laser [19]. The energy band structure of the device is shown in Figure 1. By introducing a
QW active region and a Fabry—Perot resonant cavity into the base region of an electrical
transistor, electrical and optical gains can be obtained [20,21]. For an input base current, the
optical signal of the active region and the electrical signal of the collector can be obtained
simultaneously, which provides a new direction for photoelectronic integration.

In, ,sGa, 3sAs QW
L L,
I L

Figure 1. Two 5 nm InGaAs QWs are embedded in the p-type GaAs base region, which enhances the
carrier confinement and radiative recombination ability of the base region. This can achieve both
electrical gain and optical gain [19].

2.1. Independent Control of Output Wavelength and Power

For comparison, the structure diagrams of DML and TL are shown in Figure 2. For
DML, changing the voltage changes the output power of the device because it changes the
number of carriers injected into the active region. Further, changing the voltage also changes
the output wavelength because it changes the band structure of the QW. In contrast, for TL,
the amount of carrier injection in the active region is mainly controlled by the base-emitter
voltage Vpg, while the energy band structure is mainly controlled by the base-collector
voltage Vpc. Therefore, while changing the output power of the TL, the energy band
structure is not significantly affected and the dispersion of the output wavelength as the
power changes is reduced. It thus follows that the modulation ability of TL is better than
that of DML [22].
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Figure 2. Structure diagram of traditional (a) directly modulated laser and (b) transistor laser.

2.2. Drastically Reduced Effective Carrier Recombination Lifetime

Figure 3a,b show the energy band structure and carrier density distribution of double-
heterojunction DML and TL [23]. For DML, due to the double- heterojunction structure,
a large number of electrons injected from the N region cannot reach the P region within
the recombination time. Consequently, they accumulate in the active region and increase
the recombination lifetime. Meanwhile, the injected holes also accumulate in the valence
band. This situation results in a uniform distribution of carriers, which induces relaxation
oscillations and transport delays. For TL, because of the base transition in the transistor,
the carriers that are not recombined within the base transition time are collected by the
collector. Therefore, the recombination lifetime of TL is not higher than the transit time
of the base region, and the long-lived carriers leave the active region in time to greatly
alleviate the carrier accumulation of TL. The carrier distribution of NPN-type TL can be
simply drawn if the charge at the boundary between the collector and base is assumed to
be zero, which is shown in Figure 3b. Note that although this unique slanted distribution
defines the fast characteristics of TL, it is evident that the number of carriers involved
in recombination to emit photons is much less than that of DML. However, for a device
applied to high-speed modulation, high power is the goal that needs to be pursued because
it means longer transmission distance and higher modulation bandwidth. Achieving this is
the main challenge for TL.

(a) p-i-n (b) Tilted-Charge n-p-n

Emitter Base Collector
n p n

Figure 3. (a) Energy band structure and carrier population distribution of PIN-type double heterojunc-
tion DML, it is uniformly distributed, which induces accumulation. (b) Energy band structure and
carrier density distribution of TL; it has a skewed distribution of carriers due to base transition [23].
Reproduced from Ref. [23], with the permission of AIP Publishing.
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Assuming that the amount of recombination in the active region is much greater
than that in other regions of the base region, the charge distribution of the base can be
approximated as a superposition of two triangular charge groups represented by Q; and
Q, [24,25]. Qq = gAniAWEQw/2 represents the carrier transported from the emitter to
the QW, and Q, = gAn,AWE(/2 represents the carrier transported from the emitter to
the collector. Anq and An, are the electron concentrations to the QW and collector, and
the integral values for An; and Any along the electron transfer direction are Q; and Q,,
respectively. Wgqw is the distance from the emitter to the QW and Wgc is the distance
from the emitter to the collector. The carrier model of TL was reported by Taghavi et al. [26],
which is simplified in Figure 4b. Assuming that the carriers passing through the left
separation confinement heterostructure (SCH) layer are trapped by the first QW and the
remaining carriers continue to diffuse through the barrier to the next well until they are
trapped by other wells, the carrier transport model in the base region can be established
when hot-electron escape and QW tunneling are considered. It can be seen in Figure 4a that
the carrier density gradually decreases from the E region to the C region, and the amount of
reduction also decreases, which indicates that the QW closer to the C region has a weaker
capture ability for electrons. In Figure 4b, Ty, is the lifetime of carriers passing through
the base region from the left SCH layer to the right SCH layer, T4, is the diffusion time
of carriers from the left SCH layer, Tcap1 is the QW trapping lifetime, Ty, is the diffusion
time between QWs, T4y is the effective radiative recombination of carriers in the QW
region lifetime, including spontaneous emission and stimulated emission within the QW,
Tych 15 the spontaneous emission recombination lifetime of carriers in the SCH layer, Ttun
is the tunneling carrier time between wells, Tyery is the hot-electron escape time, Wy is
the base width, Lj, is the barrier width, Wqw is the quantum well thickness, and Wgci
and Wscpp are the upper and lower base, respectively, of the SCH layer thicknesses. The
green line in Figure 4b is the forward route of the carriers in the base region; most of the
carriers participate in the transition from the base region, and the rest enter the QW to
participate in the recombination. The carriers entering the QW generate photons through
radiative transition, and some of them escape through hot electrons or tunnel electrons into
other QWs.
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Figure 4. (a) Carrier density model of the base region; the triangular distribution of Q1 and Q2
corresponds to the capture of carriers by QW and the transition of the base region [24]. (b) Simplified
TL carrier transport model for any number of QWs.

The frequency response H(w) of TL is expressed as
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where wy, the relaxation oscillation damping factor &, relaxation frequency fr, and the
relaxation peak amplitude H(wg) are defined as follows:
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The modulation bandwidth w34p denotes the response frequency when H(wg) = —3 dB.
The parameters involved in the formulas include normalization factor Ay, optical confine-
ment factor I', group velocity v, differential gain g’, spontaneous emission recombination
lifetime Tp spon, photon lifetime Ty, photon number Ny, and slope efficiency n.

Although DML is the most commonly used light source for optical communication,
its modulation capability is inherently limited by relaxation oscillation [27]. The relaxation
oscillation deteriorates the modulation characteristics mainly by reducing the bandwidth
w3qp and increasing the relaxation peak H(wg). The shorter carrier lifetime of TL [13]
can improve the relaxation oscillation damping factor &, thus increasing wy, and modula-
tion bandwidth w3gp while effectively reducing the relaxation oscillation resonance peak
H(wg) [23]. The increase in H(wg) is the main reason for distortion during optical signal
transmission. Xu et al. used a 40 Gb/s NRZ pseudorandom bit sequence with a word
length of 27-1 to simulate eye diagrams of DML and TL. The eye diagram of TL is wider
because the rise and fall times of the digital signal transmission of the TL are shorter than
that of the DML, which means that the signal transmitted by the DML is more prone to
distortion [28]. A low H(wg) of TL means that the area available for signal transmission is
widened, and the actual signal transmission rate is increased. Although the bandwidth of
the GaAs -based TL reported by Tan et al. was approximately 17 GHz, the data transfer
rate reached 40 Gb/s. Therefore, the ratio of transmission rate to bandwidth is as high as
2.35, which is significantly higher than the 1.25 ratio of DML [13].

3. Modulation Characteristics of TL

In current research on TL modulation and data transmission characteristics, ap-
proaches such as optimization of QW, optimization of the base region, introduction of
intra-cavity photon-assisted tunneling, and introduction of external circuit assistance have
been proposed. These approaches reduce the carrier recombination lifetime or photon
lifetime; further, they can increase the photon density or increase the rate of change of the
output optical power with bias in different ways.

3.1. Optimizations of QW

The QWs can be optimized by changing the number, location, thickness, and main
excitation level of QWs in the active region. The effect of QW thickness on the tuning
bandwidth is discussed in the base optimization section.

3.1.1. Number of QWs and Cavity Length

For a high-speed TL, the modulation bandwidth is dependent on the cavity length
and number of QWs. However, the photon lifetime increases as the cavity length increases,
which is not conducive to the rapid modulation of optical signals. The higher the number of
QWs, the more carriers are captured, which indicates more recombination, more photons,
and greater bandwidth.
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According to the carrier transport model shown in Figure 4b, the continuity equations
that analyze the cavity length and optical bandwidth of TL has been reported [26]. Com-
paring the modulation bandwidth under different cavity lengths, the bandwidth of the
TL with a long cavity length decreases sharply when the base current exceeds a certain
threshold (see Figure 5a). The presence of the threshold is caused by the carrier transport
effect. Therefore, the cavity length should be minimized under a large injection. This
finding is congruent with previous reports on DML [29].

The relationship between cavity length and QW numbers with the bandwidth size
can be explained using Figure 5b. First, although the increase in the number of QWs
will increase the photon concentration and the carrier trapping efficiency of QWs (thus
increasing the bandwidth), the accumulation of carriers and photons will lead to relaxation
oscillations. Therefore, to balance photon density and relaxation oscillations, the optimal
number of QWs is five [30]. Second, increasing the cavity length reduces the bandwidth
because the longer cavity length increases the photon lifetime, which produces stronger
relaxation oscillations. However, as shown in Figure 5b, there is clearly a cavity length
that results in the maximum bandwidth. This is because the shorter the cavity length, the
smaller the carrier gain, which leads to a decrease in photon density. However, shorter
cavity lengths can result in lower photon lifetimes. Therefore, optimal values for the
number of QW and the cavity length that result in a maximum bandwidth exist [31].
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Figure 5. (a) Variation in bandwidth with base current at different cavity lengths. (b) Variation in
bandwidth with cavity length under different QW numbers [31].

Considering the influence of the cavity length and the number of QWs on the band-
width and cut-off current, various factors should be weighed when designing TLs.

3.1.2. Location of QW

According to the carrier density distribution model in Figure 4a, regulating Wgqw
changes the relative values of Q; and Q. The value of Q; determines the number of
carriers injected into the QW; therefore, it affects the photon density. Moreover, different
locations of the QW in the base region affect the transport process and recombination rate of
carriers. Therefore, the relationship between QW locations and optical bandwidth involves
various factors [27-32]. In a simulation study of TL, Kaatuzian et al. found that the closer
the QW is to the collector, the larger the bandwidth [32]. They provided an explanation
stating that more carriers are distributed to the current gain Q, when the QW is closer
to the collector, and the number of carriers for recombination emission decreases. This
phenomenon is defined as a “trade-off” between current gain 3 and optical bandwidth
fagp [33]. Simultaneously, the study found that a large Wgqw corresponds to a high
recombination lifetime. However, another study found that the closer the QW is to the
emitter, the larger the bandwidth [34]. The reasoning provided was that moving the QW
closer to the emitter increases the carrier group velocity [35]. This reduces the spontaneous



Appl. Sci. 2022, 12, 4475

7 of 21

recombination lifetime while increasing the damping factor of the relaxation oscillations,
which leads to an increase in bandwidth.

In the process of studying the “trade-off” between {3 and f 345, Kaatuzian et al. found
that the larger the Wgqw, the higher the recombination lifetime and bandwidth [33]. This
phenomenon of the parallel growth of the carrier recombination lifetime and the optical
modulation bandwidth can be explained by the spontaneous recombination lifetime as a
function of the optical cut-off frequency [36,37]. This function indicates that the size of the
spontaneous recombination lifetime increases gradually as the QW moves to the collector,
but the modulation bandwidth varies with the spontaneous recombination lifetime in a
parabolic manner. There is an optimal carrier recombination lifetime such that the TL
has a maximum optical cut-off frequency (modulation bandwidth). When the QW is near
the emitter, the number of carriers in the QW increases because the QW is closer to the
collector; further, the optical bandwidth is significantly enhanced (up to 51 GHz). The
carrier lifetime has been increased in this process, but it is the number of carriers and
photons that mainly affect the light intensity and bandwidth. After reaching the maximum
bandwidth, it continues to move to the collector, and the transport delay of the carriers
gradually dominates the bandwidth; thus, the recombination lifetime and bandwidth no
longer increase in parallel.

In addition to the location in the base, the distribution of the QW affects the band-
width [38]. The asymmetric multiple quantum well (MQW) structure has a higher optical
confinement factor than that of symmetric MQW. This results in the bandwidth of the
asymmetric MQW being higher than that of the symmetric MQW structure; however, the
output power of the asymmetric MQW is slightly lower.

3.1.3. Main Excited State of QW as a Function of Current and Temperature

Different energy levels in the QW under different currents contribute differently to
the optical gain due to their different gains [39]. Figure 6a presents the spectrum of the
GaAs based TL current, lasing wavelength, and modulation bandwidth [40]. The lasing
wavelength is blue-shifted with increasing external current. This is because under small
implantation, the ground state energy level Ag of GaAs based TL dominates the carrier
recombination process. As shown in Figure 6b, the bandwidth growth trend of this device
at low current is mainly determined by Ag. Although base current Iy keeps increasing, Ag
binds the carriers more strongly and thus has a greater impact on the carrier transport. This
leads to the gradual saturation of the modulation bandwidth controlled by Ag. Under a
large injection, the main excitation energy level becomes the first excited state A, which
has a weak ability to bind carriers; thus, the carrier transport process is further accelerated,
the carrier recombination lifetime is further reduced, and a higher modulation bandwidth
is obtained [41].
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Figure 6. (a) Radiative recombination spectrum of Ig and wavelength. (b) Curve of TL bandwidth
under different currents, ground state energy level (blue), and first excited state energy level (red) [40].
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According to the report by Tan et al., as Ip increases to 75 mA, the modulation band-
width of a single QW-TL increases by 1.5 GHz. Further, the device achieved a no-error
modulation signal transmission of 13.5 Gb/s at room temperature under this condition [42].
On a better bit error rate test equipment, the device achieved Iz = 85 mA and 22 Gb/s
no-error data transmission under the conditions of T = 15 °C and {3 dB = 10.4 GHz [43].

In addition to the current, changes in the operating temperature also affect the lasing
wavelength [44]. Figure 7a shows a temperature change I-V characteristics diagram of a
GaAs based TL. With increasing temperature, the main excitation energy level changes
(i.e., Ag to A1) and the electrical gain I¢ increases, which is manifested by the stretched Ic-
Vg characteristic curve shown in Figure 7a. With the injection unchanged, the increase in
electrical gain indicates a decrease in optical gain (see Figure 7b). After the main excitation
energy level was changed by heating, the light intensity was significantly reduced.

100

Transistor Laser

Temperature Sensitivity
80 | Collector |-V
lg= 0-150 mA
| Al,=10 mA

Figure 7. (a) TL collector I-V characteristics curve at various temperatures. When the temperature
rises, the I-V characteristics curve rises and compresses in the negative direction of Vg, which is
the same as the increase in the power gain (Ig) of Vg, and the corresponding optical gain decreases.
(b) TL collector L-IV characteristics curve at various temperatures. The single-facet optical power
varies with temperature, the power decreases at high temperature, and the main excitation energy
level changes [44]. Reproduced from Ref. [44], with the permission of AIP Publishing.

For InP based lasers, which are more commonly used in optical fiber communication,
the variation law is different from that of GaAs lasers in terms of the excitation energy
level with current and temperature. However, for InP based TLs, both the base current and
the operating temperature red-shift the lasing wavelength—but for different reasons. The
red-shift caused by the current change is due to the change in the excited state, and the
main excited state gradually shifts from the first excited state to the ground state when the
current increases [45]. In contrast, the red-shift caused by temperature changes is due to the
power reduction resulting from the increase in the threshold current after the temperature
rise [46].
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The change in the main excited state reduces the single mode of the lasing light and
the transmission ability of the signal. If TL is used for optical fiber communication, the
base current and operating temperature should be properly regulated to avoid changes
in excitation energy levels due to changes in these parameters, which will reduce the
bandwidth and deteriorate single-mode properties.

3.2. Optimization of Each Layer in the Base Region

As shown in Figure 4b, the base region thickness (Wg) is mainly composed of QW
thickness (Wqw), barrier width (L), and SCH layer thicknesses (Wsc1, Wscr?2). The mod-
ulation speed of TL is highly dependent on the base region because both the recombination
of carriers and the generation of light occur in the base region. The carrier transit time in
the SCH layer, the recombination time within the QW, and the transit time between QWs
affect both the photon generation and TL modulation rates. These parameters are closely
related to the width of each layer structure in the base region. Therefore, the adjustment of
the width of each structure in the base region to improve the modulation rate is feasible [47].
Waw affects the ability of QWs to trap and confine carriers. By changing Wqy, the carrier
recombination lifetime can be regulated and the relaxation oscillation can be adjusted. L,
determines the main mode of carrier transport between wells and the ratio of diffusion to
tunneling. The SCH layer acts as a composition-changing layer to increase the additional
potential energy and accelerate the transport of carriers, which can further improve the
modulation bandwidth.

3.2.1. Base Thickness and Number of QWs

In more than a decade of research, owing to the differences in the material of TL
devices and the number of QWs, the relationship between the tuning characteristics and
the width of the base may be non-trivial.

Taghavi et al. (University of Illinois at Urbana-Champaign) conducted a detailed study
on the effects of base variation in GaAs based TL [30]. For the MQW structure, the larger
the Wqw, the larger the transit time 1. between wells, which is unfavorable for carrier
transport. The wider the Ly, the larger the 7. (until saturation); the reason why 7. reaches
saturation is that reaching a certain width diffusion completely replaces tunneling as the
transport mode between wells. For different numbers of QWs, there exists an optimal
Wsch that maximizes the modulation bandwidth. Habib et al. reported that this was due
to the competition between the optical confinement factor and carrier transport [30]. At
the SCH layer, tunneling gradually replaces diffusion as the main carrier injection method.
Therefore, the transmission efficiency of the base region was significantly improved, the
carrier lifetime was reduced, and the bandwidth was increased. However, the reduced
photon confinement ability of the SCH layer results in a reduced photon concentration and
bandwidth within the QW. The two variations compete with each other in the process of
deriving the largest modulation bandwidth. The sudden decrease in bandwidth when the
SCH layer reaches a certain thickness confirms the assumptions established in the previous
analysis of the carrier transport model: because the increase in Wy decreases the carrier
transport rate and increases the radiative recombination lifetime, the competition between
spontaneous emission and stimulated emission leads to a sudden decrease in bandwidth
when the radiative lifetime exceeds a certain threshold. Further, in studying the modulation
properties of GaAS based single QW-TL, Kaatuzian et al. came to similar conclusions as
Taghavi et al., which means that there is a Wy corresponding to the maximum modulation
bandwidth [42]. The maximum bandwidth occurred at approximately Wg = 100 nm. The
optimal Wpg values reported by Tan et al. [47] and Habib et al. [30] were not identical
possibly because of the differences in the material and structure of the device.

Subsequently, Kaatuzian et al. studied the modulation properties of InP based
TL [48-50]. The effect of the Wqw of InP based TL on the bandwidth was reported to
be different from that of GaAs TL. The obvious difference is that the frequency of the
InP based TL does not increase to the maximum peak with increasing Wy but reaches
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saturation [49,50]. Besides, with increasing Wg, the response curve reaches -3dB before the
relaxation peak. This results in a sudden cutoff of the response frequency at WB = 300 nm,
which is similar to that reported by Habib et al. [30].

3.2.2. Increasing the Potential of the SCH Layer Facilitates Carrier Transport

To further enhance the transport rate of carriers in the base region, changing the mate-
rial mole fraction of the base region to reach a gradient that tilts the energy band can provide
additional potential energy or an electric field that assists the carrier transport, which forms
the SCH layer. In 2016, Hosseini et al. designed a GaAs based single QW-SCH structure [51].
The device changes the mole fraction of indium in the upper and lower base regions ac-
cording to the gradient; the material of the top base region is Inz Gaj.g As (&: 0—0.029); the
material of the bottom base region is In; Gaj.¢ As (&: 0.038—0.05). Figure 8a is the original
TL band structure. The rate of carrier movement from the emitter to the QW is accelerated
owing to the band tilt, which reduces the recombination lifetime and base transit time of
the carrier. This was the first application of the gradient-doped SCH structure to TL. The
simulation results showed that the SCH layer can effectively reduce the base transit time
due to the additional drift electric field and can increase the theoretical bandwidth of the
TL from 69 GHz to 71 GHz.

- -0—5,1—6,-7—8‘8—' X (nm)
0 5l 6788,X () ' Pl

:
SCH1 1QW IscH:
:
Sl

25 nm

. ! : 60 nm £005 0 0 00
N-Emitter p-bulk + i-QW\ n-Collector N-Emitter p-GRIN-SCH +i-QW
(Ino.wGaos1P)  (GaAs) (InGaAs)\_ (GaAs) (Ino.49GaosP)  (Al:GariAs)  (InGaAs

(a) (b)

n-Collector
(GaAs)

P
SCH1 QW ISCHp
v

£0.07 002 0020
N-Emitter  p-GRIN-SCH + i-QW

n-Collector
(Ino.49GaosiP)  (Al:GareAs) (InGaAs) A0S

(c)
20
22 8
g 10 f ~ |
e N
0 \ = -
g - g a2} g
g X A 16 <=
2 -10 | . .E N Z3
%’ F 1st structure ks é 5 EN é
8 20 3 — - — - 2nd structure = 8 20 | 15 £ |-
S 4k a g &
-30 F — -+ — 3rd structure B 44
(@]
-40 A
1 10 19 1 2 3 3
Frequency (GHz
qency ( ) Confinement structure
(d) (e)

Figure 8. (a) First TL band structure proposed by Feng et al., i.e., Structure (1) [52]. (b) First introduced
GRIN-SCH structure, i.e., Structure (2) [52]. (c) Second introduced GRIN-SCH structure, i.e., Structure
(3) [52]. (d) Frequency response curve of TL corresponding to Structure (1), (2), and (3) [52]. (e) Optical
bandwidth and output power of each structure [52].
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In 2017, Hosseini et al. introduced the graded index (GRIN) SCH into TL; the band
structure is shown in Figure 8b [52]. Compared with structure (3), structure (2) optimizes
the mole fraction of the bottom base material (i.e., the mole fraction of indium changes from
0.02—0 to 0—0.02) and the mole fraction of the top base material (i.e., the mole fraction of
indium changes from 0.07—0.02 to 0.05—0), which effectively improves the carrier capture
ability of the QW. Considering the drift charge of the SCH layer, the simulated frequency
response curve after modifying the charge continuity equation is shown in Figure 8d. Due
to the change in the SCH2 energy band, the bandwidth of structure (2) is increased by
1.5 GHz compared to structure (3). As shown in Figure 8e, structure (2) also has a higher
output power because the band structure of SCH2 provides an additional negative electric
field for the carriers heading to the base region. Subsequently, this effectively improves the
carrier confinement capability of the QW [53].

It was also reported that the threshold current of structure (2) is 6.5 mA, which is
lower than that of structures (1) and (3). The report also stated that the current gain of
Structure (3) is higher than that of Structure (1), which indicates that more carriers enter the
collector rather than the QW. However, Structure (2) has the lowest current gain because the
“funnel-shaped” energy band of Structure (2) suppresses carrier injection into the collector.
The maximum output light intensity of Structure (2) in Figure 8e can also be explained
by this point. This “funnel-shaped” energy band allows the carriers to be more strongly
confined in the QW, where the carrier distribution is “peaked”. Although the current gain
of Structure (3) is higher than that of Structure (1), more carriers enter the QW under the
action of the base electric field of the GRIN-SCH layer. Consequently, the current gain
and optical gain of Structure (3) are both higher than those of Structure (1). Further, the
threshold current of Structure (3) is lower. Because Structure (3) has more carriers drifting
into the collector, its threshold current is higher than that of Structure (2).

During their study of Structures (1) and (3), Hosseini et al. found that the introduc-
tion of the SCH2 layer brings significantly less bandwidth improvement than the SCH1
layer [54], which can be explained by the effect of the SCH layer on the carrier transport.
The impact is mainly in the SCH1 layer. The main advantage of introducing the SCH2 layer
is that it can increase the output optical power and reduce the threshold current. The report
stated that the modulation bandwidth of GAIN-SCH-TL can be increased to approximately
100 GHz when combined with existing bandwidth enhancement techniques (e.g., the use
of MQW structures and adjustment of QW positions).

3.2.3. Increased Carrier Injection Efficiency through SCH Tunneling

In DML, it is difficult to improve the modulation bandwidth because of the transport
effect on carriers in QW [55]. To accelerate the carrier transport in DML and reduce the
carrier lifetime, a tunnel injection (TI) structure that greatly weakens the carrier transport
effect was invented [56]. An energy band diagram of the structure is shown in Figure 9 [57].
In the TI structure, tunneling is the main carrier transport from the emitter to the first
QW. Subsequently, the carriers between the wells are transported through a mixture of
tunneling and diffusion, which significantly reduces the auger recombination and increases
the efficiency of the radiative transition and output light intensity. Overall, the modulation
bandwidth of the TI-DML is larger than that of conventional DML.

Based on their research on TI-DML, Rikmantra et al. predicted that the bandwidth of
TI-TL can be significantly better than that of conventional TL [38]. Subsequent studies have
demonstrated that the bandwidth of TI-TL is 44 GHz, which is higher than the 29 GHz
bandwidth of conventional TL [58].
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Figure 9. TI-TL band model [57]. Reproduced from Ref. [57], with the permission of AIP Publishing.

The tunneling properties of TI-TL were also studied extensively by Neetesh et al. [59].
They noted that the tunneling structure considerably reduced the threshold current and
increased the modulation bandwidth compared with conventional MQW-TL structure.
This change is more pronounced as the tunneling probability f (i.e., 0 < f < 1) increases,
which characterizes the probability of the charge carriers tunneling into the first QW from
the upper base SCH layer. The simulation shows that increasing f increases the modulation
bandwidth [59]. When no tunnel structure is added at f = 0, all carriers enter the QW by
diffusion, and the bandwidth is 29.01 GHz. As f increases, due to the tunneling effect, the
number of carriers entering the QW increases, the transport process is accelerated, the
recombination lifetime decreases, and the relaxation frequency and bandwidth increase.
In the ideal case (f = 1), all carriers are tunneled into the QW; in this case, the bandwidth
reaches a maximum of 56 GHz. Noted that the peak amplitude of the relaxation oscillation
increases by approximately 3 dB as f goes from zero to one. In theory, this is not suitable for
signal fidelity. Therefore, in the process of transmitting signals using TI-TL, the trade-off
between the relaxation peak amplitude and modulation bandwidth must be considered.

As f increases from zero to one, the second harmonic distortion decreases, and the third-
order intermodulation distortion (IMD3) is reduced from —27.17 to —39.42 dBm, while the
fifth-order intermodulation distortion (IMD5) is reduced from —43.59 to —48.5 dBm. This
proves that the distortion of the signal is suppressed as tunneling occurs [60].

3.3. Intracavity Photon-Assisted Tunneling

By applying heavy doping to the collector and bottom base materials, Feng et al.
reported an intracavity photon-assisted tunneling transistor laser (ICPAT-TL; hereinafter,
tunnel junction transistor laser (TJ-TL)) [61]. This process is called the Franz-Keldysh
intracavity photon-assisted tunneling because of the use of the Franz—Keldysh effect. The
basic process of Franz—Keldysh photon-assisted tunneling involves applying a voltage at
the collector-base interface to change the energy band of the transition region, which causes
the top carriers of the valence band to transition to the bottom of the conduction band by
absorbing the photons emitted by the QW; the excess holes diffuse to the QW valence band
and promote the occurrence of radiative transitions within the QW (see Figure 10). This is a
self-regulating process of reorganization and absorption, which guarantees that Alg = Al
and Ip is constant [62]. The concept of a TL voltage-driven switch that converts stimulated
emission (highly coherent light field) to spontaneous emission (low incoherent light field)
was demonstrated using the Franz-Keldysh photon-assisted process [63].
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Figure 10. T]-TL energy band and intracavity photon-assisted tunneling diagrams [61]. Reproduced
from Ref. [61], with the permission of AIP Publishing.

Although the modulation bandwidth of TL cannot be directly improved by FK photon-
assisted tunneling, it is possible to directly modulate the voltage using transition region
tunneling (I,1) and strong FK transition (Igr) coupled to the radiative transition inside the
QW. FK photon-assisted tunneling enables the modulation of light output by changing
the collector voltage rather than only by current modulation. Compared with increasing
the bandwidth, FK photon-assisted tunneling has a greater impact on the output power.
The output power of TL devices reported to date cannot meet the demands of optical fiber
communication; thus, FK photon-assisted tunneling is an important research direction for
improving TL power output.

The reason why FK photon-assisted tunneling can regulate the optical power by
changing the voltage can be determined by analyzing Figure 11a. In region (1), during the
TJ-TL operation under a weak collector junction field, collector tunneling enables holes to be
effectively supplied to the active QW region (i.e., I > 0, photon-assisted tunneling occurs),
thereby increasing the laser output light quantity. In region (2), the voltage exceeds 0.8V,
and then the output light intensity of the device weakens owing to the FK light absorption
effect. Because the output light intensity of TJ-TL can be easily regulated through voltage
control, TJ-TL can be directly modulated through current and voltage controls. The
sensitivity of optical power to Vcg changes is shown in Figure 11b [64]. It shows that
as Ip increases, the curve of the light intensity change AL versus Vg becomes steeper.
This shows that T]-TL can be used for high-speed optoelectronic devices (e.g., optical
switches) and voltage modulation. Compared to current modulation, voltage modulation
is easier to implement in integrated circuits. Therefore, TJ]-TL should be considered in
future modulation schemes for optical fiber transmission.

As reported by Tung et al. [65], the bandwidth of the current modulation is higher
than that of the voltage modulation. However, the peak frequency amplitude of the voltage
modulation is flatter due to the sloping distribution of the base carrier density and the
collector voltage-controlled photon absorption (i.e., FK tunneling), which eliminates charge
accumulation. It follows that the voltage modulation has a wider adjustable frequency
range and lower error rate [65].
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Figure 11. (a) Dependence of light output on Vcg. Compared with ordinary TL, the output light
intensity of TJ-TL is more dependent on voltage [61]. (b) The sensitivity of the output light intensity
change AL to Vg with various I values [64]. Reproduced from Refs. [61,64], with the permission of
AIP Publishing.

In microwave photonic links, the TL of the current modulation is similar to that of
the traditional DML, and the modulation frequency cannot be higher than the relaxation
frequency fR in practical applications. In contrast, although the bandwidth of the voltage
modulation is small, the frequency response up to f 3 dB is flat. Therefore, voltage modu-
lation may be more suitable for high-speed signal transmission than current modulation.
Further, the input resistance of voltage modulation is higher than that of current modula-
tion, which makes it easier to match with the external resistance. It must be noted that the
conditions for the analysis are that the bias is different and the output power is the same.
Current modulation is better than voltage modulation in resistance matching when current
and voltage modulations are under the same bias conditions [66].

The bandwidth variation trend with respect to Ig and Vg under the two modulation
schemes differs [67,68]. In the current modulation process, as I increases, the number of
photons increases and the bandwidth increases. However, at large injections, the photon
concentration is notably reduced owing to thermal effects, making it difficult to increase
the bandwidth. In the process of voltage modulation, as Vg increases, the modulation
bandwidth decreases. Under high reverse-biased Vg, the photon density and modulation
bandwidth are considerably reduced due to the significant FK absorption effect.

In the analysis of the voltage modulation response curve, in addition to the inherent
optical response, it is also necessary to consider the electronic transfer function of the optical
response feedback; otherwise, it will lead to a large AC enhancement peak on the voltage
modulation response curve [67]. The amplitude of the relaxation oscillation of the voltage
modulation is greatly reduced after the introduction of the electron transfer function.

According to Tung et al. [69], under the same bias condition, the bandwidth in the
voltage modulation case can reach more than 21.4 GHz, which can achieve a 30 Gb/s
data transmission rate. In contrast, the bandwidth in the current modulation case is only
5.5 GHz, which can only achieve a 10 Gb/s data transmission rate.

The voltage modulation of TL is more complicated than of the current modulation
model due to FK absorption. Changes in the current Iz and voltage Vg cause chirp in
the TL [70]. Although the chirp produced by current modulation is similar to the DML
case, the chirp produced by voltage modulation is different. Changes in the FK absorption
coefficient and the base refractive index cause chirping with the change in Vp. In the
photon-assisted process, the holes generated in the valence band of the transition region
diffuse into the active region and then change the carrier density distribution in the QW,
which can also cause chirping [71].
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Tung et al. proposed and modeled a dual-and-direct current—voltage modulation
method to solve the chirp problem that occurs in TL voltage modulation [72]. The scheme
is based on the opposite frequency shifts produced by current modulation and voltage
modulation. The aim is to induce chirps during modulation through Ig and Vg such
that they negate each other. Let Av denote the total instantaneous frequency shift due to
modulation; the frequency shift due to current modulation is Av(I) and that due to voltage
modulation is Av(V) (i.e., Av = Av(I) + Av(V)).

When I is fixed on Iz, which is obtained from the zero-chirp case, and the voltage
signal weight of Vp is changed, the voltage change AV p is as follows:

AVeg = AV = (1 — m)AVy + mAVEY, (6)

where AVcp(™ is the weighted voltage signal, AV is the constant portion of AV3* before
pulse generation, and AV g™ is the Vg at zero chirp. A large m (0 < m < 1) indicates
more chirp cancellation and a greater voltage weight.

As Av(V) increases, and AVp and Av(]I) negate each other more, the overall frequency
shift and number of chirps are smaller. Moreover, the weakening of the FK absorption due
to the decrease in Vp increases the output light intensity. In this study, the simulated eye
diagrams for a 10 Gb/s data transmission rate is still clear after transmitting 100 km with
zero chirp (i.e., m = 1) and a pulse width of 0.1 ns.

The TJ-TL collector doping has a significant influence on the voltage modulation
capability [73] due to its dependence on the base-collector junction field. With heavy
doping of the collector region, the enhanced junction field and FK absorption reduce the
output optical power, which reduces the bandwidth. However, heavy doping also increases
the sensitivity of FK absorption to voltage, which implies that an increase in the sensitivity
of the optical power to Vp changes and modulation speed. The collector doping density
must be carefully considered because of the trade-off between power and modulation
sensitivity. The chosen doping density value should ensure sufficient optical power and
photon density while improving the sensitivity to voltage modulation.

The discovery and application of photon-assisted tunneling have considerably ex-
panded the application prospects of TL in laser modulation. Further, they also confirmed
the great potential of TL in the future application of high-speed optoelectronic devices.
However, the modulation characteristics of TJ-TL are significantly more complicated than
those of conventional TL.

3.4. Auxiliary for External Circuits
3.4.1. Increase the Bandwidth by Applying the Base Auxiliary Signal

The unique three-electrode structure of TL offers the potential to control and improve
the light output characteristics through external measures. Because carriers are injected
into the electrical collector (i.e., QW) at a longer distance than that of the optical collector
during transport, it leads to a phenomenon wherein the electrical gain is slower than the
optical gain. In the case of a certain number of injected carriers, if the probability of carrier
recombination in the QW is increased by some means, the time to reach the peak light
intensity and the overall response time will be shortened [74], which will lead to a decrease
in electrical gain. Then et al. proposed the use of a low-frequency AC base auxiliary
signal to enhance the carrier transport to the QW. More carriers are guided into the QW as
the applied AC signal suppresses the electrical gain in the collector, which improves the
differential gain of the laser, accelerates the optical response, and increases the bandwidth.
Figure 12 shows the proposed circuit diagram by Then et al. After applying an AC auxiliary
signal of 9 MHz, the modulation bandwidth of the TL was increased to 22 GHz, which is
11.5 GHz higher than the response bandwidth without the AC signal.
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Figure 12. Low-frequency auxiliary AC signal to improve TL optical bandwidth circuit diagram [74].
Reproduced from Ref. [74], with the permission of AIP Publishing.

Then et al. demonstrated that the electrical and optical gains are coupled in TL; thus
the differential optical gain, photon density, and modulation bandwidth can be improved
by the photon—electron “trade-off” [75], which provides a new way to improve the TL
modulation rate. This trade-off is somewhat similar to the previously mentioned trade-
off of bandwidth and electrical gain, but the regulation mechanisms different. Whereas
the “trade-off” mentioned in Section 3.1.2 is achieved by changing the QW position, the
“trade-off” here increases the bandwidth by suppressing the current gain by the AC signal.

3.4.2. Predistortion Network

Owing to the nonlinear characteristics of the TL, the base current generates harmonics
and intermodulation distortion during input, among which the IMD3 has the greatest
impact on the link transmission signal.

To suppress signal distortion, Vinodhini et al. first reported a TL predistortion network
technique based on the Schottky diode nonlinear compensation [76]. The modulated signal
undergoes a 180° phase change after passing through the Schottky diode. Subsequently, it
is superimposed with the signal passing through the delay line, which can use the phase
difference to cancel the IMD3 component of the modulated signal. However, a one-Schottky
diode circuit can limit the bandwidth owing to the use of phase shifters. To overcome
this, a dual Schottky diode circuit can be used, which utilizes two Schottky diodes with
an antiparallel structure to reduce the intermodulation distortion component by adjusting
their bias currents.

Without the Schottky diode predistortion network, the output spectrum exhibits a
magnitude difference of 15.92 dBc between the input frequency and the IMD3 component.
Because the IMD3 of the TL varies with the bias current, adjusting the bias voltage of the
Schottky diode to make its nonlinearity the same as that of the TL can reduce the IMD3.
After joining the network, the IMD3 component was notably reduced. The amplitude
difference between the input frequency and the IMD3 component is 29.48 dBc under the
single Schottky network and 31.45 dBc under the double Schottky network.

After adding the predistortion network, the IMD3 component was reduced and the
bandwidth was increased. One and dual Schottky diode predistortion techniques increased
the bandwidth to 12 and 13.8 GHz, respectively. Under the same bias condition, the
bandwidth without predistortion network analysis was only 10.96 GHz. However, when
the predistortion network was introduced, the relaxation peak amplitude increased. This
increase needs to be reduced for the optimization of this technology.
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4. Conclusions

Owing to the rapid recombination of base region carriers, TL shows enormous poten-
tial in the field of optical fiber communication. The design of TL for fast data transfer must
consider the parameters of the epitaxial chip. Further, the introduction of the predistortion
network and base region signal assist also affect the fast modulation performance of the TL.
The modulation bandwidth of TL is enhanced by the fast removal of carriers in the base
region, but the output optical power of TL will be reduced for the carrier loss. The output
power of the TL is improved with photon-assisted tunneling; thus, TJ-TL is the key step
that will allow the practical application of TLs. The results of these studies are shown in

Table 1.

Table 1. Development of TL modulation characteristics in the past decade.

Research Optimization
Year Institution Method Performance Improvement Research Method Reference
Base Area AC The modulation bandwidth of Experiments and
2008 UIluC Signal Auxiliary InGaAs/GaAs-based TL is increased ISJim lation [74]
Modulation from 10.22 GHz to 22 GHz wations
Voltage The first voltage modulation TL,
2013 UIuC 59 achieving 20 Gb/s transfer rate at Experimental data [77]
modulation
room temperature
2013 Shgnzh(?n St}‘uc.tur.al InP-based TL 40 Gb/s transfer rate Slmulatllon [28]
University optimization analysis
University of . InGaAs/GaAs-based TL bandwidth Simulation
2014 Calcutta tunnel injection increased to 44.21 GHz analysis (58]
Intracavity Photon InGaAs/GaAs-based TL achieves
2015 UluC . Y . 10.4 GHz bandwidth and transfer rate  Experimental data [43]
Assisted Tunneling
of22Gb/s
Amirkabir . . .
. . SCH layer InGaAs/GaAs-based TL bandwidth Simulation
2019 University of A . . [54]
optimization increased to 26 GHz analysis
Technology
Na’Flonal VolFage . 0.98 uM TL transfer rate increased to Simulation
2020 Taiwan modulation; chirp . [72]
. . . 10Gb/s analysis
University compensation
2021 Anna Add(i?ogdizllgttky 1.3 uM TL bandwidth increased to Simulation [76]
University 13.8 GHz analysis

suppress distortion

DML also suggests many ways to improve the modulation characteristics, as shown
in Table 2. These methods are not only likely to be applicable to TL, but can also possibly
be combined with the unique three-electrode structure of TL. Tables 1 and 2 summarize
the progress of TL and DML modulation characteristics technology over the past decade,
respectively. It can be clearly seen that the modulation characteristic of DML is much better
than that of TL. This is because TL was only invented in 2004, and most of the theoretical
research on TL still needs to be experimentally confirmed, which also demonstrates the
great potential of TL.
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Table 2. Part of the technology to improve the modulation characteristics of DML.
Research
Year s Performance Improvement Wavelength/(uM) Reference
Institution
2013 NTT 34. GHz, 50 Gb/s f:lata transm}ssmn through 13 78]
integrated passive waveguide structure
. . Asymmetric grating maintains single-mode
2015 Hitachi operation and achieves 29.5 GHz bandwidth 13 791
A bandwidth-stretching laser based on a
2017 Finisar distributed reflector structure is presented. Laser 1.3 [80]
bandwidth up to 55 GHz
Two-section heterogeneously integrated InP-on-Si
2018 Ghent University DFB laser diodes enhanced 1.3 [16]
modulation bandwidth to 25 GHz
Zn doping improves differential gain while
2019 Oclaro optimizing the SCH layer ar'ld QW to improve the 13 [15]
optical confinement factor in the active region to
achieve a 34.2 GHz bandwidth
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