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Organic optoelectronics is a broad topic involving research interests in a wide range of fields.
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light conversion or detection processes, where examining how light interacts with semiconductor
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Abstract: Fibonacci-spaced defect resonators were analytically investigated by cavity coupling, which
exhibited a series of well-defined optical modes in fractals. The analytic model can be used to predict
the output performance of microcavity lasers based on Fibonacci-spaced defect resonators, such as
the mode number, resonant frequency, and Q factor. All results obtained by the analytical solution are
in good consistency with that obtained by the finite-difference time-domain method. The simulation
result shows that the Q factor of the resonant modes would increase dramatically with the appearance
of narrower optical modes. The proposed theoretical model can be used to inversely design high
performance polymer lasers based on the Fibonacci-spaced defect resonators.

Keywords: quasicrystal resonator; analytic model; cavity coupling

1. Introduction

The discovery of quasicrystals in condensed matter has revolutionized solid-state
physics [1–3]. During the last few decades, photonic quasicrystals have been extensively
discussed and studied [4–9]. Quasiperiodic structures are natural intermediate cases
between periodicity and randomness, which provide more optical design possibilities and
richness in the engineering performance of the optical devices. The design of optical devices
based on the quasiperiodic structures can achieve a better performance than periodic ones
for some specific optical applications, which opens new avenues in the quest for high
performance optical devices [10–16].

One-dimensional (1D) optical quasicrystal lattices composed of multilayer stacks have
two different dielectrics of permittivity, ε1 and ε2, arranged in deterministic generation rule,
which exhibit long-range order but lack of translational symmetry. All these structures
exhibit self-similar properties.

In the case of 1D optical quasicrystals the quasicrystalline long-range order results in
a pseudogap similar to the bandgap of photonic crystals, while the lack of periodicity in
the quasicrystal results in critically localized optical modes similar to the localization in
the random systems; in other words, it can be considered as a defect effect. This leads to
the appearance of allowed optical modes inside the forbidden 1D pseudogap. The optical
modes exhibit fractal self-similar patterns in the transmission spectra that stem from the
self-similarity of the underlying structure [17–19]. High Q-factor resonators can be attained
due to the splitting and sharpness of the previous modes from the well-defined self-similar
feature [20]. Moreover, the progressive fragmentation of the frequency spectrum gives
rise to a series of optical modes, which means that in the limit of a large sample size their
spectra become singular continuous, which provide many additional Bragg resonances for
feedback, leading to a multicolor laser at arbitrarily chosen frequencies within the gain
bandwidth [21,22].

Crystals 2021, 11, 749. https://doi.org/10.3390/cryst11070749 https://www.mdpi.com/journal/crystals1
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The optical modes inside quasicrystals are confined in space but decay weakly rather
than exponentially [23–25], which leads to the crosstalk between modes in the energy
spectra and it is difficult to realize single-mode control. This is commonly referred to as
the “non-resonant” case [4,5,26]. Resonant quasiperiodic multi-quantum-well stacks were
proposed [27–29], which show a shorter emission lifetime and higher photoluminescence
emission intensity than that in non-resonant conditions.

How are resonator properties such as wavelength, number of modes and output
controlled by the quasiperiodicity? Many important concepts that are related to crystals,
such as band structure, Bloch theorem, Brillouin zone, etc., are invalid in quasicrystals.
The optical behavior of 1D optical quasicrystal lattices can be investigated numerically
using the transfer matrix method [26,30–32] and the plane wave method [33]. However,
the numerical solutions are not intuitive.

In this paper, we proposed a resonant Fibonacci-spaced multiple-defect-cavity struc-
tures, which exhibits properties of self-similar optical modes with a series of well-separated
peaks. At the resonant condition, the system is resonant and strongly coupled. When
there is an increase in the generation order, very narrow optical modes would appear
and the Q factor of the resonant modes would increase exponentially with mode splitting.
We developed a general theoretical model of the 1D quasicrystal resonator based on the
coupled mode theory. The mode splitting, number and frequency of the resonant modes
were explained qualitatively by an analytical solution. The theoretical model is completely
consistent with the finite difference time domain (FDTD) simulation. We also demonstrate
the inverse design of 1D Fibonacci-spaced resonators for the desired wavelength and
amplitude of optical modes which can realize the broad color gamut laser display.

2. Theoretical Analysis

2.1. Theoretical Model of 1D Fibonacci-Spaced Defect Resonators

One dimensional resonant Fibonacci quasicrystals systems based on multiple defect
cavities with two different interdefect distances satisfy the Fibonacci-chain rule between
the long and short interdefect distances, as shown in Figure 1. The separations between
the defect cavities are denoted by short(S) and long(L), respectively. The Fibonacci chain
(LSLLSLSL . . . ) follows the construction rule that the next complete sequence is the present
sequence plus the previous sequence, marking the first sequence as S and the second as L.

Figure 1. Scheme of 1D Fibonacci-spaced defect resonators. The PPV layers are inserted in the period
stacks of SiO2/TiO2 structures, in which the PPV acts as both the defect cavity and the gain medium.

In the defect cavity, light is confined in a small volume, which enhances light–matter
interactions and favors the laser behavior. The high-Q resonance and wavelength size
of defect cavity make it extremely suitable for creating the coupled microcavity arrays.
The widths of the interdefect cavity were determined from the resonant Bragg conditions,
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specifying the constructive interference of the waves reflected from the multiple defect
cavities at the excitonic resonance.

The resonant electric field of each defect microcavity could enter into the other’s
field with a coupling constant κ. Similarly, the amount of the coupling can be defined
by taking the overlap integral of the modes from the electric field as it enters into the
other’s field with a coupling strength. We have developed our theoretical model based
on the coupled-wave theory. When the coupling effect between the cavities is ignored,
there will be one resonant mode in the above system under the resonant condition. The
field amplitude in the microcavity evolves over time as exp(−iωt), therefore, the dynamic
equations for resonance amplitudes can be written as: da

dt = −iωa, where a is the field
amplitude in the microcavity, and ω is the resonant frequency [34]. Let us consider the
cavity mode coupling effect between the cavities, as shown in Figure 1. We ignore the
coupling between the non-adjacent cavities. According to the coupled-wave theory, the
dynamic equations for the nth resonant cavity can be written in the following form [35]:

dan

dt
= −iωnan + iκn−1 nan−1 + iκn+1 nan+1 (1)

where an is the mode amplitude of the nth resonator, κn−1 n and κn+1 n present the coupling
coefficients of the modes n − 1 and n + 1 coupled to the mode n, respectively. The Fourier
transform of an is

an(t) =
∫

An(ω)exp(−iωt)dω (2)

Inserting the value of Equation (2) into Equation (1) and considering all N resonators,
after solving, the coupling equations in the frequency domain for the given system can be
expressed as:

⎡
⎢⎢⎢⎢⎣

ω1 − ω0 −κ21 0 · · · 0
−κ12 ω2 − ω0 −κ32 · · · 0
· · · · · · · · · · · · · · ·
0 0 · · · ωN−1 − ω0 −κNN−1
0 0 · · · −κN−1N ωN − ω0

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣

A1
A2
· · ·

AN−1
AN

⎤
⎥⎥⎥⎥⎦ = 0 (3)

where A1, A2 · · · AN are the complex amplitude of the N resonant cavities and ω0 is the
unperturbed Bragg frequency. Therefore, the above equations will lead a nonzero solutions
when the determinant of the coefficient of equations DN equals zero. Considering the
coupling coefficient between the two cavities is irrelevant to the direction of coupling. In
the two opposite directions, we suppose κij = κji = κi, DN can be expressed as:

DN =

∣∣∣∣∣∣∣∣∣∣

ω1 − ω0 −κ1 0 · · · 0
−κ1 ω2 − ω0 −κ2 · · · 0
· · · · · · · · · · · · · · ·
0 0 · · · ωN−1 − ω0 −κN−1
0 0 · · · −κN−1 ωN − ω0

∣∣∣∣∣∣∣∣∣∣
= 0 (4)

According to Equation (4), we construct the coupling matrix as follows:

CN =

∣∣∣∣∣∣∣∣∣∣

0 κ1 0 · · · 0
κ1 0 κ2 · · · 0
· · · · · · · · · · · · · · ·
0 0 · · · 0 κN−1
0 0 · · · κN−1 0

∣∣∣∣∣∣∣∣∣∣
(5)

Equation (5) implies that diagonal elements are zero because the mode of the one
cavity is not coupled to itself for the off diagonal elements κij = 0, except j = i ± 1, because
coupling between the non-adjacent cavities should not be considered.

3
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By comparing Equation (4) and Equation (5), we can obtain DN = |(ω − ω0)E − CN |,
where E is the unit matrix. Therefore, ω − ω0 is the eigenvalue of CN . As described
in Equation (5), CN is a real symmetric matrix, (CN)

T = CN . For N we can obtain the
eigenvalue ω1 − ω0, ω2 − ω0 . . . ωN − ω0 from the symmetry of CN . It can be further
proved by the matrix theory that these N eigenvalues are different. (The detailed derivation
process is described in Appendix A). Thus, the cavity coupled modes split into the N
resonance modes.

Based on the well-known matrix theory, we can obtain the resonance frequencies
for the N defect microcavities arranged following the Fibonacci sequence as described in
Figure 1. The coupling coefficients between the cavities with short and long separations
are denoted by κS and κL, respectively. Therefore, Equation (4) can be written as:

DN =

∣∣∣∣∣∣∣∣∣∣

ω1 − ω0 −κL 0 · · · 0
−κL ω2 − ω0 −κS · · · 0
· · · · · · · · · · · · · · ·
0 0 · · · ωN−1 − ω0 −κN−1
0 0 · · · −κN−1 ωN − ω0

∣∣∣∣∣∣∣∣∣∣
= 0 (6)

After solving the linear equations, the resonant frequencies can be obtained. DN can
be expressed as the following recursive relation (See Appendix B for detailed derivation).
Note that κN−1 depends on the parity of N.

DN = (ω − ω0)DN−1 − κ2
N−1DN−2 (7)

Once we know both D2 and D3, DN can be extracted step by step using Equation (7).

2.2. Analytical Results and Discussion

We can figure out all the resultant resonant frequencies from the solution of Equation (6)
and some results are described in Table 1.

Table 1. The frequencies of the coupled defect mode for N = 1, 2, 3, 5, respectively.

The Defect Numbers The Frequencies of the Coupled Defect Modes

1 ω = ω0

2 ω = ω0 ± Δω = ω0 ± κL

3 ω = ω0, ω = ω0 ± Δω = ω0 ±
√

κ2
S + κ2

L

5 ω = ω0, ω = ω0 ± Δω = ω0 ± κL, ω = ω0 ± Δω = ω0 ±
√

κ2
S + 2κ2

L

We noticed in the analytical solution that the resonant frequencies are distributed
symmetrically about ω0 and can be evaluated from the coupling coefficient κS and κL. If
κS = κL, it is referred to a as periodic defect cavities chain, which has been studied in
our previous work [36]. Similarly, the Fibonacci-spaced defect resonators exhibit unusual
properties, which are very different from those of periodic and random systems, as we
can see in Figure 2a, where we plot the evolution of resonant modes as generation order
increase, which show self-similar properties of typical Cantor sets.

It could be proved by the matrix theory there exist a limit value for the maximum
and minimum resonant frequencies in the above analytical solution. This means that in
a limited spectral region the spectra are highly fragmented. For large generation order, the
line width of the resonant modes decreases dramatically, which results in resonators with
high Q-factors.

4
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Figure 2. (a) Comparison of resonant frequencies of the Fibonacci-spaced defect resonators obtained
from the theoretical model developed (the red line) and the simulation using FDTD (the black line)
with different generation order for κS = 0.42, κL = 0.27. The results agree well, and the discrepancies
are expected to vanish if the first and last coupling coefficients are modified due to external losses.
(b) Q factor increases exponentially with mode splitting.

Due to their highly fragmented frequency spectra, a Fibonacci-spaced chain of defect
cavities offers more resonant frequencies than periodic ones in a given frequency range
for a given system length, which provides a higher degree of design and tuning flexibility.
The analytical solution of the proposed theoretical model can be used to customize high
performance microcavity resonators and it can be made via inverse design. The theoretical
mode can also be extended to predict the characteristics of 2D quasiperiodic structures.

3. Simulation and Validation

To validate the theoretical analysis, we compare the theoretical results to the FDTD
simulations. In the simulation, the refractive indices of SiO2 and TiO2 were chosen as
1.54 and 2.5, respectively, which were measured by a spectroscopic ellipsometer (ESNano,
Ellitop). The thickness of the SiO2/TiO2 layer was 90/70 nm. The refractive index and the
thickness of the MDMO-PPV (defect/gain layer) were about 1.67 and 94 nm, respectively.
The important parameters were optimized by FDTD, so that the photonic band gap over-
lapped almost completely with the emission spectrum of MEMO-PPV, and the unperturbed
defect mode frequency is exactly at the center of band-gap of the 1D photonic structure.

We found an excellent agreement in the resonant frequencies by comparing the results
of the analytical model based on the coupling mode effect with FDTD simulation, as shown
in Figure 2a. The deviations between the theory and the simulation are from the coupling
of two cavities on both sides to the outside world. We expect this discrepancy vanish if the
external losses are modified in the first and last coupling coefficients.

It can be observed from Figure 2a that every mode of any hierarchy will split into
submodes to form the Cantor spectrum. In the third hierarchy there are three modes: the
mode on the both sides will further split into submode for the global structure, and the
middle mode will also split in the same manner for next stage. Thus, it turns out that the
Fibonacci-spaced defect resonators have a perfect self-similar spectrum. The Q factor of
the resonant modes would increase exponentially with the appearance of narrower optical
modes, as shown in Figure 2b. Considering only the resonant modes in the center of the
band, the Q value increases from 480 for N = 1 to 23,960 for N = 13, where the size of the
device increases from 1.694 to 5.862 μm.

5
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4. Inverse Design of Laser Resonators Based on the Fibonacci-Spaced Defect Resonators

Some features of the regular quasicrystals are not required for the operation of mi-
crocavity lasers. According to the analytical model, the regular quasicrystals can be
modified to be an ideal resonator for microcavity lasers. For example, the mode splitting
provides a simple, flexible and versatile approach for the design of high performance
resonators [36–40]. It would allow us to engineer the behavior of the cavity mode simply
by tailoring the separation and size of the defects. Here, the ratio α = L

S is arbitrary. For
L = S the structure becomes periodic and for τ equal to the golden mean 1.618, it becomes
the canonical Fibonacci chain [41]. The simulation results show that Δω, which refers to
frequency detuning from ω0 due to coupling, decreases exponentially with increasing the
ratio α, as shown in Figure 3.

Figure 3. The relation between Δω and α for N = 3, 5, 8. The dotted line indicates the positions on
the curve at τ = 1.618.

According the relation between Δω and α and the analytical solutions mentioned
above, we can optimize 1D quasicrystal resonators to obtain target optical modes at
arbitrary positions in a broad spectral range.

In this section, we have studied inverse design of the 1D quasicrystals resonators to
obtain desired laser emission, as shown in Figure 4. By adjusting the separation of the
defects in above model, the optical modes can be fine-tuned across a broad-spectrum range,
as shown in Figure 4a. Organic polymers have broad emission spectrum, which demon-
strates excellent features in flexible spectrum modulation. It has been reported [42,43] that
the intensity of the band-gap modes can be adjusted by controlling the phase shift of both
reflecting facets. In Figure 4b, we have demonstrated the effect on the intensity of optical
modes in the band-gap by changing the number of boundary layers. Based on the analytic
model, the number of optical modes can be predicted, which corresponds to the number of
defects, as shown in Figure 4c. The wavelength and intensity of the output emissions are
calculated as points located in the CIE chromaticity diagram in Figure 4d. Thus, the CIE
chromaticity demonstrates the output of the laser with broad color gamut.

Note that there is a slight difference between the resonant frequency of Fibonacci-
spaced defect resonators obtained from the theoretical model and that obtained from FDTD,
especially for high generation orders. It can be attributed to the fact that the coupling
between non-adjacent cavities is not considered in the proposed method. Even so, the
developed analytical model can be extended to a more general case of aperiodic plasmonic
systems, which provides a simple and efficient route towards designing real systems with
flexible, multispectral optical responses. It opens a new avenue in the quest for high
performance optical devices.

6
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Figure 4. (a) Modes splitting for N = 3 with τ = 3, 1.5, 1.43. (b) Intensity of optical modes
for different boundary layers. (c) The number of optical modes for different number of defects.
(d) Schematic diagram of the emission spectra for the R, G and B components.

5. Conclusions

In conclusion, we have presented 1D quasicrystal resonators which exhibit progressive
fragmentation of the frequency spectrum as generation order increases and gives rise to
quasicontinuous but well-defined optical modes in the limit of large sample size. The
analytical solution of the proposed theoretical model provides precise control on single-
or multifrequency across a broad spectral range, which can be used in the polymer laser-
based display with broad color gamut and also can meet the operating requirements of
high-resolution spectroscopy.

Author Contributions: Conceptualization, L.C. and T.Z.; Methodology, L.C. and L.L.; Validation,
L.C. and T.Z.; Formal Analysis, L.C. and L.L.; Investigation, L.C. and Z.X.; Writing—Original Draft
Preparation, L.C.; Writing—Review and Editing, L.C., A.H., and T.Z.; Supervision, T.Z.; Project
Administration, T.Z.; Funding Acquisition, T.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: Beijing Natural Science Foundation (Z180015); National Natural Science Foundation of
China (61822501).

Institutional Review Board Statement: Not applicable.

7



Crystals 2021, 11, 749

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not available.

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

Appendix A

In the first step, keeping in view the concept of matrix theory, if CN is a real symmetric
matrix, it can be deduced that CN has N real eigenvalues. In the second step, if we
have DN = (ω − ω0)E − CN =

(
dij

)
, then the cofactor of dN1 can be arranged in the

following form:

∣∣∣∣∣∣∣∣∣∣

−κ1 0 · · · 0 0
ω − ω0 −κ2 · · · 0 0
· · · · · · · · · · · · · · ·
0 0 · · · −κN−2 0
0 0 · · · ω − ω0 −κN−1

∣∣∣∣∣∣∣∣∣∣
N−1

= (−1)N−1κ1κ2 · · · κN−1 �= 0 (A1)

Thus, the rank of DN is greater than or equal to 1, that is R(DN) ≥ N − 1. On the
other hand, R(DN) ≤ N − 1 because ω − ω0 is the eigenvalue of CN . Therefore, we can
obtain R(DN) = N − 1 for any eigenvalue of CN . From R(DN) = N − 1, we can derive
that N real eigenvalues of CN are different. In summary, it can be concluded that CN has N
different real eigenvalues.

Appendix B

DN is the determinant of tridiagonal matrix in Equation (6). It can be written as:

DN =

∣∣∣∣∣∣∣∣∣∣

ω − ω0 −κL 0 · · · 0
−κL ω − ω0 −κS · · · 0
· · · · · · · · · · · · · · ·
0 0 · · · ω − ω0 −κN−1
0 0 · · · −κN−1 ω − ω0

∣∣∣∣∣∣∣∣∣∣
=

(ω − ω0)

∣∣∣∣∣∣∣∣∣∣

ω − ω0 −κL 0 · · · 0
−κL ω − ω0 −κS · · · 0
· · · · · · · · · · · · · · ·
0 0 · · · ω − ω0 −κN−2
0 0 · · · −κN−2 ω − ω0

∣∣∣∣∣∣∣∣∣∣
N−1

−κ2
N−1

∣∣∣∣∣∣∣∣∣∣

ω − ω0 −κL 0 · · · 0
−κL ω − ω0 −κS · · · 0
· · · · · · · · · · · · · · ·
0 0 · · · ω − ω0 −κN−3
0 0 · · · −κN−3 ω − ω0

∣∣∣∣∣∣∣∣∣∣
N−2

(A2)

Thus, from Equation (A2), DN can be expressed as the following recursive relation:

DN = (ω − ω0)DN−1 − κ2
N−1DN−2

where DN−1 and DN−2 are the determinant of the bottom-right (N − 1)× (N − 1) and
(N − 2)× (N − 2) submatrix of DN respectively.
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Abstract: The orbital angular momentum (OAM) of the structure light is viewed as a candidate for
enhancing the capacity of information processing. Microring has advantages in realizing the compact
lasers required for on-chip applications. However, as the clockwise and counterclockwise whispering
gallery modes (WGM) appear simultaneously, the emitted light from the normal microring does not
possess net OAM. Here, we propose an OAM laser based on the standing-wave WGMs containing
clockwise and counterclockwise WGM components. Due to the inhomogeneous intensity distribution
of the standing-wave WGM, the single-mode lasing for the OAM light can be realized. Besides,
the OAM of the emitted light can be designed on demand. The principle and properties of the
proposed laser are demonstrated by numerical simulations. This work paves the way for exploring a
single-mode OAM laser based on the plasmonic standing-wave WGMs at the microscale, which can
be served as a basic building block for on-chip optical devices.

Keywords: micro-nano photonics devices; optical microcavity; micro-nano vortex laser; orbital
angular momentum; plasmonic devices

1. Introduction

After the knowledge about the linear momentum and spin angular momentum of
light, a breakthrough is the recognition of the orbital angular momentum (OAM) of light [1].
The OAM is a completely new degree of freedom. In theory, the OAM light provides infinite
orthogonal modes. As a result, the OAM states can greatly expand the information capacity,
which has directed attention to applications for optical communication [2] and quantum
information [3]. Since the first demonstration of a laser in 1960 [4], various lasers have been
investigated, such as the plasmonic nanolaser [5], the random laser [6–8], the photonic
crystal nanocavity laser [9], and the exciton-polariton laser [10], and so forth. Advances in
nano-technology make it possible to manipulate the light on a chip [11–15]. Because the
generation of micro-scale OAM light is of great significance to on-chip applications, it has
received extensive attention.

Optical vortex beams with helical phase front carry OAM. In order to obtain OAM
light, one can modulate the wave front of a coherent light. The wave-front modulations
are mostly based on changing the optical path difference, employing a geometry phase,
or controlling diffraction on demand with suitable optical elements, such as spiral phase
plates, lens, Pancharatnam–Berry phase elements, and holograph [16–23] and so forth. In
addition, the direct generation of OAM light within the laser cavity has been developed, to
the great attention of researchers [24–34]. Microring has advantages in realizing compact
lasers. However, the conventional microring cavity supports the standing-wave WGM with
the same weight of clockwise (CW) and counterclockwise (CCW) components, resulting
in a net zero OAM of the emitted light. In order to obtain emitted light with OAM, much
attention is paid to breaking the rotation symmetry between the two counter-propagating
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Crystals 2021, 11, 901

WGMs in the ring cavity. For instance, the OAM laser can be made based on the traveling-
wave WGM at the non-Hermitian exceptional point of a ring cavity [34]. Despite these
impressive advances, designing controllable single-mode OAM lasers at the microscale are
still challenging.

Here, we propose a vector OAM laser based on the plasmonic standing-wave WGMs.
In this framework, the OAM light is constructed by modulating the scattered waves from
the standing-wave WGM in the plasmonic ring cavity, and the desired single-mode lasing
can be achieved.

2. Principle and Results

Figure 1a shows the schematic of an OAM laser. The ring cavity is a coaxial cylindrical
structure with a silver–InGaAsP–silver geometry. The bottom of the cavity is encapsulated
by silver, so only the upper face of the ring is reserved as the port of the OAM-light emission.
This microcavity supports plasmonic mode, for which the electric field component with
polarization along the radial direction in the cavity plane (x-y plane) is dominant. We
construct the OAM light based on the standing-wave WGMs. For the standing wave,
the oscillations between two adjacent nodes are in phase, while the oscillations on the
opposite sides of a node are in anti-phase, that is, there is a π phase jump at each node.
However, the OAM light beam possesses helical phase fronts. In order to obtain OAM light,
we introduce tiny effective-refractive-index perturbations at discrete positions along the
azimuthal direction of the InGaAsP ring (the effective-refractive-index perturbations are in
the region with rinner ≤ r ≤ router and 0 ≤ z ≤ hInGaAsP, where rinner, router and hInGaAsP
are the inner radius, outer radius, and height of the InGaAsP ring, respectively). The tiny
effective-refractive-index perturbations will couple the standing-wave WGM to the OAM
mode by extracting the phase of the standing wave and shifting it to the phase of the
OAM mode. In detail, we introduce 2m effective-refractive-index perturbations at discrete
parts in the ring. Each individual section of the effective-refractive-index perturbations has
an angular width Δθ = π/2m along the azimuthal direction of the ring. The azimuthal
coordinates at the centrals of these 2m sections are θ1(n) = πn/m (n = 1, 2, 3, . . . , 2m),
respectively. For convenience, we define these 2m sections of the ring as region 1, and
define other parts of the ring as region 2 (region 2 of the ring also consists of 2m sections,
where each individual section has an angular width Δθ, and the azimuthal coordinates at
the centrals of these sections are θ2(n) = πn/m + Δθ (n = 1, 2, 3, . . . , 2m), respectively).
In this framework, the standing-wave WGM with azimuthal mode number l = m can be
coupled to the desired OAM light. The effective refractive indexes in the ring (rinner ≤ r ≤
router, 0 ≤ z ≤ hInGaAsP) along the azimuthal direction (θ) are

nG =

⎧⎨
⎩

nInGaAsP + δ+ δi + δeiφn , θ1(n)− Δθ
2 ≤ θ ≤ θ1(n) + Δθ

2 (n = 1, 3, 5 . . . 2m − 1)
nInGaAsP + δ+ δi + δei(φn+π), θ1(n)− Δθ

2 ≤ θ ≤ θ1(n) + Δθ
2 (n = 2, 4, 6 . . . 2m)

nInGaAsP + n′′ i, θ2(n)− Δθ
2 ≤ θ ≤ θ2(n) + Δθ

2 (n = 1, 2, 3 . . . 2m)

(1)

where the tiny perturbations δeiφn and δei(φn+π) will couple the standing-wave WGMs
with l = m into the desired OAM light. Because the oscillations of the standing-wave
WGMs jump a π phase at each amplitude node, a π is needed in the term δei(φn+π).
φn = qnπ/m (n = 1, 2, 3, . . . , 2m). The OAM carried by the emitted light is related
to q (q = 0,±1,±2, . . .). The φn and φn + π can be controlled by tuning the real and
imaginary part of the perturbation terms. Researchers have explored some methods to
modulate the effective dielectric constant or effective refractive index [34,35]. The loss
n′′ i can be used to suppress the lasing of the competing modes. It is worth noting that
the δ+ δi is not required. However, in order to facilitate the practical effective refractive
index modulations, δ+ δi is used in our theoretical model. In this case, δ+ δi + δeiφn and
δ+ δi + δei(φn+π) (δ > 0) can be achieved without resorting to gain and negative real parts.
In this paper, we adopt the following definition: the material corresponds to loss material
when the imaginary part of the refractive index of the material is positive.
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Figure 1. The cavity mode and the emitted mode of the OAM laser for l = 11. (a) Schematic of
an OAM laser. The z = 0 is at the bottom of the InGaAsP ring, and the (x = 0, y = 0) is at the
center of the ring. (b1)–(g1), mode 1 inside the cavity [(b1)–(d1)] and the corresponding emission
mode [(e1)–(g1)]. (b2)–(g2). Mode 2 inside the cavity [(b2)–(d2)] and the corresponding emission
mode [(e2)–(g2)]. (b1),(b2), the intensity distributions |Er|/E0 of the radial component of the electric
field inside the cavity (the |Er|/E0 and the phase of Er in the area marked by rectangular box is
also presented in the enlarged figures). (c1),(c2), the intensity distributions |Eθ |/E0 of the azimuthal
component of the electric field inside the cavity (the |Eθ |/E0 and the phase of Eθ in the area marked by
rectangular box is also presented in the enlarged figures). (d1),(d2), the intensity distributions |Ez|/E0

of the z -component of the electric field inside the cavity (the |Ez|/E0 and the phase of Ez in the area
marked by rectangular box is also presented in the enlarged figures). (b1)–(d1), (b2)–(d2) are the
mode properties at z = hInGaAsP/2. (e1)–(g1), (e2)–(g2) are in the cross section (the radius of the area
is 5000 nm) of the emission modes at 2 μm above the upper surface of the cavity. E0 is the maximum
of the |Er | in the (b1). The green lines in the enlarged figures are the boundaries of different sections.
The q = 2 is used. The eigenfrequencies of the two modes are 1.9999 × 1014 + i6.25 × 1011 Hz and
2.0031× 1014 + i9.45× 1011 Hz, respectively. These results are calculated by the Comsol Multiphysics.

Now, we carry out 3D full wave simulations (via the commercial software COMSOL
Multiphysics) to demonstrate the OAM laser. We take a standing-wave WGM with l = 11
in the microcavity as an example. The effective-refractive-index perturbations in region
1 consist of 2m discrete sections with an angular width Δθ = π/2m, where m = 11. The
azimuthal coordinate at the center of each section of region 1 is θ1(n) = nπ/11, where
n = 1, 2, 3, . . . , 22. Then, the effective refractive indexes in the ring are

nG =

⎧⎨
⎩

nInGaAsP + 0.006 + 0.006i + 0.006eiφn , nπ
11 − Δθ

2 ≤ θ ≤ nπ
11 + Δθ

2 (n = 1, 3, 5 . . . 21)
nInGaAsP + 0.006 + 0.006i + 0.006ei(φn+π), nπ

11 − Δθ
2 ≤ θ ≤ nπ

11 + Δθ
2 (n = 2, 4, 6 . . . 22)

nInGaAsP + n′′ i, nπ
11 + Δθ

2 ≤ θ ≤ nπ
11 + 3Δθ

2 (n = 1, 2, 3 . . . 22)
(2)

where φn = qnπ/11, nInGaAsP = 3.34, and n′′ = 0.012. In the simulations, we con-
sider the condition that the silver is at a low temperature, and use the refractive index
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nAg = 0.0014 + 10.9741i at 4.5 K [5], which has low metal loss. In this paper, we adopt the
following definition: the mode corresponds to loss mode when the imaginary part of the
eigenfrequency of the mode is positive. The inner radius, width and height of the InGaAsP
ring are 620 nm, 50 nm and 200 nm, respectively.

Figure 1 presents the details of the standing waves in the cavity and the emitted modes
for l = 11. Here, the laser cavity with q = 2 is taken as an example, and the z-direction
mode number and radial mode number of the cavity mode are fixed. The |Er|, |Ez|, and |Eθ |
show obvious nodes along the azimuthal direction of the ring [Figure 1(b1)–(d1),(b2)–(d2)],
which is the typical character of the standing wave modes. Besides, the standing-wave
nature of the cavity modes is further confirmed by the phases of Er, Ez, and Eθ of the cavity
modes (the last figures of the Figure 1(b1)–(d1),(b2)–(d2)). Because the cavity mode is
coupled into the emitted OAM light by the tiny perturbations in region 1, mode 1 and
mode 2 with different distributions in the cavity exhibit distinct emission characteristics.
For mode 1, the azimuthal antinodes of Er (the dominant component of the electric field)
match the sections of region 1 (Figure 1(b1),(d1)). Besides, the phase of the Er of mode 1 in
each individual section of region 1 is the same, and the Er of mode 1 has a phase difference
π between adjacent sections of region 1 (Figure 1(b1)). Thus, mode 1 is coupled to the
desired OAM mode as shown by Figure 1(e1)–(g1), in which the Er, Ez and Eθ all show
phase characteristics of the OAM light. For mode 2, only the azimuthal antinodes of Eθ

match the sections of region 1 (Figure 1(c2)), while the azimuthal antinodes of Er and Ez
match the sections of region 2 [Figure 1(b2),(d2)]. Besides, the Er, Eθ , and Ez of mode 2
in each individual section of region 1 all simultaneously contain mode oscillations with
opposite phases. Thus, the emission from mode 2 to the OAM mode is suppressed as
shown in Figure 1(e2)–(g2) (the intensity of mode 1 and mode 2 in the cavity is nearly
the same. However, compared with the bright color of the emitted light from mode 1
(Figure 1(e1)–(g1)), the emitted light from mode 2 (Figure 1(e2)–(g2)) shows a nearly dark
color, indicating the suppression of the emitted light from mode 2.) This property will help
suppress unwanted components in the emitted light.

Figure 2 shows that the OAM of the emitted light can be tuned by tuning the tiny
modulation of the effective refractive index (tuning q in the φn). The emission modes for
q = 1, 2, and 3 are presented in the first, second and third row of Figure 2, respectively. It
can be found that the phase repeats one, two, and three times from 0 to 2π upon one full
circle around the center of the emitted light beam for q = 1, 2, and 3, respectively, which
means the OAM can be designed on demand.

Now, we show that this OAM laser can naturally ensure the single-mode operation
of desired mode. Here, we make a comparison between the modes with the same field
distribution in the vertical cross section of the bend waveguide of the microring but with
different field distributions in the azimuthal direction. For the standing-wave WGM, one
mode (mode 1) of the pair of modes with l = m is mainly confined in region 1, and the
other mode (mode 2) is mainly confined in region 2. In addition, the cavity modes with
l �= m all have nearly the same distribution weight in two regions. Thus, the desired
mode 1 experiences the lower loss from region 2 than other modes, that is, enhancing the
loss in region 2 can relatively suppress the lasing of other competing modes. In order
to demonstrate this principle, we conduct the 3D full-wave simulations. We take the
laser cavity with q = 2 and m = 11 as an example. Figure 3a shows the ratios of the
volume integral of |E|2 confined in region 1 to the volume integral of |E|2 confined in
region 2. Obviously, the electric fields of the desired mode 1 are mainly confined in region
1 ( Γ1/Γ2 ∼ 4.2). In contrast, the electric fields of mode 2 are mainly confined in region
2 ( Γ1/Γ2 ∼ 1/4.2). For other WGMs (for instance the mode pair with l = 10 and mode
pair with l = 12.), electric fields are nearly equally distributed in region 1 and region 2
( Γ1/Γ2 ∼ 1). Thus, as the loss in region 2 increases, the quality factor of mode 1 (red line in
Figure 3b) decreases slower than other modes (blue line and black lines in Figure 3b). As a
result, the single-mode lasing of the desired mode will be benefited when the perturbation
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loss of region 2 is relatively large. It is worth noting that the OAM natures of the emission
mode will not change as the loss in region 2 increases as shown in Figure 3c.

 

Figure 2. Tuning the OAM of the emitted light. The first row [(a1)–(c1)], second row [(a2)–(c2)],
and third row [(a3)–(c3)] of the figure present the simulation results of the modes for q = 1, 2 and 3,
respectively. These results are in the cross section (the radius of the area is 5000 nm) of the emission
modes at 2 μm above the upper surface of the cavity. It is worth noting that the corresponding modes
inside the cavity (mode 1) have nearly the same field intensity.

 

Figure 3. Suppressing the lasing of the competing modes. (a) The n′′ dependence of the ratios of the
volume integral of |E|2 confined in the region 1 to the volume integral of |E|2 confined in region 2,
which is calculated as Γ1/Γ2 =

˝
Region 1|E|2dv/

˝
Region 2|E|2dv. Here, n′′ is the modulation in

Equation (2). (b) The quality factors of the modes as a function of the n′′ . (c) The intensity (|Er|/E0,
|Eθ |/E0, and |Ez|/E0) and phase distributions of the emission mode at P1 and P2 of the (a). The
(c) are in the cross section (the radius of the area is 5000 nm) of the emission mode at 2 μm above
the upper surface of the cavity. In this example, q = 2 and m = 11. The red lines correspond to
the desired mode 1 with l = 11, the blue lines correspond to mode 2 with l = 11, the black lines
correspond to the modes with l = 10, and 12.
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Finally, we investigate the switch of the OAM of the emitted light. In order to control
the OAM of the emitted light, we modulate the effective refractive index of region 1 to
couple one standing-wave WGM (mode 1) to an OAM mode, and modulate the effective
refractive index of region 2 to couple the other standing-wave WGM (mode 2) to the other
OAM mode. Then, the losses of region 1 and region 2 are used to select the lasing mode
between mode 1 and mode 2. Here, the effective refractive indexes in the ring are

nG =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

nInGaAsP + η1i + δ+ δi + δeiφ1
n , θ1(n)− Δθ

2 ≤ θ ≤ θ1(n) + Δθ
2 (n = 1, 3, 5 . . . 2m − 1)

nInGaAsP + η1i + δ+ δi + δei(φ1
n+π), θ1(n)− Δθ

2 ≤ θ ≤ θ1(n) + Δθ
2 (n = 2, 4, 6 . . . 2m)

nInGaAsP + η2i + δ+ δi + δeiφ2
n , θ2(n)− Δθ

2 ≤ θ ≤ θ2(n) + Δθ
2 (n = 1, 3, 5 . . . 2m − 1)

nInGaAsP + η2i + δ+ δi + δei(φ2
n+π), θ2(n)− Δθ

2 ≤ θ ≤ θ2(n) + Δθ
2 (n = 2, 4, 6 . . . 2m),

(3)

where Δθ = π/2m, θ1(n) = πn/m (n = 1, 2, 3, . . . , 2m), θ2(n) = πn/m+Δθ (n = 1, 2, 3, . . . , 2m),
φ1

n = q1nπ/m (n = 1, 2, 3, . . . , 2m), φ2
n = q2nπ/m (n = 1, 2, 3, . . . , 2m). The electric field |E|

of mode 1 and mode 2 are mainly localized in region 1 and region 2, respectively. Thus,
the lasing of mode 1 or mode 2 can be selectively suppressed by tuning the additional
material loss (η1i) in region 1 and the additional material loss (η2i) in region 2, which
enables the switch of the emission mode between two different OAM modes. Now, we
present the results of the 3D full-wave simulation. In our example, we used the parameters
m = 11, δ = 0.006, q1 = 2, q2 = 3. We assume that the parameters (η1, η2) are tuned from
(η1 = 0, η2 = 0.006) to (η1 = 0.006, η2 = 0). The gain of the InGaAsP can be achieved
when being pumped. The homogeneous pumping gain of the InGaAsP ring is mimicked
by adding an additional background imaginary part Δi (Δ < 0) to the effective refractive
index of the InGaAsP ring. It is worth noting that we do not consider the effect of the
specific gain spectrum of the gain material for the sake of simplicity. Figure 4a shows that
the loss of mode 1 is compensated for before the loss of mode 2 with the increase of the
homogeneous pumping gain of the InGaAsP for (η1 = 0, η2 = 0.006). Thus, mode 1 will
be the lasing mode. In this case, the phases of Er, Ez and Eθ of the emitted lasing beam all
repeat two times from 0 to 2π upon one full circle around the center of the emitted light
beam (Figure 4c). After tuning the system parameters (η1, η2) from (η1 = 0, η2 = 0.006)
to (η1 = 0.006, η2 = 0), the loss of mode 2 is compensated before the loss of mode 1 with
the increase of the homogeneous pumping gain of the InGaAsP as shown by Figure 4b.
Thus, the lasing mode switches from mode 1 to mode 2. In this case, the emitted lasing
beam is switched to the other OAM mode as shown in Figure 4d, in which the phases of
the Er, Ez and Eθ all repeat three times from 0 to 2π upon one full circle around the center
of the emitted light.
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Figure 4. Switching the OAM carried by the emitted light. (a), (b), The homogeneous background
gain dependence of the imaginary part of the eigenfrequencies of modes for the system with parame-
ters (η1 = 0, η2 = 0.006) (a), and (η1 = 0.006, η2 = 0) (b). (c) The emitted lasing beam corresponding
to P0 in (a). (d) The emitted lasing beam corresponding to P0 in (b). The phases of the emission
modes in (c) and (d) are in the cross section (the radius of the area is 5000 nm) of the emission mode
at 2 μm above the upper surface of the cavity.

3. Conclusions

In this paper, we propose a mechanism for constructing OAM light by modulating the
scattered waves from the standing-wave WGM in the plasmonic ring cavity. Within this
framework, the single-mode lasing can be realized. Moreover, the OAM of the emitted light
can be designed on demand. This work provides a mechanism for exploring a single-mode
OAM laser with tunable OAM at the microscale.
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Abstract: Silver nanowires (Ag-NWs), which possess a high aspect ratio with superior electrical con-
ductivity and transmittance, show great promise as flexible transparent electrodes (FTEs) for future
electronics. Unfortunately, the fabrication of Ag-NW conductive networks with low conductivity and
high transmittance is a major challenge due to the ohmic contact resistance between Ag-NWs. Here
we report a facile method of fabricating high-performance Ag-NW electrodes on flexible substrates.
A 532 nm nanosecond pulsed laser is employed to nano-weld the Ag-NW junctions through the
energy confinement caused by localized surface plasmon resonance, reducing the sheet resistance
and connecting the junctions with the substrate. Additionally, the thermal effect of the pulsed laser
on organic substrates can be ignored due to the low energy input and high transparency of the
substrate. The fabricated FTEs demonstrate a high transmittance (up to 85.9%) in the visible band, a
low sheet resistance of 11.3 Ω/sq, high flexibility and strong durability. The applications of FTEs to
2D materials and LEDs are also explored. The present work points toward a promising new method
for fabricating high-performance FTEs for future wearable electronic and optoelectronic devices.

Keywords: flexible transparent electrodes; silver nanowires; laser nano-welding; organic electronics

1. Introduction

High-performance flexible transparent electrodes (FTEs) with outstanding mechanical
and optical properties facilitate the rapid development of wearable electronics and optoelec-
tronics [1]. Compared with rigid materials such as silicon and silica, elastic substrates make
the devices foldable, twistable, compressible, and stretchable without compromising stabil-
ity and reliability, allowing for a wide range of applications, including flexible electronic
displays, organic light-emitting diodes (OLEDs), solar cells, and electronic skins [2–5]. FTEs
are critical components in the above-mentioned wearable devices to ensure a high-efficiency
power supply with low energy consumption. Moreover, the excellent optical transmittance
would replace indium tin oxide (ITO) for next-generation, highly flexible optoelectronic
applications, overcoming the drawbacks of time-consuming synthesis, indium requirement,
and fragility during stretching and bending. In recent decades, numerous efforts have been
made to develop alternative FTEs, including graphene [6–8], nanowires [9–12], carbon
nanotubes (CNTs) [13–15], and PEDOT:PSS [16–18].

Silver nanowires (Ag-NWs) have attracted considerable attention as FTE materials
owing to their good electrical conductivity, high transparency in the visible band, excellent
ductility, and facile fabrication process [19]. In particular, the conductive networks formed
by ultralong metallic nanofibers have shown promise for application to FTEs because of
their superior optical, electrical, and mechanical properties [20,21]. A variety of electronic

Crystals 2021, 11, 996. https://doi.org/10.3390/cryst11080996 https://www.mdpi.com/journal/crystals19
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components with Ag-NW FTEs were fabricated in previous studies, including flexible and
transparent antennas [22], wireless circuits [23], transistors [24], and sensors [25], demon-
strating the potential applications in wearable devices. However, the contact resistance
between Ag-NWs and adhesion to the organic substrates have presented two major chal-
lenges for high-performance FTEs. Methods for the improvement of contact resistances
have been sophisticatedly presented in previous works. Thermal annealing has received
the most attention due to its facile fabrication process and high welding quality. However,
thermal annealing requires an oxygen-free environment due to the high chemical reactivity
of Ag-NWs at high temperature. Moreover, thermal annealing is not suitable for the flexible
organic substrates due to the low melting temperature of organic materials. Consequently,
a low-temperature thermal annealing (below 200 ◦C) was developed [26]. Other physical
welding methods employing force, electricity, light, etc. were also developed to realize
Ag-NW network welding without significant thermal effects for FTEs [27–35]. Although
high-pressure welding optimized the conductivity of the Ag-NW FTEs down to 8.4 Ω/sq,
the substrates and other layers could be destroyed [27]. To solve this problem, Liu et al.
proposed a capillary-force-induced cold-welding technique in which the moisture-treated
Ag-NWs exhibited a significant reduction in sheet resistance (~37 Ω/sq) due to the giant
capillary forces exerted between Ag-NWs [28]. Unfortunately, the poor adhesion of Ag-
NWs on the substrate has not been improved. Another method that has been used is electric
welding; it is based on the high contact resistance at the junction of Ag-NWs, where Joule
heating caused by the application of bias voltages results in localized melting, welding
the Ag-NWs [29]. The main drawback of this method is the non-homogeneous current
distribution due to the complex Ag-NW network, which proved unsuitable for large-area
welding. Hong et al. achieved Ag-NW nano-welding by electron-beam irradiation, which
provided sufficient energy to melt the Ag-NWs [30]. However, the required vacuum cham-
ber and the high-cost instrument limited the method for industrial applications. Compared
with electron beams, light is an ideal energy source to induce the nano-welding of Ag-NWs.
Liang et al. employed ultraviolet A (UVA) light irradiation for Ag-NW nano-welding,
reducing the sheet resistance by three orders of magnitude (down to 25 Ω/sq) with a good
transparency (97%) [31]. The femtosecond pulsed laser (fs-pulsed laser) was also used to
irradiate Ag-NWs, where the excited localized surface plasmon resonances (LSPRs) at the
gaps between Ag-NWs generated a considerable enhancement of electric field strength,
inducing local melting for nano-welding. Meanwhile, the polyethylene glycol terephtha-
late (PET) substrate was not damaged during the laser irradiation. The obtained sheet
resistance and optical transmittance by fs-pulsed nano-welding were 16.1 Ω/sq and 91%,
respectively [32]. Although nanosecond pulsed lasers (ns-pulsed lasers) were also tested
for the nano-welding of Ag-NWs [33], most of the laser-irradiation methods were only
suitable for inorganic and limited organic substrates with high melting temperatures and
stiffnesses (glass, silica, PET, PVA), owing to the requirement of thermal endurance from
laser energy input. Generally, the most used highly flexible and bio-compatible organic
materials (e.g., polydimethylsiloxane, PDMS), possess low melting points and stiffnesses.
Therefore, a nano-welding technique for junction-localized energy confinement that will
not deteriorate the substrate is still lacking. In addition, the adhesion of Ag-NW networks
to the organic substrate also needs to be resolved by jointing Ag-NWs with the substrate
gently [9,10].

In this work, we developed a facile technique for fabricating high-performance
FTEs via ns-pulsed laser nano-welding of Ag-NWs on organic substrates, creating Ag-
NWs/PMMA/PDMS sandwich structures. LSPR-induced laser energy confinement at
the junctions between the Ag-NWs was employed to generate a high temperature for
nano-welding in order to reduce contact resistances while dramatically boosting the elec-
trical conductivity of the Ag-NWs. Meanwhile, the Ag-NW networks were jointed with
the organic substrate for good adhesive strength. The ns-pulsed laser energy for nano-
welding was low enough to avoid thermal damage to the organic substrates completely.
The fabricated FTEs in this work demonstrated superior mechanical, electrical, and optical
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properties. The compatibility of FTEs with 2D materials and traditional LEDs was also
explored for the design of flexible optoelectronic devices in the future.

2. Materials and Methods

A schematic of the procedure for fabricating Ag-NW FTEs is illustrated in Figure 1a.
The glass substrates (2 cm × 2 cm) were first cleaned ultrasonically in acetone, isopropanol,
and deionized water, successively, for 5 min. The polymethyl methacrylate (PMMA) solu-
tion in toluene (purchased from Shanghai Kexinda Polymer Materials Co., Ltd., Shanghai,
China) was spin-coated onto the glass substrate at 8000 rpm for 40 s to achieve a thick-
ness of ~10 μm, then cured in ambient atmospheric for 10 s. Then, the PMMA film was
treated with plasma (YZD08-5C, 80 W, Saiaote Technology Co. Ltd., Wuhu, China) for 30 s
to achieve a hydrophilic surface, beneficial for both uniform spreading and the preven-
tion of agglomeration during Ag-NW suspension deposition. The Ag-NWs (purchased
from Nanjing XFNANO Co., Ltd., Nanjing, China), with a mean length of ~100 μm and
diameter of 30.0 ± 5.0 nm, diluted in isopropyl alcohol (IPA) for various concentrations
(0.3–0.7 mg/mL), were sprayed onto the PMMA surfaces. To minimize the coffee-ring
effect on Ag-NWs deposition, 3M low-adhesion tapes were employed to confine the suspen-
sion flow within a specific region. The homogeneous Ag-NWs were therefore formed after
the suspension was dried. The densities of Ag-NWs on PMMA films were controlled by
two synthesis parameters: the concentration of the Ag-NWs suspension (0.3–0.7 mg/mL)
and the number of spraying layers (5–20 layers). Afterwards, the Ag-NWs/PMMA film
was irradiated by a 532 nm ns-pulsed laser (Spectra-Physics, LAB-190-30H, 10 ns, 27 Hz)
under ambient conditions at room temperature, achieving Ag-NW nano-welding and
jointing with the PMMA substrate. It should be noted that the highly transparent PMMA
with respect to 532 nm (95%) and the short pulse duration minimized the thermal damage
on the substrate within the irradiation time of 50 s. The oxidation of Ag-NWs during laser
irradiation was also negligible. The PDMS Sylgard 184 (purchased from Dow corning Co.,
Ltd., Midland, MI, USA) was mixed and stirred with the curing agent at the ratio of 10:1 by
weight to obtain the PDMS colloidal solution. The fabricated Ag-NWs/PMMA film was
then flipped over on the spinner. The PDMS solution was spin-coated onto the bottom
side of the Ag-NWs/PMMA film at a rotation speed of 5000 rpm for 30 s. The PDMS film
was baked at 120 ◦C for 2 min on a plate heater in a vacuum chamber for solidification
and bubble removal. The Ag-NWs/PMMA/PDMS film was therefore obtained, where the
thickness of the PDMS film was ~20 μm. It should be noted that the PDMS film provided
an outstandingly flexible substrate for the FTEs, and the plasma-treated PMMA film served
as a buffer layer for high adhesion of Ag-NWs and PDMS in the sandwich structure, as
shown in Figure 1b. Figure 1c demonstrates the optical and mechanical performance of
the Ag-NWs/PMMA/PDMS FTEs. In addition, the MoS2 monolayer (purchased from
Shenzhen Six-Carbon Technology, Shenzhen, China), grown on an n-type Si substrate with
a 300 nm-thick SiO2 film, was also employed for future experiments.

The sheet resistances were measured using the four-point probe method (Suzhou
Jingge Electronic Co., Ltd., ST2258C, Suzhou, China), in which the mean values of sheet
resistances from six random points of the FTEs were calculated. The optical transmit-
tances of the FTEs were obtained by a UV-VIS spectrophotometer (Shimadzu, UV-3600,
Kyoto, Japan). The morphologies of the Ag-NWs in the FTEs were captured by optical mi-
croscopy (Olympus BX-51, Tokyo, Japan), scanning electron microscopy (Hitachi, SU8220,
Tokyo, Japan), and transmission electron microscopy (FEI, Tecnai G2-20-S-TWIN, Lausanne,
Switzerland). The film thickness was acquired by a profilometer (Veeco Dektak-XT, Bruker,
Billerica, MA, USA). The gate-voltage applied to the MoS2 was supplied by a DC power
supply (Beijing leading Hongzhi Electronic Technology Co., Ltd., XD1715A-120, Beijing,
China). The photoluminescence spectra were analyzed by a SmartRaman confocal-micron-
Raman system (developed by Institute of Semiconductors, CAS, Beijing, China) with a
10x/NA0.25 objective lens (Olympus, MPlan N, Tokyo, Japan) under the backscattering
geometry, which was coupled with a Horiba LabRam iHR550 spectrometer (Kyoto, Japan)
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with a 100 lines/mm grating and a CCD detector. The excitation CW laser wavelength
was 633 nm (HNL 100-EC-PS, 25.8 μW, Changchun New Industries Technology Co., Ltd.,
Changchun, China). The electrical power supply and current measurement for LEDs were
provided by a source meter (Keithley 4200-SCS, Tektronix, Beaverton, OR, USA).

Figure 1. Fabrication of Ag-NWs/PMMA/PDMS FTEs. (a) Schematic of synthesis procedure. (b) Cross-section schematic
of the FTEs. (c) Mechanical and optical properties of the FTEs.

The numerical simulation was performed using the finite element algorithm method in
the COMSOL Multiphysics (licensed by COMSOL Co., Ltd., Stockholm, Sweden) software
package. A 2D cross-sectional model was developed to calculate the electric fields regulated
at the cross-junctions and gaps between Ag-NWs. The Ag-NW diameter was 30 nm, and
the relative permittivity was −9.3751 + 0.83203i according to Drude’s model. The ambient
environment was set as air. For the analysis of electric field enhancement, a plane wave
with a wavelength of 532 nm was incident onto the Ag-NWs. Perfectly matched layers
were applied as the boundary conditions.

3. Results and Discussion

3.1. Morphology of Laser Nano-Welded Ag-NWs

The morphologies of Ag-NWs nano-welded via various laser fluences are shown
in Figure 2. The as-deposited Ag-NWs were randomly distributed on the PMMA film,
forming a conductive network, as shown in Figure 2a. The close-up view in Figure 2b
further demonstrates the cross junctions of the Ag-NWs before laser nano-welding. The
contacts between Ag-NWs and with the PMMA substrate were ascribed to van der Waals
forces. The fluence threshold for laser nano-welding was ~10.0 mJ/cm2, by which the
cross junctions were melted slightly and connected after resolidification. The melting
phenomenon became obvious with the laser fluence increasing to 17.4 mJ/cm2. It can
be clearly seen in Figure 2c–e that only the cross junctions were melted during laser
irradiation whereas the other parts of Ag-NWs were not affected, indicating the laser-
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induced thermal effect was confined to the contact points. When the laser fluence was
greater than 27.9 mJ/cm2, the Ag-NWs sustained thermal damage. The high molten
volumes and surface tensile effect broke the Ag-NWs, as shown in Figure 2f. Figure 2g,h
further exhibits the welded points before and after laser irradiation, providing strong
evidence of Ag-NW melting at the cross junction. To further optimize the laser nano-
welding parameters, the effects of laser fluence and irradiation time on sheet resistance
were studied, as shown in Figure 2i. The sheet resistance of as-deposited Ag-NWs was
110 Ω/sq and dramatically reduced via laser nano-welding within tens of seconds. The
increased laser fluence and irradiation time both lowered the sheet resistance. It can also
be seen that the sheet resistances were close to constants dominated by laser fluences as
the irradiation time exceeded 50 s. The irradiation time of 50 s was therefore chosen as
the optimal parameter to avoid oxidation of the Ag-NWs and thermal damages on the
organic substrate. It should be noted that the high sheet resistance with a laser fluence of
37.9 mJ/cm2 at an irradiation time of 50 s was due to the deterioration of the Ag-NWs, as
shown in Figure 2f. Hence, the laser fluence was set to 27.9 mJ/cm2 with an irradiation
of 50 s for the lowest sheet resistance down to 11.3 Ω/sq, whereby the thermal effect on
organic substrates was also negligible.

Figure 2. Morphologies and electrical properties of Ag-NWs/PMMA/PMMA FTEs via ns-pulsed laser nano-welding under
various process parameters. (a) SEM images. (b) Close-up view of as-deposited Ag-NWs before nano-welding. (c–f) Laser
nano-welding of Ag-NWs under laser fluence of (c) 10.0 mJ/cm2, (d) 17.4 mJ/cm2, (e) 27.9 mJ/cm2, and (f) 37.9 mJ/cm2 at
irradiation time of 50 s. (g,h) TEM images of (g) as-deposited and (h) laser nano-welded Ag-NWs. (i) Evolution of sheet
resistance with laser fluence and irradiation time.
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3.2. Mechanism of Laser Nano-Welding of Ag-NWs on PMMA

To further study the mechanism of laser nano-welding of the Ag-NWs on organic
substrates, a numerical simulation of laser interaction with Ag-NWs was performed. Two
typical structures of as-deposited Ag-NWs were considered, as illustrated in Figure 3a,b,
including cross-junction and head-to-head configurations. It is well-acknowledged that the
LSPRs in the vicinity of Ag-NWs can be excited by light with a wavelength of ~50 nm, by
which the electromagnetic (EM) fields are significantly enhanced and localized around the
Ag-NWs. Meanwhile, the Joule heating caused by ohmic energy loss resulted in melting
for the nano-welding of Ag-NWs [36–39]. The electric fields in the two structures are
shown in Figure 3c,d. It can be clearly observed that the electrical intensities were boosted
in the gaps between Ag-NWs, where the enhancement ratios were 573.4 and 2193.2 for
cross-junction and head-to-head structures, respectively. As a result, these regions were
first melted under laser irradiation and connected, realizing Ag-NW welding. The electrical
intensities far from these gaps were extremely low, preventing the deterioration of Ag-NWs.
The numerical simulation was in agreement with the experimental results, revealing the
mechanism of laser nano-welding of the Ag-NWs. Furthermore, selective nano-welding
was conducive to Ag-NW network jointing with the PMMA. Owing to its low melting
point (~200 ◦C), the PMMA film can be melted due to the high temperature at the Ag-NW
welding regions, and the Ag-NW network was partially embedded into the organic film for
good adhesion. To validate the hypothesis, a 3M low-adhesion tape was employed to press
and remove the Ag-NWs from the FTEs, as shown in Figure 3e,f. The adhesion between
Ag-NWs and PMMA was significantly strengthened after laser nano-welding, as shown by
the slight reduction of Ag-NW quantity under removal cycles of over 100. This confirmed
the jointing of the Ag-NW network and PMMA substrate by laser irradiation.

3.3. Synthesis Optimization of Ag-NWs/PMMA/PDMS FTEs

The criteria for high-quality FTEs consist of electrical conductivity and transmittance.
The ideal FTEs should possess high conductivity, good transmittance, and durable flex-
ibility. The transmittance was generally reduced as conductivity increased due to light
scattering and absorption by the high concentration of Ag-NWs. Therefore, the balance
between conductivity and transmittance should be maintained by optimizing the density
of Ag-NWs on the PMMA film. The multiple-spraying strategy was therefore employed to
control the density by two parameters, that is, the concentration of the Ag-NWs suspension
and the number of spraying layers. To obtain a stable sheet resistance, the number of
spraying layers was greater than five. Figure 4 shows the sheet resistances and transmit-
tances of Ag-NWs/PMMA/PDMS FTEs under different suspension concentrations and
spraying layers after laser nano-welding with 28.9 mJ/cm2 for 50 s. In Figure 4a–e, it
can be clearly seen that the sheet resistance and transmittance were both decreased as
the concentration and number of spraying layers increased. For the low concentration of
0.3 mg/mL, the sheet resistance was dramatically reduced when the number of spraying
layers was eight, and then kept constant. Furthermore, the transmittance was linearly
reduced from 89.9% to 63.4% as the number of spraying layers and concentration increased.
The higher concentration could reduce the number of spraying layers down to five for
the lowest sheet resistances. To evaluate the optimal performance in optical and electrical
properties, the figure of merit (FoM) was employed as follows [40]:

FoM =
T10

Rsh
(1)

where T is the transmittance at 550 nm and Rsh is the sheet resistance of the FTEs. The
optimal FoMs under various suspension concentrations were extracted and are plotted in
Figure 4f. The suspension concentration of 0.5 mg/mL with five spraying layers was se-
lected for the highest FoM, where the transmittance was 85.9% and the sheet resistance was
11.3 Ω/sq. The performance was comparable with that obtained in previous works [27–35].
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The advantages of the technique developed in this work are its facile fabrication method
and the low cost of FTE synthesis.

Figure 3. Numerical simulation of laser nano-welding of Ag-NWs and validation of Ag-NWs jointing with PMMA substrates.
(a) Cross junction. (b) Head-to-head configurations for simulation. (c,d) Electric field distributions and intensities (c) near
the cross junction between Ag-NWs and (d) near the gap of head-to-head Ag-NWs. (e,f) Removal experiments using 3M
low-adhesion tapes for (e) as-deposited and (f) laser nano-welded Ag-NWs on PMMA film.
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Figure 4. Evolution of transmittance and sheet resistance of Ag-NWs/PMMA/PDMS FTEs with the number of spraying
layers using Ag-NW suspension concentrations of (a) 0.3 mg/mL, (b) 0.4 mg/mL, (c) 0.5 mg/mL, (d) 0.6 mg/mL, and
(e) 0.7 mg/mL, as well as the calculated FoMs. (f) Optimization from various suspension concentration and spraying layer
parameter sets.
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3.4. Durability of Ag-NWs/PMMA/PDMS FTEs

Figure 5a shows the transmittance spectra of PDMS, PMMA, and Ag-NWs/PMMA/
PDMS FTEs in the visible band. Although the Ag-NWs slightly reduced the transmittance,
the flat spectrum in the visible band indicated good transparency without wavelength
selection, as shown in Figure 1c. The flexibility of Ag-NWs/PMMA/PDMS FTEs was
examined by the fold-bending test. The fold-bending-induced strain (ε) was 75.6%, which
was estimated by [41]

ε =
t

2R
× 100% (2)

where t is the thickness of the FTE and R is the bending radius, which were 31.0 μm and
20.5 μm measured by the profilometer, respectively. Figure 5b shows the sheet resistance
maintained for up to 100 cycles of fold-bending with high strain, and then increased due to
the fatigue of Ag-NWs. In addition, the adhesion of Ag-NWs on the organic substrate was
also investigated. The above-mentioned discussion indicates that the Ag-NW network was
jointed onto the PMMA film during laser nano-welding, whereby the adhesion between
Ag-NWs and substrate was significantly strengthened since the Ag-NWs were partially
embedded in the PMMA film. The 3M low-adhesion tape was thereby used to carry
out the Ag-NW adhesion test by pressing it onto the film and peeling it off. Figure 5c
indicates that the sheet resistance could be kept constant for the peeling-off process for up
to 110 cycles, confirming the good adhesion of Ag-NWs on the PMMA/PDMS film via
laser nano-welding. Figure 5d exhibited the stability of the Ag-NWs/PMMA/PDMS FTEs
in ambient atmospheric at room temperature, where the sheet resistances were constant for
1 month. The excellent durability, flexibility, adhesion, and period stability recommend the
laser nano-welded Ag-NWs/PMMA/PDMS FTEs for wide application in future wearable
devices.

3.5. Applications of Ag-NWs/PMMA/PDMS Films as High-Performance FTEs

To demonstrate the performance of Ag-NWs/PMMA/PDMS FTEs, two typical con-
figurations of wearable devices were employed and fabricated as shown in Figure 6.
The applications of 2D materials in flexible electronic/optoelectronic components have
been well-acknowledged [42]. For vertical device structures, FTEs became important for
2D material wearable designs. Figure 6a shows the typical sandwich structure for gate-
controlled MoS2 luminescence, in which an Ag-NWs/PMMA/PDMS FTE covered an
MoS2 monolayer, which was deposited on a 300 nm-thick SiO2 isolayer oxidized from an
n+-Si substrate. The PMDS side was contacted with the MoS2 monolayer for applying the
gate voltage, U, from the Ag-NW network to the n+-Si substrate. The generated electric
field, E, was estimated by E = U/d, where d is the combined thickness of the PMMA,
the PDMS, the MoS2 monolayer, and the SiO2 isolayer. The luminescence of the MoS2
monolayer is regulated by the gate voltage due to the interaction of excitons with charge
carriers via the phase-space filling effect [43,44]. This optoelectronic property can be used
to realize electro-optical modulators operating in the visible band. Owing to the high
transparency and conductivity of Ag-NWs/PMMA/PDMS FTEs, the phenomenon was
achieved by in-situ PL measurement, as shown in Figure 6b. The PL intensity from the
MoS2 monolayer was significantly enhanced as the gate-voltage-induced electric field
increased. The PL enhancement ratio was from 203.8% to 239.7% under the electric field
intensity of 10.0–29.7 kV/cm, as demonstrated in Figure 6c, confirming the compatibility
of Ag-NWs/PMMA/PDMS FTEs with 2D materials for electro-optical applications.
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Figure 5. Durability of Ag-NWs/PMMA/PDMS FTEs. (a) Transmittance spectra in the visible band. (b–d) Durability tests
for (b) flexibility, (c) adhesion, and (d) period stability.

The Ag-NWs/PMMA/PDMS films can also be used as facile, high-performance
conductive tapes for conventional electronic components, where the good ohmic contacts
with the footprints can be achieved by van der Waals and static electrical forces instead of
by soldering. Figure 6d shows the I–V characteristics of a commercial surface-mounted
LED with rigid metal electrodes and FTEs, respectively. It can be clearly seen that the ohmic
contacts between FTEs and LED footprints were achieved. The increased opening voltage
threshold of the LED from 1.7 V to 1.8 V was attributed to the inserted resistance of the
FTEs. However, the I–V curve using FTEs was very similar to that of rigid metal electrodes.
The photographs of luminescence from the LEDs with various electrodes under different
bias voltages are shown Figure 6e. Although the inserted resistance slightly reduced the
efficiency of the LED, the luminescence behaviors suggested the superiority of FTEs over
conventional metal electrodes in future flexible electronic devices.
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Figure 6. Applications of Ag-NWs/PMMA/PDMS FTEs. (a) Sandwich structure for gate-controlled PL emission from MoS2

monolayer. (b) PL spectra of MoS2 monolayer under various gate-voltage-induced electric field strengths. (c) Evaluation of
PL enhancement ratio with electric field strength. (d) I–V curves of commercial LEDs with rigid metal electrodes and FTEs,
where the insets demonstrate the experimental setups. (e) Photographs of luminescence from the LEDs under various bias
voltages through different electrodes.
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4. Conclusions

In this work, high-performance Ag-NWs/PMMA/PDMS FTEs were fabricated by the
nanosecond pulsed laser nano-welding of Ag-NWs on PMMA/PDMS flexible substrates.
Compared with previous fabrication techniques, laser nano-welding provided a facile
and time-saving approach to improve Ag-NW network formation and adhesion onto
the flexible organic substrates. The stimulated localized surface plasmon resonances
confined the incident laser energy into the cross junctions and gaps between Ag-NWs for
selective melting. The Ag-NWs were therefore welded for resistance reduction and jointed
with the PMMA film with high adhesive strength. The fabricated FTEs demonstrated a
high transmittance of 85.9% in the visible band and a low sheet resistance of 11.3 Ω/sq,
attributable to the small absorption cross section and high conductivity of the nano-welded
Ag-NWs. The superior durability, high flexibility, strong adhesion, and period stability
tolerance commended the FTEs for practical wearable applications, in pursuit of which
two typical components in 2D material luminescence devices and LEDs were explored.
The gate voltages for high electric fields for regulating the PL emission from an MoS2
monolayer was determined. The FTEs were also confirmed to be suitable for conventional
electronic devices (i.e., LEDs), as a flexible-type electrode for wearable designs to replace
rigid metal ones, since soldering between the FTEs and component footprints for ohmic
contacts was avoided. The present work points a path forward in the development of
high-performance FTEs for next-generation flexible electronic/optoelectronic devices with
outstanding optical transmittance, high conductivity, and good durability.
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Abstract: Crystallization or π-stacked aggregation of small molecules is an extensively observed
phenomenon which favors charge transport along the crystal axis and is important for the design of
organic optoelectronic devices. Such a process has been reported for N,N′-Bis(1-ethylpropyl)-3,4,9,10-
perylenebis(dicarboximide) (EPPTC). However, the π-stacking mechanism requires solution–air or
solution–solid interfaces. The crystallization or aggregation of molecules doped in solid films is
generally thought to be impossible, since the solid environment surrounding the small molecules
does not allow them to aggregate together into π-stacked crystals. In this work, we demonstrate that
the movement of the EPPTC molecules becomes possible in a solid polymer film when it is heated to
above the glass transition temperature of the polymer. Thus, crystal particles can be produced as a
doped matrix in a thin solid film. The crystallization process is found to be strongly dependent on the
annealing temperature and the annealing time. Both the microscopic and spectroscopic evaluations
verify such discoveries and characterize the related properties of these crystals.

Keywords: small molecules; crystallization; moving in solid film; glass transition temperature;
annealing temperature; annealing time

1. Introduction

Crystallization of organic molecules through π-stacking is an important approach to
improve the charge transport performance in semiconductors and achieve high-efficiency
optoelectronic devices [1–3]. Different forms of crystalline materials or structures have been
reported to produce organic semiconductors with much-improved optical and electronic
properties [4–7]. Various techniques have been employed to produce organic molecular
structures with oriented aggregation and ordered distribution [8,9]. Thermal annealing is a
convenient and efficient approach to realizing such molecular rearrangement or surface
modification processes [10–16]. The precondition for such crystalline aggregation is the
planar molecular structure, and this can generally be satisfied in small molecules, which
allow face-to-face aggregation between one another.

Perylene and its derivatives have high electron mobility, which makes them promising
candidates for organic photovoltaic and transistor devices [6,7,17,18]. Due to the planar
structures of the perylene molecules, they can easily aggregate into one-dimensional
crystals at the solution–solid, vapor–solid, and solution–air interfaces, as well as at those
between different solvents [1,3,17,19]. However, such a crystallization process has not been
observed within solids. In this work, we report the crystallization of perylene molecules
in the solid thin film of polymers, where the polymer needs to be annealed to its glass
transition temperature so that the solid film becomes sufficiently softened and flexibilized
to allow the motion of the doped small molecules. The corresponding mechanisms are
revealed not only by the microscopic and spectroscopic properties, but also by the annealing
temperature- and annealing time-dependence of the crystallization process. Blending small
molecules with polymers is an important approach to construct efficient optoelectronic
devices based on heterojunctions. New charge transfer complexes [20–22] can be thus
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produced and utilized to investigate new photophysics and to develop new photovoltaic
devices.

Figure 1 shows the basic principles for the formation of the EPPTC crystals inside
a solid film of polymer chains. In Figure 1a, we illustrate a matrix of small molecules of
perylene (N,N′-Bis(1-ethylpropyl)-3,4,9,10-perylenebis(dicarboximide) (EPPTC)) doped in
a solid film, which are distributed randomly without any orientational arrangement. In our
approach, we used polymethyl methacrylate (PMMA) to supply the polymeric solid film.
Owing to the planar molecular shape, π-stacking between the EPPTC molecules becomes
possible, provided that channels are supplied for the EPPTC molecules to move across the
PMMA molecular chains.

Figure 1. (a) Distribution of the EPPTC molecules in the solid film of PMMA molecular chains.
(b) Crystallization of EPPTC small molecules due to their motion across the annealing-flexibilized
PMMA molecular chains.

The crossing channel can be produced by heating the solid polymer film to the glass
transition temperature, which is 100–120 ◦C. Therefore, 120 ◦C was measured as the
threshold temperature for the crystallization process of EPPTC in PMMA film. The softened
PMMA molecular chains allow the small molecules to move across the solid film and
become aggregated, forming π-stacked crystals after the cooling down of the whole sample,
as shown in Figure 1b. Apparently, the crystals are roughly in fusiform shapes, which are
distributed randomly in their orientations and sizes. It is also understood that the length
and thickness of the crystals are dependent on the annealing temperature and annealing
time. Furthermore, since the glass transition has a threshold temperature, the formation of

34



Crystals 2021, 11, 1022

the crystal particles in the solid polymer film also has a threshold temperature, which is
found to be about 120 ◦C. Below this temperature, the crystallization process illustrated in
Figure 1b is found to not be possible even with a long time of annealing.

2. Annealing-Aided Crystallization of Small Molecules in Polymeric Solids

2.1. Annealing Temperature Dependence

In the experiments, we first prepared solutions of EPPTC and PMMA in chloroform
with a concentration of 10 mg/mL and 15 mg/mL, respectively. A mixture solution was
prepared by mixing the above two solutions with a volume-to-volume ratio of 1:1. A blend
film was then prepared by spin-coating the mixture solution onto a glass substrate with a
speed of 2000 rpm for 30 s. Multiple samples were prepared under the same conditions so
that comparison could be made between different annealing processes.

For the annealing, we employed five temperatures: 30, 60, 90, 120, and 150 ◦C. How-
ever, for annealing temperatures below 120 ◦C, nearly no changes were observed either in
the microscopic or in the spectroscopic response of the sample. This is clearly because the
glass transition temperature was not reached. In Figure 2, we present only the scanning
electron microscope (SEM, JEOL, Tokyo, Japan) and atomic force microscope (AFM, Witec
GmbH, Ulm, Germany) images of the samples annealed at 120 and 150 ◦C. The SEM and
AFM images of the sample annealed at 120 ◦C are shown in Figure 2a,b, respectively. Since
the annealing temperature is already above the threshold for glass transition, crystal parti-
cles with very small sizes and very low densities can be observed in both images. The mean
diameter of the crystal particles is roughly 140 nm. We need to note that the annealing time
was 10 min and the size and density of the crystal particles may be increased by extending
the annealing time. Thus, it is verified that the glass transition temperature is the threshold
for the crystallization of EPPTC molecules, where the softened PMMA molecular chains
allow the movement of the EPPTC molecules and their aggregation through π-stacking.

 

Figure 2. SEM (a,c) and AFM (b,d) images for the samples annealed at 120 (a,b) and 150 ◦C (c,d).
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When the annealing temperature was increased to 150 ◦C, for the same annealing time
of 10 min, the crystal length and thickness were increased dramatically, as shown by the
SEM and AFM images in Figure 2c,d, respectively. Using a rough evaluation, the crystals
have a mean length of about 900 nm and a width of 160 nm. Meanwhile, the height of the
crystals was also increased slightly from about 36 to 40 nm. Furthermore, the density of
the crystal particles was more obviously increased. According to Figure 2c,d, the number
of crystal particles was increased by a factor of five, corresponding to an increase in the
total number of crystal particles from about 6 to 30. This implies convincingly that above
the glass transition temperature the PMMA molecules become more flexible and allow the
strong aggregation of the EPPTC molecules into crystals.

It is also understood that the crystal particles formed by molecular aggregation through
π-stacking greatly influence the spectroscopic properties of the small molecules. Figure 3a
shows the absorption spectra at different annealing temperatures, and Figure 3b,c show
the normalized data in Figure 3a and the PL spectra of the blend film, respectively, for
different annealing temperatures. As the temperature was increased from 30 to 120 ◦C, where
the annealing time was 10 min, a weak feature appeared at about 474 nm and the relative
intensity at 530 nm was reduced, as shown in Figure 3b. However, when the temperature
was increased to 150 ◦C, which exceeds the glass transition temperature, the spectral feature
became obvious at 473 nm (dashed upward arrow in black) and the peak at about 530 nm
suddenly became a valley in the absorption spectrum (dashed downward arrow), as shown in
Figure 3b. Furthermore, the absorption spectrum peak at about 542 nm appeared in a sudden
manner (dashed upward arrow in red). All of these changes highlighted by dashed arrows
resulted from the aggregation of the EPPTC molecules in the softened PMMA film, or from
the crystallization through π-stacking of the EPPTC molecules.

Figure 3. (a) Absorption spectra measured at different annealing temperatures. (b) Normalized absorption spectra in (a).
(c) Normalized PL spectra measured at different annealing temperatures. (d) Fluorescence lifetime at 612 (blue triangle in
(c)) and 668 nm (red triangle in (c)) for the sample annealing at 150 ◦C for 10 min.
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Figure 3c shows the PL spectra annealed at 30, 60, 90, 120, and 150 ◦C for 10 min, where
all spectra have been normalized. Obviously, with an annealing temperature lower than
120 ◦C, there is little change in the PL spectra. However, when the annealing temperature
exceeds 150 ◦C, the PL spectrum changed dramatically: the main peak shifts from about
630 nm to 612 nm (blue triangle) and a new peak appears at about 668 nm (red triangle).
According to our previous work [17], the emission at 612 nm corresponds mainly to the
intrinsic molecular emission from EPPTC and that at 668 nm mainly to the crystal phase
emission. Figure 3d shows the measurements of the emission dynamics at 612 and 668 nm
using green and red circles, respectively. At 612 nm, the emission lifetime is in the range of
1~2.5 ns. However, the lifetime extends to about 6 ns at 668 nm, which can be identified
as the lifetime of the emission from EPPTC crystal phase. Therefore, the spectroscopic
response confirms the crystallization of the EPPTC molecules doped in the PMMA solid
film when the sample is annealed at a temperature above the glass transition threshold.
It needs to be noted that since the glass transition temperature is different for different
polymers and for polymers with different molecular weights, the annealing strategy should
be modified for different polymer materials.

2.2. Annealing Time Dependence

At a temperature above the glass transition threshold of PMMA, it takes time for
the EPPTC molecules to become aggregated into crystal particles. Figure 4 shows the
SEM images of the sample annealed at 150 ◦C for different times. Before annealing, no
crystal particles can be observed in Figure 4a, implying that no crystallization process took
place before annealing. Crystal particles can be resolved in Figure 4b for an annealing
time of 30 s, although they are small and appear with a low density. For an annealing
time longer than 1 min, EPPTC crystal particles can be observed clearly on the surface
of the PMMA film. Figure 4c–f show the SEM images for annealing times of 1, 2, 5, and
10 min, respectively. Obviously, both the size and density of the EPPTC crystal particles
increase dramatically with increased annealing time. The crystal particles can be clearly
resolved only for an annealing time longer than 2 min, and the morphology of the surface
of the solid film remains nearly constant when the sample is annealed for more than 5 min.
The mean width and length of the crystals are roughly the same as those demonstrated in
Figure 2c,d. It is also clearly observable in Figure 4 that the crystals are distributed randomly
with random orientations, and that each particle contains inhomogeneous structures,
implying that the crystal particles are not single crystals.

Figure 5 shows the spectroscopic characterization of the EPPTC-doped PMMA thin
film sample, which was annealed at 150 ◦C for different times. Figure 5a,b show the directly
measured and normalized absorption spectra, respectively. The main absorption peak
at about 490 nm did not change its spectral position during the whole process. At least
four other new features can be observed with increased annealing time, as highlighted by
the dashed arrows in Figure 5b. The absorption peak around 473 nm was enhanced with
increased annealing time, while that at about 530 nm is reduced and a new peak appeared
at 542 nm; these features are similarly observed in Figure 3b. However, the most obvious
difference between Figures 3b and 5b is the spectral peak at about 578 nm, which was
observed clearly when the annealing time was longer than 1 min. Therefore, this is the
more typical absorption spectrum of the crystal phase.
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Figure 4. SEM images at an annealing temperature of 150 ◦C for (a) 0, (b), 0.5, (c) 1, (d) 2, (e) 5, and
(f) 10 min.

As has been discussed with regard to Figure 3c, the PL spectrum becomes separated
into two components for an annealing temperature of 150 ◦C. This is again observed in
Figure 5c where the annealing time is longer than 1 min, which agrees with the observation
of the time-dependent absorption in Figure 5b. The spectral feature peaked at a longer
wavelength of 668 nm; this resulted from the crystal phase emission, as highlighted by
the dashed arrow in Figure 5c. The difference between the crystal phase emission and
the intrinsic molecular emission lies not only in their spectral positions but also in their
lifetimes. This is shown in Figure 5d, where we demonstrate the PL dynamics at 612 and
668 nm for different annealing times. Clearly, the emission from the crystal phase at 668 nm
is much longer than that from the intrinsic emission from EPPTC molecules.

From Figure 5d, we can also observe that the longest emission lifetime corresponds
to an annealing time of 30 s at 150 ◦C, and that emission lifetime reduces with increased
annealing time. For an annealing time longer than 1 minute, the decay dynamics of the
emission remain nearly constant. This implies that there exists an intermediate state
for the formation of the crystal phase with less quenching of the photoluminescence
due to intermolecular interactions. However, after 10 min of annealing, the intrinsic
EPPTC emission is much quenched due to the intermolecular interaction in the crystal
phase; therefore, emission lifetimes at 612 and 668 nm are both reduced. The lifetime
values become fixed after the equilibrium of the crystallization process is reached at a
specified annealing temperature for a sufficiently long annealing time. We can also identify
clearly from Figure 5d that the emission lifetime at 668 nm is much longer than that at
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612 nm, implying long-lived crystal phase emissions, as compared with the intrinsic EPPTC
molecular emissions, verifying the formation of the π-stacked crystals.

Figure 5. Absorption (a,b) and PL (c) spectra of the blend film annealed at 150 ◦C for different
annealing times. (b) A normalized replot of (a). (d) Emission decay dynamics at 668 nm for different
annealing times of 0.5, 1, 2, 5, 10 min and a comparison with that at 612 nm for an annealing time of
10 min.

3. Conclusions

We have demonstrated in this experimental work that it is possible for small molecular
semiconductors to move and aggregate into crystal phases in a solid film of polymers, as
long as the polymer film is softened and flexibilized, e.g., through heating it to its glass
transition temperature. We verified such mechanisms using EPPTC molecules doped
in a PMMA thin film. Both the microscopic and spectroscopic evaluations justified the
validness of the proposed mechanisms and characterized the properties of the crystalized
materials/structures. We can thus conclude that heterojunctions based on blends of small
molecules and polymers can be constructed and modified by a low-temperature annealing
process after production of the solid film, which simplifies the preparation and enables
high-quality thin-film devices to be produced. Therefore, this strategy is important for
the design and realization of organic optoelectronic devices based on blend materials or
heterojunction structures.
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Abstract: We report fabrication of large-scale homogeneous crystallization of CH3NH3PbBr3 (MAPbBr3)
in the patterned substrate by a two-dimensional (2D) grating. This achieves high-quality optot-
electronic structures on local sites in the micron scales and a homogeneous thin-film device in a
centimeter scale, proposing a convenient technique to overcome the challenge for producing large-
area thin-film devices with high quality by spin-coating. Through matching the concentration of
the MAPbBr3/DMF solutions with the periods of the patterning structures, we found an optimized
size of the patterning channels for a specified solution concentration (e.g., channel width of 5 μm
for a concentration of 0.14 mg/mL). Such a design is also an excellent scheme for random lasing,
since the crystalline periodic networks of MAPbBr3 grids are multi-crystalline constructions, and
supply strong light-scattering interfaces. Using the random lasing performance, we can also justify
the crystallization qualities and reveal the responsible mechanisms. This is important for the design
of large-scale optoelectronic devices based on thin-film hybrid halide perovskites.

Keywords: two-dimensional patterning; periodical grids; hybrid halide perovskites; random lasing;
large-scale thin-film networks

1. Introduction

Organic-inorganic hybrid halide perovskites are a group of promising semiconduc-
tor materials for high-efficiency optoelectronic devices [1–6]. Light-emitting [7–9] and
photovoltaic [10–12] diodes, as well as lasing devices [13–17], have been reported on ex-
tensively. Although single- or multi-crystals have been synthesized in large scales at high
quality [18–22] and have been applied for various purposes, thin-film devices [23–26] are
more attractive in the construction of devices that are integratable into micro- or nano-scale
systems. However, the conventional spin-coating method may encounter problems with
the homogeneity of the produced film, in particular for large-scale fabrication. This is not
only because of the dewetting of the solution on the conventional substrates, but also due
to the quick crystallization of the molecules in random scales and random distributions.

Patterning the substrate with designed micro- or nano-structures and optimized
microscopic dimensions may not only modify its surface-energy properties, but also
control the molecular crystallization process by dividing the large-area surface into pe-
riodic/nonperiodic localized sites. This is an ideal strategy to achieve large-area thin
films with high qualities precisely controllable on each local site. Such a strategy ap-
plies not only to hybrid halide perovskites [27] but also to any other organic/inorganic
semiconductors [28,29] or even biomolecules [30] with strong aggregation performance.
The corresponding designs also simultaneously facilitate new functions, including micro-
/nano-cavity effects, local-field confinement, output coupling control, optical waveguides,
and interface structural optimization or metasurface incorporation [31]. We have recently
reported controllable crystallization of the hybrid halide perovskites into grating lines with
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continuous distribution over a large length scale [27], which provides an effective approach
to overcome the above-mentioned challenge for producing high-quality MAPbBr3 crystal
stripe gratings with controllable performance.

In this work, we report fabrication of large-area thin films into two dimensions,
which enabled strong confinement of the molecules into more localized sites, and thus
higher-quality crystallization. An optimized matching was found between the solution
concentration and the patterning periods, with a duty cycle of about 50%. The random
lasing performance was investigated to characterize the fabricated 2D structures and to
verify the responsible mechanisms. Thus, we achieved thin-film CH3NH3PbBr3 (MAPbBr3)
with a homogeneous area in the scale of cm2 and locally high-quality crystalline structures
in sizes of microns.

2. The Network of Squarely Gridded Thin Film of MAPbBr3

The preparation method is illustrated in Figure 1 for the gridding network of the
MAPbBr3 thin film. First, a two-dimensional (2D) grating was produced by photolithog-
raphy, where a positive photoresist S1805 was employed, so that the grating consists of
periodically distributed square cylinders on a glass substrate, as shown in Figure 1a. Using
different masks, we have fabricated gratings with different periods of 10, 20, and 50 μm.
Then, the solution of MAPbBr3 in DMF with different concentrations was spin-coated onto
the top surface of the grating. In the last stage, the sample was heated to 90 ◦C for about
60 s. Figure 1c,d shows the microscopic characterization of the template photoresist grating
by 3D profiler and the finalized MAPbBr3 grating by a fluorescence optical microscope,
respectively. They illustrate clearly high-quality 2D gratings of square cylinders with
steep edges and homogeneous 2D grids of crystallized MAPbBr3. Since Figure 1 is used
to interpret the preparation procedures, we did not present detailed parameters of the
structures in Figure 1c,d. We have also found that for a concentration of 0.14 mg/mL, the
gridding network surrounding the cylinders can be filled completely and homogeneously,
as illustrated in Figure 1b. Higher concentrations led to inhomogeneity and connection
between neighboring locations, while concentrations that were too low led to incomplete
fill of the grating grooves.

 

Figure 1. (a,b): Schematic illustration of the fabrication of gridded MAPbBr3 crystalline film by
filling the void space in the 2D PR grating through spin-coating the MAPbBr3/DMF solution. (c) 3D
topological image of the template PR grating prepared by photolithography. (d) Optical microscopic
image of the fabricated 2D crystalline grid of MAPbBr3 under illumination by UV light.
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Figure 2 shows the microscopic measurements on the practically fabricated structures.
Figure 2a–c show the 3D topological mapping of the photoresist grating structures for
a period of 50, 20, and 10 μm by a 3D profiler, which verify excellent distribution and
homogeneity performance of these grating structures. Although it is not specified in the
figures for the clarity of the demonstration, according to the 3D topological measurements,
the modulation depth of the gratings or the square cylinder height is about 1 μm for all of
the samples. We have also carried out fabrication experiments for a larger grating period of
100 μm and smaller periods than 2 μm to optimize the structural parameters. However, we
did not find much difference between the fabrication using 50 and 100 μm. In contrast, for
grating periods smaller than 2 μm we did not achieve satisfying crystalline structures of
MAPbBr3 on the patterned substrates. Therefore, we include in this work our fabrication
and investigation of the patterned MAPbBr3 thin film by three typical periods of 10, 20,
and 50 μm.

 

Figure 2. 3D topological images (a–c) and optical microscope images (d–f) of the template PR grating
and the finished crystalline MAPbBr3 grid for periods of 50 μm, 20 μm, and 10 μm, respectively. The
scale bars denote a same length scale of 80 μm.

Figure 2d–f show the fluorescence microscope images of the fabricated MAPbBr3
thin film on patterned substrates with photoresist gratings of different periods. For a
grating period of 50 μm, due to the large width and large volume of the grating grooves,
there are two opposite effects during the crystallization processes. On one hand, a large
amount of MAPbBr3 was confined completely into the grating grooves, which favors good
crystallization performance inside the large volumes. On the other hand, due to the low
concentration of the solution, the materials confined in the grating groove during the
spin-coating process are limited; the large volume inside the grating grooves allows more
freedom and more time for MAPbBr3 to get crystallized; these factors reduce the quality
and homogeneity of the crystals, as can be confirmed by Figure 2d. We can observe that all
of the MAPbBr3 are confined to the grooves with very clear edges, however, defects are
distributed randomly and extensively in the crystal networks, which can be identified by
the dark textures on the bright green background.

Similar effects can still be observed in Figure 2e, where the grating period was reduced
to 20 μm. More continuous crystals may be observed in Figure 2e than in Figure 2d, in
particular in the space surrounding the photoresist square cylinders, as highlighted by
dashed red squares. In contrast, when the grating period is reduced to 10 μm, the continuity
and homogeneity of the crystal grid becomes much improved, as can be seen in Figure 2f.
The whole network can be observed as a whole crystalline MAPbBr3 film with “black
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holes” punched by the photoresist square cylinders. The significantly reduced space in the
grooves of the grating with a period of 10 μm enables complete filling by MAPbBr3 and
high-quality crystallization with continuous connection over the whole grating structure.
It is also understandable that breaks may be observed over the large-scale solid structure,
as can be verified by the dark defects in Figure 2f. It is thus an indication that for a given
solution concentration there exists an optimized channel width for the crystallization of
MAPbBr3 in the 2D-distributed grating grooves. For a concentration of 0.14 mg/mL of
MAPbBr3 in DMF, the grating period of 10 μm with a rough 50% duty cycle is found to be
the best design for producing continuous crystalline structures.

Figure 3a–c show the scanning electron microscope (SEM) images for the samples
patterned with a period of 10, 20, and 50 μm, respectively. Figure 3d shows the X-ray
diffraction (XRD) spectra for these three samples. According to the SEM images, the sample
patterned by the 10-μm grating exhibits the best surface quality among the three samples.
Looking at the XRD spectra in Figure 3d at 2θ = 15◦ in the inset of Figure 3d, we can find
that the sample with a 10-μm has the strongest diffraction, the narrowest spectrum, and
the smallest diffraction angle. This also implies the best crystalline quality among these
three samples. Therefore, the experimental results in Figure 3 again confirmed our analysis
above (Figure 2).

 
Figure 3. (a) SEM image for the patterned structure with a period of 10 μm and an enlarged view of a
local area. (b,c) SEM images for the structures with a patterning period of 20 and 50 μm, respectively.
(d) XRD spectra measured on the three kinds of structures patterned at different periods. Inset: an
enlarged view of the spectra.
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3. Optical Spectroscopic Performance of the Gridded Crystalline Film

3.1. Absorption and Photoluminescence

Figure 4a,b show the absorption and emission spectra of the fabricated grating structures,
respectively, where the three measured spectra correspond to the samples in Figure 2d–f.
According to Figure 4a, the absorption spectra of the patterned structures with different
periods are peaked nearly the same at about 525 nm with a bandwidth of about 20 nm
at FWHM. However, the three spectra have different contrasts, or they have different
background intensity for wavelengths longer than 550 nm. Such background results
mainly from the scattering of light by the patterned MAPbBr3. It is understandable by
looking at the microscopic images in Figure 2, where the structures have 50 and 20 μm
patterning, that they also have more inhomogeneity or defect structures than with 10 μm
patterning. Meanwhile, the absorption by the 50 μm grating patterned structures has a
broader absorption spectrum due to more defects or inhomogeneity than those with 20-
and 10-μm patterning.

Figure 4. Absorption (a) and PL (b) spectra of the crystalline MAPbBr3 film gridded at different
periods. In (b), the bandwidth of each PL spectrum at FWHM is listed.

The PL spectra in Figure 4b are all peaked at about 533 nm, which have nearly the
same spectral shape. Nevertheless, they still have slight differences in the bandwidth at
FWHM, which is 20.39, 22.47, and 20.75 nm for the grating periods of 10, 20, and 50 μm.
Although we did not observe a monotonic variation of the bandwidth when increasing
the grating period, we can still identify a narrow emission spectrum at a grating period
of 10 μm, implying more homogeneous crystallization of MAPbBr3, which can be further
confirmed by the random lasing properties.

3.2. Random Lasing

Figure 5 shows the random lasing performance of the 2D patterned structures at
different periods, where Figure 5a,a’, Figure 5b,b’ and Figure 5c,c’ correspond to the grating
periods of 50, 20, and 10 μm. In the measurements, a femtosecond laser with a pulse
length of 150 fs, a repetition rate of 1 kHz, and a center wavelength of about 400 nm
was used as the pump. A spectrometer with a sub-1 nm resolution was positioned in
front of the sample and used to measure the emission spectrum. Figure 5a shows the
emission spectrum measured at different pump fluence for the sample with a grating
period of 50 μm. An obvious random lasing peak occurs as the pump fluence exceeds
48 μJ/cm2, which increases dramatically with the increasing of the pump fluence. The
peak intensity as a function of pump fluence is plotted in Figure 5a’, where two stages can
be observed, implying a clear threshold effect of the random lasing performance. Using
linear fitting to the measurement data to these two stages, we can resolve a threshold pump
fluence lower than 50 μJ/cm2. Similar measurements and analysis are made for the sample
with a patterning period of 20 μm, as shown in Figure 5b,b’. However, a higher pump-
fluence threshold can be justified for Λ = 20 μm, which is roughly 60 μJ/cm2. This can be
understood by considering the lower density of defects or higher crystallization quality,

45



Crystals 2021, 11, 1114

as compared with Λ = 50 μm, where the light-scattering strength has been reduced and
consequently the optical gain mechanisms were weakened. Similar effects apply further
to the case of Λ = 10 μm, as shown in Figure 5c,c’, where random lasing spectrum can be
clearly observed when the pump fluence is increased to about 70 μJ/cm2. This aligns well
with the observation of the most homogeneous crystallization structures for Λ = 10 μm. All
of the experimental results in Figure 5 have shown clear threshold effects and two-stage
variations of the emission intensity with pump fluence, indicating excellent random-lasing
performance for all of the samples. In particular, the random lasing performance supplies
a further verification of the crystallization qualities at different pattering periods.

 
Figure 5. Random lasing performance (emission spectra and lasing threshold) of the MAPbBr3

crystalline gridding at different periods: (a) Λ = 50 μm; (b) Λ = 20 μm; (c) Λ = 10 μm. (a’–c’) Emission
intensity at about 550 nm as a function of the pump fluence, corresponding to (a–c), respectively.
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A more convincing analysis is the comparison of the lasing bandwidth. To make
this comparison more objective, we need to isolate the random lasing spectrum from the
emission spectrum. This can be done using the mathematics below:

IRL(λ) = I(λ)− I0(λ)× I(535 nm)/I0(535 nm)

where IRL(λ) is the pure random lasing spectrum, I(λ) is the directly measured emission
spectrum, I0(λ) is the background fluorescence spectrum at the lowest pump fluence below
the threshold for random lasing, and I(535 nm) and I0(535 nm) are the intensities of the
corresponding spectra at 535 nm, which is outside the spectral range of random lasing.

Figure 6 shows the extracted pure random lasing spectra for patterning periods of 50,
20, and 10 μm. There is observed a slight redshift of the peak wavelength (λ0) of the lasing
spectrum with increasing the pattering period. However, we did not observe a monotonic
variation of the lasing bandwidth, where we have a full bandwidth at half maximum of
6.42, 7.07, and 4.98 nm for the patterning periods of Λ = 50, 20, and 10 μm, respectively.
Nevertheless, for Λ = 10 μm, we achieved the narrowest lasing emission spectrum. This
verifies again that the structures with a period of 10 μm have the best crystallization quality
and the highest homogeneity, so that the lasing spectrum has a narrowest bandwidth of
4.98 nm.

 

Figure 6. Comparison between the bandwidth of the random lasing spectra measured on the
patterned MAPbBr3 crystalline film at different gridding periods.

4. Conclusions

We achieved locally high-quality and large-scale homogeneous crystalline networks
of MAPbBr3. This overcomes the challenge of producing large-area thin film devices of
hybrid halide perovskites with high quality by spin-coating. At a specific concentration of
MAPbBr3 in DMF, the optimized crystal networks were produced in a 2D grating with a
period of 10 μm. Random lasing was achieved for all of the two-dimensionally gridded
MAPbBr3 crystals with a period of Λ = 10, 20, and 50 μm. However, the lowest lasing
threshold was measured for Λ = 50 μm and the narrowest lasing bandwidth was obtained at
Λ = 10 μm. The underlying mechanism is that the strong scattering of light by high density
of defects with rough interfaces enables the lowest lasing threshold at Λ = 50 μm, while the
most homogeneous crystal structures allow random lasing with the narrowest bandwidth
at Λ = 10 μm. These discoveries are important for the design of optoelectronic devices
based on large-scale MAPbBr3 crystalline films with high quality and high homogeneity.
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Abstract: High-quality, all-inorganic CsPbBr3/Cs4PbBr6 composite perovskite nanocrystals (NCs)
were obtained with all-solution-processing at room temperature, and a photodetector (PD) with high
detectivity was realized based on CsPbBr3/Cs4PbBr6 NCs. The detectivity (D*) of the proposed PD
is 4.24 × 1012 Jones under 532 nm illumination, which is among the highest levels for PDs based on
all-inorganic perovskite NCs. In addition, a high linear dynamic range (LDR) of 115 dB under 1 V
bias was also realized. Furthermore, the underlying mechanism for the enhanced performance of the
proposed PD was discussed. Our work might promote the preparation of high-performance PDs
based on dual-phase all-inorganic perovskite nanocrystals.

Keywords: all-inorganic lead halide perovskite; CsPbBr3; Cs4PbBr6; perovskite nanocrystals;
photodetector

1. Introduction

All-inorganic lead halide perovskites have shown excellent photoelectrical properties
with high absorption coefficients, wide spectra, high carrier mobility values, and long
charge diffusion lengths. Because of these advantages, they are widely used in PDs [1–4],
solar cells [5–8], lasers [9–11], light-emitting diodes [12–14], and so on. In addition, com-
pared with the organic–inorganic hybrid perovskite, all-inorganic lead halide perovskites
have higher chemical stability to the environment because there are no organic ions in them.
Among many kinds of all-inorganic lead halide perovskites, CsPbBr3 NCs demonstrate
strong competitiveness for their excellent photoelectric characteristics, such as adjustable
photoluminescence (PL) with narrow full-width at half maximum (FWHM) in visible light,
an easy preparation process for their devices, and small size which causes a quantum
size effect. Moreover, the CsPbBr3 NCs can be stored in air for 30 days with no obvious
decrease in their photoelectric performance [15]. Some research on optoelectronic devices
based on CsPbBr3 NCs has been conducted. For example, Li et al. reported an interesting
recyclable dissolution–recrystallization phenomenon of CsPbBr3 NCs and its application on
the room temperature self-healing of compact and smooth carrier channels for PDs with D*
of 6.1 × 1010 Jones [16]. Zeng et al. demonstrated a high-performance self-actuation PD, for
which CsPbBr3 NCs were synthesized using room temperature saturation recrystallization,
and the NC films were prepared by a centrifugal casting method. Compared with the drip-
coating method, the photocurrent of the device increased three-fold, and the optimized
device had a high on/off ratio (>105) [15]. However, the D* of these all-inorganic perovskite
NC PDs is not high enough. Generally, the detectivity can be improved by increasing the
bright current and suppressing the dark current. Additionally, improving the quality of
nanocrystalline films to reduce defect states is vital for the suppression of the dark current.
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Quan et al. have found that embedding CsPbBr3 NCs in the Cs4PbBr6 matrix can prevent
the agglomeration of CsPbBr3 NCs [17]. This means that the presence of Cs4PbBr6 NCs
could improve the quality of NC films. Thus, we prepared CsPbBr3/Cs4PbBr6 composite
NCs by controlling the proportion of PbBr2 in the synthesis process. Cs4PbBr6 is an indirect
band gap semiconductor with a wide band gap (3.8 eV) [18], and Cs4PbBr6 NC is a zero-
dimensional material, which absorbs light yet does not emit it [19]. This non-luminous
property can effectively reduce radiation recombination. In addition, it has been proved
that the presence of Cs4PbBr6 will enhance the absorption of the dual-phase perovskite
NCs in the UV spectrum [17,20,21]. This is helpful for improving the detection performance
of the PD in the UV spectrum.

Taking the above-mentioned issues into account, the saturation recrystallization
method was utilized to synthesize the dual-phase NCs at room temperature. The dual-
phase NC film was spin-coated on the customized substrate and Au electrode. Moreover,
the planar metal-semiconductor-metal (MSM) PDs based on CsPbBr3/Cs4PbBr6 composite
NCs were realized. The proposed PD exhibited a high D* of 4.24 × 1012 Jones, with an
LDR of 115 dB under 1 V bias. To explain the improvement of D*, the role of Cs4PbBr6 NCs
was investigated. Our work might provide a guidance for developing a high-performance
PD based on CsPbBr3/Cs4PbBr6 perovskite NCs.

2. Materials and Methods

Materials: Cesium bromide (CsBr, 99.5%), lead bromide (PbBr2, 99.0%), Oleic acid
(OA, 85%) and oleylamine (OAm, 80–90%) were purchased from Aladdin. Toluene (AR)
was purchased from Beijing Chemical Works. All these chemicals were used as received.

Synthesis of CsPbBr3/Cs4PbBr6 NCs: The saturation recrystallization method was
utilized to synthesize the NCs at room temperature without any noble gases, and the
specific synthesis steps are shown in Figure 1. Firstly, the beaker and the small glass bottle
were each cleaned with deionized water, isopropanol, and absolute ethanol for 15 min,
and then dried with high-purity nitrogen. After that, they were placed on a hot table at
80 ◦C to accelerate solvent evaporation and ensure no residual water. Then, 0.4 mmol of
CsBr and 0.4 mmol of PbBr2 were dissolved in 10 mL of DMSO. A clear and transparent
solution was obtained by ultrasonic cleaning, and no water entered the solution in this
process. Then, 0.5 mL of OAm and 1 mL of OA were added as ligands of NCs to prepare a
precursor solution. After that, 1 mL of the above precursor solution was dribbled into the
10 mL of toluene solution with a fast speed of 800 r/min. In this way, various inorganic
ions were transferred from the benign solvent to the undesirable solvent, and the NCs
were deposited due to the much higher solubility of NCs in DMSO than in DMSO mixed
with toluene.

Figure 1. Schematic diagram of the fabrication process of the PD based on CsPbBr3/Cs4PbBr6 NCs.
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Fabrication of PD: The fabrication of the device was mainly based on the gold in-
terdigital electrode and the inorganic perovskite NCs. The schematic diagram of the
fabrication process is illustrated in Figure 1. The interdigital space of the gold interdigital
electrode is 3 μm and the thickness of the Au electrode is about 100 ± 10 nm. The substrate
is made up of silicon (Si) wafer, SiO2, and chromium (Cr) plating. A 300 nm-thick SiO2
layer covers the surface of the silicon wafer. Additionally, there is a Cr plating layer with
a thickness of 10 nm between the SiO2 layer and the Au electrode. The planar PD was
fabricated in a glove box by spin-coating. The NC solution was spin-coated on the substrate
with the rotational speed of 2000 r/min. The device was then placed on a hot platform at
90 ◦C to vaporize the methylbenzene and DMSO.

Characteristics of nanocrystals: The photoelectric property of NCs was tested by a
light-emitting diode (LED) light source (375 nm, Thorlabs, Shanghai, China). The optical
image of NCs was characterized using an optical microscope (Nikon, LV150, Shanghai,
China). The high-resolution transmission electron microscopy (HRTEM) images of NCs
were collected using a JEOL JEM-2100 microscope (Nippon Electronics Corporation, Shang-
hai, China) at an accelerating voltage of 100 kV. The X-ray diffraction (XRD) spectrum of
the NCs was measured by a diffractometer (Haoyuan Instrument Co., Ltd., DX-2700, Dan-
dong, China). The absorption spectrum of NCs was determined by an ultraviolet-visible
absorption spectrometer (Shimadzu, UV-2600, Shimadzu, Japan). The photoluminescence
spectrum at room temperature was carried out by a home-built fluorescence spectropho-
tometer system using a 343 nm femtosecond laser (Light Conversion, Carbide 5W, Vilnius,
Lithuania) as the excitation light source.

Photoelectric characteristics: The PD was placed on the probe table (Prcbe, Mini),
and the external shielding box was used to isolate the external optical signals throughout
the test. The current–voltage (I–V) curves and the transient photo responses of the PD
based on inorganic perovskite NCs were tested using a semiconductor analyzer (Agilent,
B1500, Shanghai, China). For completing the I–V measurements, the light intensity was
tuned by adjusting the LED light source (375 nm, Thorlabs, Shanghai, China) at a fixed
driving voltage. The transient photo responses were acquired with an LED lamp, which
emitted light faster than the response of the measured PDs.

3. Results and Discussion

3.1. Composition of NCs

To determine the composition of NCs, XRD measurements were carried out, as shown
in Figure 2a. The peaks at 15.185◦, 21.551◦, 30.644◦, 34.371◦ and 37.767◦ can be indexed
to the (100), (110), (200), (210) and (211) lattice planes, respectively, which are the char-
acteristic peaks of the CsPbBr3 phase. On the other hand, the peaks at 12.885◦, 20.079◦,
22.413◦, 25.427◦, 27.510◦, 28.603◦ and 30.268◦ can be identified as the (110), (113), (300),
(024), (131), (214) and (223) reflections, respectively, which are the characteristic peaks
of Cs4PbBr6 [18,21]. In addition, the intensity of the diffraction peaks of Cs4PbBr6 is
much higher than those of CsPbBr3, which means that the main component of the NCs
is Cs4PbBr6. To further investigate the composition of the NCs, the HRTEM images were
obtained and shown in Figure 2b, and the selected area corresponding to Figure 2b is
illustrated in Figure 2c. It can be found that the lattice fringes of 0.68 nm can be indexed
to the (110) lattice planes of orthorhombic Cs4PbBr6, while the lattice fringes of 0.29 nm
can be indexed to the (200) lattice planes of cubic CsPbBr3. Thus, the dual-phase was also
evidenced by the selected area TEM of dual-phase NCs.
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Figure 2. (a) XRD patterns of the dual-phase CsPbBr3/Cs4PbBr6 NCs; (b) HRTEM image of the dual-phase inorganic
perovskite NC film, inset: Fast Fourier transform (FFT) image of the dual-phase inorganic perovskite NC film; (c) HRTEM
corresponding to Figure 2b.

3.2. Optical Property of NCs

In order to investigate the optical property of NCs, its absorption and PL spectrum
were tested, as shown in Figure 3a,b. We found that there were two absorption peaks in
the absorption spectrum. One peak was located at 505 nm, and the other one was located
at 316 nm. According to the existing research on CsPbBr3, we know that the absorption
peak at 505 nm is attributed to CsPbBr3. Thus, it can be inferred that the absorption peak
at 316 nm was caused by Cs4PbBr6. In addition, the absorption band edges of CsPbBr3
and Cs4PbBr6 NCs are 360 nm and 547 nm, respectively. Based on this, the band gaps of
CsPbBr3 and Cs4PbBr6 NCs were calculated, which were 2.3 eV and 3.8 eV, respectively.
This is in agreement with the literature [18]. For the PL spectrum (shown in Figure 3b),
a narrow emission peak was observed at 520 nm with a FWHM of 26 nm, which is 3.1
nm lower that of pure CsPbBr3 NCs (29.1 nm) [22].This suggests that the quality of NC
films was improved by the introduction of Cs4PbBr6 NCs. It is worth noting that there
was only one PL peak that originated from CsPbBr3 NCs, which is consistent with the
previous studies’ finding that Cs4PbBr6 does not emit light [23]. Moreover, the PL peak
was in the green light emission band, which echoes the luminescence of the sample shown
in the inset of Figure 3b. CsPbBr3/Cs4PbBr6 NCs in toluene (illustration) were yellow
under sunlight. However, when exposed to ultraviolet light, the CsPbBr3/Cs4PbBr6 NCs
in toluene emitted bright green light. This is also consistent with the reported emission
band of CsPbBr3/Cs4PbBr6 NCs [21].
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Figure 3. (a) Absorption spectrum of CsPbBr3/Cs4PbBr6 NCs; (b) PL spectrum of CsPbBr3/Cs4PbBr6 NCs, insets show NC
solution illuminated by a fluorescent lamp and a 375 nm LED lamp, respectively.

3.3. Performance of the Composite NC PD

The dual-phase inorganic perovskite NC film was spin-coated on the gold interdigital
electrodes, and the planar MSM PDs were prepared. The I–V curves of the proposed PD
under 375 nm LED illumination with different light intensities are shown in Figure 4a. It
can be found that the photocurrent increased with the rise in the optical power density.
Moreover, the dark current at 1 V bias was 6.67 pA, which was significantly suppressed
compared with that of the PD based on pure CsPbBr3 NCs (1.5 nA at 2 V bias) [15]. It
suggests that the quality of NC film was improved by the introduction of Cs4PbBr6 NCs,
which could prevent the agglomeration of CsPbBr3 NCs. The light current with a light
intensity of 10.2 mW/cm2 at 1V bias was 19.32 nA and the ratio of light current to dark
current was 2894 at 1 V bias. This value was much lower than that of the PD based on
CsPbBr3 NCs (105 under 4.65 mW/cm2 at 2 V bias), which meant that the bright current
was weakened by the introduction of Cs4PbBr6 NCs. The external quantum efficiency
(ηEQE), responsivity (R), and D* of the proposed PD were calculated and the results are
shown in Figure 4c–e. As the power density of the incident light increased from 13 μW/cm2

to 2689 mW/cm2, the ηEQE decreased continuously. At the lowest detectable illumination
of 13 μW/cm2 at a bias of 1V, the ηEQE was only 22.1%. This value is also lower than
the PDs based on CsPbBr3 NCs (41%) [16]. These phenomena may be due to the fact
that the main component of dual-phase NC film is Cs4PbBr6. Moreover, the wide band
gap of Cs4PbBr6 determines that the absorption wavelength of Cs4PbBr6 must be lower
than 360 nm. However, due to the limitation of the experimental conditions, our test
wavelength could only reach 375 nm. Thus, the light absorption intensity and the amount
of photogenerated carriers of the PD based on CsPbBr3/Cs4PbBr6 composite NCs were
correspondingly reduced under the illumination of 375 nm. This also led to low R, which
was only 0.094 A/W under the optical power of 13 μW/cm2. The expression of R was IL−Id

PinS
(IL is photocurrent, Id is dark current, Pin is incident optical power density, S is effective
area). Although the PD had an ultra-low dark current, the light current was not satisfied,
which led to a small R. However, compared with the previous reported MSM PDs based on
CsPbBr3 NCs (summarized in Table 1), the D* of the proposed PD was among the highest
level, which reached 4.24 × 1012 Jones under the optical power of 13 μW/cm2. Due to the
great improvement of D*, it could be expected that the LDR would also be improved. Here,
the LDR of the proposed PD under 1 V bias with 532 nm continuous laser illumination
were shown in Figure 4b. It can be found that the proposed PD was capable of detecting
incident light as low as 13 μW/cm2 under 1 V bias, and its LDR was 115 dB.
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Figure 4. (a) I–V curves of CsPbBr3/Cs4PbBr6 NC PD with different optical power densities under
the irradiation of a 375 nm LED lamp; (b–e) LDR, ηEQE, R, and D* measured using a 532 nm laser as
a light source; (f) Change trend of the dark current after taking the logarithm of the x-axis and y-axis,
the red line is the fitting curve.

Table 1. Summary of the performance of inorganic perovskite NC PDs.

Nanocrystal
R

(mA/W)
ηEQE (%)

D*
(Jones)

Trise/Tfall

(ms)
Ref.

CsPbI3 - - - 24 / 29 [23]
CsPbBr3 0.18 41 6.1 × 1010 1.8 / 1.0 [16]
CsPbCl3 1890 - - 41 / 43 [24]
CsPbBr3 4.71 16.69 4.56×108 0.2 / 1.3 [5]

CsPbBr3/Cs4PbBr6 0.094 22.1 4.24×1012 10.85 / 2.85 Our work

In order to explain the reason for the improvement of D*, the type of contact between
the semiconductor and the metal electrode was analyzed. Due to the high work function
of Au, it can be expected that the interface between the inorganic perovskite NCs and
the Au electrode will form a good ohmic contact [15]. This prediction was proved by the
experiment. The I–V curve at different biases were measured, and Figure 4f shows the
change trend of the dark current after taking the logarithm of the x-axis and y-axis. It is
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clear that the current increased significantly with the increase in bias, and the slope (n1) of
the curve is 1.07, which is almost linear. This means that a good ohmic contact was formed
between the dual-phase NCs and Au electrode, providing a guarantee for the rapid transfer
of the carrier. On the other hand, the band gaps of CsPbBr3 and Cs4PbBr6 were 2.3 eV and
3.8 eV, respectively, and both the VBM and CBM of Cs4PbBr6 were higher than those of
CsPbBr3. Thus, by combining CsPbBr3 NCs with Cs4PbBr6 NCs, the energy band of the
composite NCs would be moved up as a whole relative to the Au electrode. Moreover,
the height difference between the VBM of the composite NCs and the Fermi energy of the
Au electrode would be reduced, which facilitates the transmission of electrons. This is
also helpful for the improvement of D*. In addition, both the strongly suppressed dark
current and the narrowed FWHM of the PL spectrum proved that the quality of the NC
film was indeed greatly improved with the introduction of Cs4PbBr6 NCs. Furthermore,
the radiation recombination could also be suppressed due to the non-luminous property of
Cs4PbBr6 NCs. All these behaviors led to the improvement of D*.

To study the photoresponse of the composite NC PD, the transient response perfor-
mance under 375 nm with a light intensity of 10.2 mW/cm2 at 1 V bias were measured
(shown in Figure 5a), which indicated that the proposed PD could respond stably when
the illumination was turned on and off. Moreover, response speed was another important
index of the photodetector, and the transient photocurrent response relationship (I-T) curve
of the proposed PD under 1 V bias is shown in Figure 5b. According to the definitions of
the rise time (Trise) and fall time (Tfall) for the time when the photocurrent increased from
10% to 90% (declined from 90% to 10%) in the on and off cycles under light, Trise and Tfall
were 10.85 ms and 2.25 ms, respectively. The sum of the rise time and the fall time was
considered the response time of the PD, which was 13.1 ms.

 
Figure 5. (a) Photocurrent–time response measured under 375 nm with a light intensity of 10.2 mW/cm2; (b) Rise and fall
time of the proposed PD.

4. Conclusions

In summary, we have successfully demonstrated all-solution-processed PDs based
on CsPbBr3/Cs4PbBr6 composite NCs. A good ohmic contact was formed between the
gold electrode and CsPbBr3/Cs4PbBr6 composite NCs, which provided a guarantee for
the rapid transfer of the carrier. In addition, both the strongly suppressed dark cur-
rent and the narrowed FWHM of the PL spectrum proved that the quality of the NC
film was greatly improved with the introduction of Cs4PbBr6 NCs. Moreover, the non-
luminous property of Cs4PbBr6 NCs could inhibit the radiation recombination. Thus,
the D* of the PD based on CsPbBr3/Cs4PbBr6 composite NCs was improved, reaching
4.24 × 1012 Jones. Our work might provide guidance for developing a high-performance
PD based on CsPbBr3/Cs4PbBr6 perovskite NCs.
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Abstract: Non-fullerene acceptors are promising to achieve high efficiency in organic solar cells
(OSCs). Y6-based acceptors, one group of new n-type semiconductors, have triggered tremendous
attention when they reported a power-conversion efficiency (PCE) of 15.7% in 2019. After that,
scientists are trying to improve the efficiency in different aspects including choosing new donors,
tuning Y6 structures, and device engineering. In this review, we first summarize the properties
of Y6 materials and the seven critical methods modifying the Y6 structure to improve the PCEs
developed in the latest three years as well as the basic principles and parameters of OSCs. Finally, the
authors would share perspectives on possibilities, necessities, challenges, and potential applications
for designing multifunctional organic device with desired performances via machine learning.

Keywords: Y6; non-fullerene acceptor; organic solar cell; machine learning; multi-function

1. Introduction

With the increasing global energy demand, it is an urgent problem to study clean and
renewable energy instead of traditional energy such as fossil fuels. Among the many new clean
energy resources being developed, solar cells have been an area of focus due to the advantages
of pollution-free, low noise, low cost of use, and no regional restrictions [1]. Presently inorganic
materials [2,3] such as silicon-based semiconductors play a key role because of the high efficiency
and high charge carrier mobility. However, organic solar cells (OSCs) are promising alternatives
due to their multi-functional integration [4,5], superior processability [6,7], structural versatility,
being light and inexpensive compared to inorganic counterparts.

Organic solar cells mainly include Schottky or single-layer solar cells, double-layer
heterojunction solar cells, and bulk-heterojunction (BHJ) solar cells. The BHJ solar cell
showed a significant improvement in efficiency [8]. In a BHJ solar cell, active layers
containing phase separation as well as interpenetrating donor and acceptor materials are
essential materials to be designed. In this review, we mainly focused on the material
design of acceptors. One of the first efficient acceptors, fullerene (C60), was reported by
Sariciftci et al. [9]. Since then, some soluble fullerene-based acceptors such as PC61BM
and PC71BM have been developed and have attracted extensive attention [10–13]. These
are mainly ascribed to the unique features of the acceptors such as a large π conjugated
system, a rigid molecular skeleton, and efficient photo-induced electron transfer [9,14]. A
single-junction device containing PC71BM via hydrocarbon solvents has been fabricated,
and the highest conversion efficiency has reached 11.5% [15]. However, the low efficiency
compared with state-of-art organic solar cells restricts the development, which is mainly
due to the materials of fullerene itself: (1) the absorption of fullerenes and their derivatives
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are not only weak in the spectral range but also in the extinction coefficient [16]; (2) it is hard
to adjust the energy levels dramatically; (3) the spherical structure of fullerene structure is
easy to crystalize and aggregate, causing long-term instability of blend morphology [17,18].

In recent years, non-fullerene small-molecule electron-acceptor (NFAs) [17,19] ma-
terials have attracted more and more attention due to adjustable energy levels, a simple
synthesis process, low cost, excellent solubility, and a wider absorption range than fullerene.
As a milestone, a new benchmark acceptor Y6 (2,2′-((2Z,2′Z)-((12,13-bis(2-ethylhexyl)-3,9-
diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[2,”3”:4′,5′]thieno[2′,3′:4,5]pyrrolo
thieno[20,30:4,5]thieno[3,2-b]indole-2,10-diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-
2,3-dihydro-1H-indene-2,1-diylidene)) dimalononitrile)) [20] was reported in 2019 and has
since been widely reported. The related reports include improving performances [21,22],
understanding theories behind high performances [23], and other applications such as
transparent [24,25], flexible [26], upscaling [27,28] and indoor devices [29].

In this review, the primary working mechanism and parameters for OSCs are first
introduced. Secondly, the properties of Y6 materials along with the design strategy and
structures are summarized. Thirdly, we summarize seven different approaches developed
in the latest three years for synthesizing new materials. Finally, we focus on key challenges
and some guidance suggestions on fastening material design and improving the PCE, which
are mainly using machine learning as a powerful tool to screen, design, and understand
the materials.

2. Basic Principle of Organic Solar Cells

Before going through the latest methods of efficiency improvement, it is necessary to
understand the basic principles and parameters of OSCs. Some abbreviations shown in
Table 1 and sequential molecular structures including donors, small-molecule acceptors,
and solvents shown in Figure 1 are used to make the article more precise.

Table 1. Main nomenclature in this review.

OSC Organic Solar Cell NFA Non-fullerene Acceptor
PCE (η) Power-conversion Efficiency DFT Density Functional Theory

HOMO
LUMO

Highest Occupied
Molecular Orbital

Lowest Unoccupied
Molecular Orbital

BHJ
TEM

Bulk Heterojunction
Transmission Electron

Microscope

GIWAXS Grazing-incidence
Wide-angle X-ray Scattering ML Machine Learning

A conventional solar cell of BHJ architecture with active layers containing phase
separation and interpenetrating donor and acceptor materials are shown in Figure 2a. Apart
from the active layer, electrodes and interlayers are stacked between the active layers. Metal
oxides, salts, polymer blends, organic acids, small molecules, and conjugated compounds
can be promising materials for interlayers, which serve as charge-selectivity, transport
layers and can form ohmic contacts between the electrodes and active layers [30,31].

The basic principle of the organic solar cell is shown in Figure 2a, including four crucial
processes: exciton formation, exciton diffusion, exciton dissociation, and charge transport
and collection [32]. Under optical excitation (Process 1), electrons in the donor will be
excited from the highest occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO) and will leave holes in HOMO (Process 2). This will create an
exciton or a Coulomb hole-and-electron pair. When the exciton diffuses to the interface
of donor and acceptor, an exciton separates to a low-energy state. The electron transfers
to the LUMO of the acceptor, and the hole remains in the HOMO of the donor, creating a
charge-transfer state (CT states) (Process 3). The electrons and the holes will be collected by
the electrodes (Process 4). Eventually, an electric motive force will be generated.
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Figure 1. Cont.
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Figure 1. Main molecular structures used in the review article.

64



Crystals 2022, 12, 168

Figure 2. (a) The schematic structure of a bulk-heterojunction (BHJ) solar cell where the blue regions
represent donors and red regions represent acceptors. The enlarged picture on the right shows four
basic working steps of a BHJ solar cell. (b) Generic J-V graph for the performance of a solar cell.
(c) Different forms of energy losses with two methods calculating the bandgap shown on the right.

3. Figures of Merit of Organic Solar Cells

3.1. Power Conversion Efficiency

A typical graph demonstrating the performance is the I-V graph shown in Figure 2b.
The most important parameters are the power-conversion efficiency (PCE or η), the ability
to convert solar energy into electricity, which is defined as:

η =
Voc × Isc × FF

Pin
, (1)

where VOC is the voltage at an open circuit; ISC is the short circuit current, i.e., the current at
zero voltage; and Pin is the solar power absorbed, normally standardized as AM1.5 sunlight.

3.2. Fill Factor

FF is the fill factor describing the extraction of the photogenerated current [33,34], and
the value can be obtained by

FF =
max (V × I)

Voc × Isc
=

max (V × J × A )

Voc × Jsc × A
, (2)

with the numerator being the maximum area enclosed by the curve shown in Figure 2b. A
is the active area, and J is the current density, i.e., the current divided by the area through
which the current flows.

Ideally, the curve will be a square shape, and thus the FF is 1. However, there are
mainly three crucial parameters affecting FF, which are series resistance Rs, shunt resistance
Rsh, and the diode [34]. The slope in region I is determined by 1/Rs, which is mainly
attributed to the resistance of the active layer, electrodes, and the interface between them.
Region II is governed by a photodiode equation (active layer can be considered as pn
junctions containing n-type semiconductors and p-type semiconductors):
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I = Is[exp(eV/nkBT)−1]. (3)

where Is is the dark current; kB is the Boltzmann constant; e is the elementary charge; T is
the temperature; and n is a correction factor controlled by recombination and dissociation.
The sharp slope in region III is dominated by 1/Rsh, which exists due to the current leakage
from the pinhole and edge in the device.

3.3. Short Circuit Current Density

JSC was found to be the dominant factor of the PCE [35]. Photons absorbed, and free
charge carriers generated and collected determine JSC [35]. Technically, the smaller the
bandgap, the more overlap between the absorption of the active layer and the solar spectrum,
resulting in the more potential to achieve a higher JSC. However, a smaller bandgap could
also result in a lower VOC in terms of the same voltage loss. Li and coworkers [36] have found
that an ideal NFA with a bandgap of about 1.4 eV could reach 19.8%.

3.4. Voltage Loss

Voltage loss (Vloss) originates from three losses [37,38] shown in Figure 2c and can be
written as

Vloss = Eg/e − VOC = ΔV1 + ΔV2 + ΔV3, (4)

where ΔV1 represents the intrinsic loss caused by radiative recombination above the
bandgap; ΔV2 denotes the additional radiative recombination below the bandgap; ΔV3
stands for the loss caused by non-radiative recombination; and Eg can be determined by

the absorption onset
(

Eonset
g

)
and a more accurate method determined by the interception

of the absorption and emission spectrum
(

Einter
g

)
.

We can see that VOC can reach Eg/e when there is no loss. ΔV1 is unavoidable, and
it is typically between 0.25 and 0.3 V [38]. So, we can control the other losses by high
illumination efficiencies and an aligned band structure (a smaller energy difference between
two different LUMO) [38]. For example, the losses can be significantly reduced from around
0.9 eV to about 0.5 eV when replacing a fullerene acceptor with an NFA [17,23].

4. Synthesis and Properties of Y6 Material

To simplify, all the synthesis processes and properties of Y6 are cited from Yuan et al [20].

4.1. Material Design

Y6 material (Figure 3a), also known as BTP-4F [21], BTF-4F-8 [39], and BTPTT-4F [40],
is an n-type organic semiconductor or non-fullerene acceptor. The molecule design syn-
thesis was based on a recently used push–pull strategy [41–44], A-DAD-A, where “A”
represents the accepting electrons or the electron-withdrawing moiety in green regions
in Figure 3a, and “D” denotes the donating electrons or electron-donating moiety in blue
regions in Figure 3a. Firstly, commercially available 2, 1, 3-benzothiadiazole (BT) [45,46]
was employed as the central core, which not only serves as constructing low-bandgap mate-
rials [8] but can also be a potential candidate in thick-film devices [47] due to the high hole
mobility of the BT unit [48]. Secondly, based on the BT unit, a novel dithienothiophen[3.2-
b]-pyrrolobenzothiadiazole (TPBT) unit was introduced to extend the conjugation length.
Thirdly, long linear and branched alkyl chains in “D” units were used to possess high
solubility and the opportunity of preferable packing, which will be later discussed in
“progress of the improvement of Y6 material” section. Finally, 2-(5,6-difluoro-3-oxo-2,3-
dihydro-1H-inden-1-ylidene)malononitrile (2FIC) as end units were encapsulated, which
are believed to promote intermolecular interactions by non-covalent bondings [49,50] and
to enhance optical absorption [20]. Zhang and coworkers [23] reported that delocalization
of exciton and electron wave functions in the Y6 material and distinctive two-dimensional
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π − π molecular packing in solution and thin films illustrate a good material design for
highly efficient organic solar cells.

Figure 3. (a) Structure of Y6 material where the green regions represent electron-withdrawing unit or
acceptor unit, and the blue regions stand for electron-donating unit or donor unit. (b) UV–Vis–NIR
absorption spectra of the thin film and solution for Y6 [20]. Reprinted with permission from Ref. [20].
Copyright 2019 Elsevier Inc. (c) Synthesis of Y6 material with yield rates in each step [20]. Adapted
with permission from Ref. [20]. Copyright 2019 Elsevier Inc.

4.2. Material Synthesis

Dark-blue Y6 powder was synthesized with only four steps and an overall yield of
12% [20]. The raw materials and the famous name reactions including Stile coupling, Cado-
gan reductive cyclization, the Vilsmeier–Haack reaction, and Knoevenagel condensation
for the whole process are shown in Figure 3c.

4.3. Absorption Behaviors

The absorption spectra of Y6 in the solution (black line) and film (red line) are shown in
Figure 3b. Y6 exhibits strong and broad absorption in the 600–1000 nm region and extends
to 1100 nm corresponding to the near-infrared region with a maximum absorption peak at
821 nm and an absorption coefficient of 1.07 × 105 cm−1. The absorption coefficient of Y6
material is higher and red-shifted compared with another common NFA material, ITIC [19].
Moreover, low absorption in the range of 400 nm to 600 nm can be observed in solution and
the thin film of Y6, indicating potential applications for transparent optoelectronic devices.
The optical bandgap (Eg) of Y6 is 1.33 eV (close to 1.4 eV), calculated from Eg = 1240

λonset
where the absorption onset (λonset) of Y6 is 931 nm.

The absorption range of Y6 material is complemented with that of PM6 materials
where its absorption range is within 400 and 600 nm. The two materials make full use of
the photons in the solar-radiation spectrum, making it one of the main reasons for high JSC
in OSCs.
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4.4. Band Properties

To evaluate the practical HOMO and LUMO, the band properties of Y6 were mea-
sured via electrochemical cyclic voltammetry. They used anhydrous acetonitrile (CH3CN)
solution with Ag/AgCl as a reference electrode and the ferrocene/ferrocenium (Fc/Fc+)
as an internal reference. The energy levels of HOMO and LUMO for Y6 are −5.65 eV and
−4.10 eV, respectively [20].

The voltage loss of the PM6:Y6-based device is 0.67 V by Eonset
g , which was much

smaller than fullerene and some non-fullerene devices with a smaller bandgap at that
time [23,38], where PM6 is also known as PBDB-TF [51], PBDB-T-F [52], or PBDB-T-2F [23].

Other properties such as sufficient thermal stability, high electron and hole mobilities,
and good morphology properties can also be found in Ref. [20]. In conclusion, compared
with ITIC-series- [53] and M-series- [54] based solar cells, higher utilization of sunlight,
lower energy loss, and a high fill factor give rise to high efficiency for conventional and
inverted structure [55,56] of the device, both demonstrating the high efficiency of up to
15.7% [20].

5. Progress of the Improvement in Y6 Material

After successful synthesis of the Y6 NFA, scientists have tried different methods to
improve the material including new acceptors retaining Y6′s main properties; new donors
matching Y6 including P2F-Ehp [40], PtzBI-dF [57], PM7 [58], and D18 [59]; and device
engineering such as the ternary strategy [60–62], the quaternary strategy [63], and layer-by-
layer structures [64]. For Y6 derivatives, there are mainly seven different material engineering
methods shown in Figure 4, and the following discussion will be based on this figure.

5.1. Fine-Tuning the Flanking Unit

Altering the end group provides an effective method to tune the energy levels shown
in Figure 5a.
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Figure 4. Seven main approaches to alter Y6 to improve efficiency.
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Figure 5. Frontier molecular orbits when (a) altering flanking units and (b) nucleus in the middle.
Data from Refs. [20,21,65–68].

P3HT is the simplest and cheapest donor that can more possibly be industrialized [69].
However, in a P3HT:Y6 system, the significantly large difference in LUMO and HOMO of
the active layers gives rise to high voltage loss (0.86 V), low VOC (0.45 V), and consequently
a low efficiency (2.41%) [65]. Using a weaker non-fluorine electron-withdrawing group
to encapsulate the core, Y5 shows better-aligned energy levels with P3HT, leading to a
PCE of 3.60% [65]. Yang and coworkers [65], in 2020, reported a new TPBT-RCN acceptor
modifying the end-capping groups of Y6 via an even weaker group. The absorption onset
of the new NFA acceptor, TPBT-RCN, with a weaker end group leads to a significant blue-
shift to that of Y5 and Y6. However, better-matched energy levels, more photon absorbing
in the visible spectrum and higher mobility could be attributed to a comparable JSC of
16.49 mA cm−2, a higher VOC of 0.81 V, and an efficiency of 5.11% [65].

Hou and his group [66] in 2020 synthesized novel ZY-4Cl n-type semiconductors with
another end group enabling a different band structure and better morphology of nanoscale
phase separation. Consequently, Jsc and FF improve significantly to 16.49 mA cm−2 and
0.65, respectively, with a little decline in VOC in comparison with that of TPBT-RCN. Finally,
a P3HT:ZY-Cl device achieves 9.5%, which was the highest reported efficiency of P3HT-
based OSCs at that time [66].

In 2019, Cui and coworkers [21] changed the F-substituted to the Cl-substituted
terminal unit of the Y6 and reported the acceptor BTP-4Cl that is also later known as
Y7 [26]. Usually, chlorination results in a downshifted LUMO level and thus a reduced
VOC in the device [70,71]. However, an abnormal phenomenon was observed. BTP-4Cl
(Y7) materials show a red-shifted absorption compared with BTP-4F (Y6), but they also
demonstrate increased VOC due to the Vloss decreasing by 0.04 eV. These properties together
give a higher efficiency of 16.5% [21], matching with the PM6 donor.
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5.2. Creating a New Core Moiety

Synthesizing a new center core is another method to change the electronic properties,
especially the band properties shown in Figure 5b.

Zhu and coworkers [68] in 2020 employed a novel imide-functionalized quinoxaline
(QI) in the central unit and synthesis of QIP-4Cl and QIP-4F, resulting in a deeper HOMO
and a higher LUMO level shown in Figure 5b. These achieve an impressive high VOC of
0.94 V and thus the highest efficiency of 13.3% [68] for P2F-Ehp:QIP-4Cl. This efficiency
wass among the best QI-based binary device at that time. These materials also suggest that
the end group can alter the band structure too.

In late 2020, Zhang and coworkers [67] have reported Y6Se by substituting selenium for
Sulphur in the central building block. This strategy has successfully decreased the radiative
(ΔV2) and non-radiative (ΔV3) recombination loss as well as a little broader absorption,
higher mobility, and better photostability. All of these show the highest efficiency of
17.7% [67] at that time.

5.3. Altering the Donor Units in A-DAD-A

Modifying the donor units in A-DAD-A, especially the emerging asymmetric molecule
design, is an effective method to control the molecule stacking.

In 2020, Cai and coworkers [72] first unidirectionally removed thiophene in the ladder
benzothiophene unit, resulting in an asymmetric molecular structure, Y21, and a larger
dipole moment than that of Y6. This larger dipole moment would reinforce the molecular
packing, and, consequently, the efficiency of the PM6:Y21 sample is 15.4% [72].

In 2021, Gao and coworkers [73] laterally fused four and five thiophene units into
benzothiadiazole to produce BP4T-4F and BP5T-4F. Besides, a highly asymmetric BP4T-4F
molecule (ABP4T-4F) with one thiophene on one side and three thiophenes on the other
side were also synthesized and studied. From Figure 6a–c, the signal of BP4T-4F is the
most distinct, meaning the favorable face-on packing, whereas that of ABPT-4F is the least.
Blended with PM6, the PCEs of BP4T-4F, BP5T-4F, and ABPT-4F are 17.1% [73], 16.7% [73],
and 15.2% [73], respectively. Gao and coworkers [74] also tried to fuse six thiophene units
into the Y6 core and constructed a new acceptor BP6T-4F. In addition, another isomer
molecule of BP6T-4F, namely, ABP6T-4F, was synthesized based on the isomerization of
asymmetric strategy. However, this leads to quite opposite effects in the efficiency. In
Figure 6d,e, the diffraction signal in ABP6T-4F shows a stronger signal in the qr direction
(stronger π-π stacking property) even though the signal is weaker in the qz direction
(weaker crystallization property). The advantages of the symmetry-breaking strategy in
this molecule far outweigh the disadvantages, thus resulting in a significantly improved
efficiency of ABP6T-4F (15.8% [74]) than that of BP6T-4F (6.4% [74]).

5.4. Tuning the Alkyl Chain R1

Sidechain modification on the beta position of the thiophene unit, R1, is also a flexible
strategy mainly used to control intermolecular stacking.

Chai and coworkers [75] focused on the side-chain orientation by 2021. They designed
and synthesized three isomeric NFA named o-BTP-PhC6, m-BTP-PhC6, and p-BTP-PhC6.
The results show that the hexyl chain of m-BTP-PhC6 is titled in terms of the molecule plane
in comparison with vertical o-BTP-PhC6 and the horizontal p-BTP-PhC6 shown in Figure 7a
by DFT (density functional theory) calculation where the 2-ethylhexyl chains attached to
the pyrrole rings were replaced by 2-methyl propyl to accelerate the calculations. Due
to this unique orientation, m-BTP-PhC6 exhibits the most advantageous intermolecular
stacking among the three isomers. Figure 7b shows that the m-BTP-PhC6 peak is the
most prominent in the qz direction between 1.5 A−1 and 2 A−1, which indicates a face-on
direction beneficial to light-harvesting where qz is the magnitude of the scattering vector
in the z-direction. When the molecule is mixed with PTQ10, the PCE of the device based
on m-BTP-PhC6 reaches 17.7% [75], which is significantly better than that of the device
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based on o-BTP-PhC6 (16.0% [75]) and p-BTP-PhC6 (17.1% [75]) and the best value of
non-fullerene OSC device based on PTQ10 at that time.

 

Figure 6. 2D-GIWAXS patterns of PM6 blended with (a) BP4T-4F [73] (adapted with permission from
Ref. [73]. Copyright 2020 WILEY-VCH GmbH.), (b) BP5T-4F [73] (adapted with permission from
Ref. [73]. Copyright 2020 WILEY-VCH GmbH.), (c) ABP4T-4F [73] (adapted with permission from
Ref. [75]. Copyright 2020 WILEY-VCH GmbH.), (d) BP6T-4F [74] (adapted with permission from
Ref. [74]. Copyright 2021 WILEY-VCH GmbH.), and (e) ABP6T-4F [74] (adapted with permission
from Ref. [74]. Copyright 2021 WILEY-VCH GmbH.).

Li and coworkers [22] by 2021 have created L8-R (L8-BO, L8-HD, and L8-OD) acceptors
through a branched-chain in R1. Compared with the two kinds of Y6 molecule π–π
stacking, there are three stacking patterns for L8-R molecules shown in Figure 7c through
the Zerner’s intermediate neglect of differential overlap (ZINDO) method [76], which can
provide more charge-hopping channels, which are thus more favorable for the transition of
charge. Among the three NFAs, the electron mobility of L8-BO (2-butyl octyl substitution)
was 6.79 × 10−4 cm2 V−1 s−1, which is higher than the mobilities of Y6 (4.49 × 10−4 cm2

V−1 s−1), L8-OD (4.87 × 10−4 cm2 V−1 s−1), and L8-HD (5.54 × 10−4 cm2 V−1 s−1) [22].
Besides, TEM images in Figure 7d show that L8-BO has the best morphology due to its
uniformity and no obvious aggregation to impede charge transfer. These factors together
improve the performance of the device. When L8-BO is blended with PM6, the efficiency
of the single junction photovoltaic device is 18.32% [22].

These results show that Y6 can still have more room to be improved, reaching 20% via
different methods.

5.5. Extending the Conjugation Length

It is useful to extend the conjugation length to absorb more photons in the near-infrared
region. The absorption and photovoltaic properties of Y6 and some tailored red-shifted
materials are shown in Table 2.

He and coworkers [77], by 2020, successfully employed different types of alkyl thio-
phenes to extend the absorption onset of Y6. As seen from Table 2, H1, H2, and H3
bathochromic-shift 1016 nm. Interestingly, the different alkyl chains in the thiophenes again
demonstrate different packing, namely, edge-on for H1, mixed with edge-on and face-on
for H2, and dominantly face-on for H3. Consequently, H3 exhibits the highest efficiency
of 13.75% among the three new materials. Li and coworkers [24] later employed the H3
to semi-transparent organic solar cells and achieved the PCE of 8.26% [24] and average
photopic transmittance (APT) of 47.72% [24].

Hai and coworkers [78] attached vinylene to one side (BTP-1V-1F) and both sides
(BTP-1V-1F) to the core of the Y6. Although BTP-2V-2F red-shift not as obviously as
H3 and BTP-2V-2F (Table 2), its efficiency (14.24% [78]) is one of the highest values for
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binary single-junction OSCs based on ultra-narrow bandgap NFA with a bandgap below
1.29 eV [78].

 

Figure 7. (a) Optimized geometry o-BTP-PhC6, m-BTP-PhC6, and p-BTP-PhC6 of by DFT calcula-
tion [75]. (b) 2D GIWAXS images of a neat PTQ10 film; PTQ10:o-BTP-PhC6, PTQ10:mBTP-PhC6,
and PTQ10:p-BTP-PhC6 blend films [75]. (c) Electronic coupling (meV) for L8-R (L8-BO, L8-HD,
L8-OD), and Y6 dimers with different crystal packing motif. The electronic couplings for dimers of
L8-R and Y6 in crystals were computed [22]. Adapted with permission from Ref. [22]. Copyright
2021 Springer Nature Limited. (d) TEM patterns of PM6:Y6 and PM6:L8-R blend films [22]. Adapted
with permission from Ref. [22]. Copyright 2021 Springer Nature Limited.

Table 2. Absorption and photovoltaic properties of Y6, H1, H2, H3, BTP-1V-2F, and BTP-2V-2F [78].
Data from Refs. [20,77,78].

Acceptors λfilm
onset

(a)

(nm)

Matched
Donor

JSC
(mA cm−2)

VOC
(V)

FF
(%)

PCE
(%)

Y6 931 PM6 25.3 0.83 74.8 15.7
H1 1016 PBDB-T 16.81 0.784 53 6.98
H2 1016 PBDB-T 24.40 0.781 69 13.15
H3 1016 PBDB-T 25.84 0.757 70 13.75

BTP-1V-2F 984 PM6 24.75 0.80 72 14.24
BTP-2V-2F 1020 PCE10 26.50 0.66 64 11.22

(a) Cast from chloroform solution.

5.6. Modulating the Side Chain R2

Tailoring the side chain in the pyrrole unit, R2, could be mostly used to increase
solubility and apply to a large-scale device while maintaining nearly the same absorption
and band profiles.

Jiang and coworkers [79] have first synthesized N-C11 by swapping the R1 and R2
chains of Y6. They found that N-C11 demonstrates much lower solubility and larger
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domain (56.4 nm compared with 21 nm in Y6 measured by resonant soft X-ray scattering
or RsoXS in short), which impairs the efficiency of the device. In light of this, it is vital
to keep the branched alkyl chain on the nitrogen atom of the molecule to retain steric
hindrance, and the branched position of the branched alkyl chain on the pyrrole unit is
further optimized. The group also synthesized N3 and N4 via shifting branching units
of R2. Comparing three kinds of molecules (Y6, N3, and N4) with different branched-
chain positions, it was found that the acceptor with the third branched alkyl chain has the
best solubility, morphology (Figure 8a), and electronic properties, thus achieving the best
efficiency of 16.0% [79]. Finally, a highly efficient organic solar cell containing the PM6
with a PCE of 16.74% [79] was obtained by using the ternary strategy when adding a small
amount of PC71BM receptor.

Figure 8. (a) 2D GIWAXS images of PM6:Y6, PM6:N-C11, PM6:N3, and PM6:N4 blend films [79].
Adapted with permission from Ref. [79]. Copyright 2019 Elsevier Inc. (b) Statistics of PCEs for
OSCs based on T1:BTP-4F-12 with different solvents [39]. Adapted with permission from Ref. [39].
Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) TEM images of PM6:Y6and
PM6:DTY6 blend films cast from two solvents (chloroform and o-xylene) [7]. Adapted with permis-
sion from Ref. [7]. Copyright 2020 Elsevier Inc. (d) Histogram of PCEs for BTP-4Cl-X-based OSCs
under different conditions, where 0.06 cm2 and 0.81 cm2 are mask areas with active areas or device
areas of 0.09 and 1 cm2, respectively [80].

Hong and coworkers [39] in 2019 reported that a novel small-molecule acceptor
material BTP-4F-12 had been synthesized successfully by increasing the length of the
branched alkyl chain R2 (from 8 carbons to 12 carbons) on the Y6 non-fullerene acceptor.
This strategy shows improved efficiency of the single-junction binary OSC to 16.4% [39]
with PM6 due to the improvement of crystallinity and electron mobility. Further studies
had shown that replacing the donor T1 with even better solubility enables the possibility
of different kinds of eco-compatible solvents to fabricate OSCs, with the results shown
in Figure 8b. More importantly, with tetrahydrofuran (THF), a non-chlorinated and non-
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aromatic solvent, a high PCE of 14.4% [39] was achieved with an active layer of 1.07 cm2 by
blade-coating rather than traditional spin-coating [69].

Dong and coworkers [7] by 2020 also tried to extend the side chains and have reported
a non-fullerene acceptor DTY6. When mixed with donor PM6, the OSCs based on DTY6
show an excellent PCE of 16.3% [7] when using non-halogen solvent o-xylene (XY), whereas
Y6-based OSC showed poor device performance (PCE < 11% [7]) when treated with XY.
Due to the aggregation of Y6 in XY (Figure 8c), very large domains appear in Y6-based
hybrid films, which leads to the low efficiency of hole transfer from Y6 to PM6 and enhances
the non-radiative recombination to 0.28 eV [7]. However, the films based on DTY6 display
a more reasonable domain size (Figure 8c), which ensures effective hole transfer and low
non-radiative recombination (0.24 eV [7]) from DTY6 to PM6. A large active layer area of
18 cm2 with opaque PM6: DTY6-based components treated with o-xylene were fabricated
via the blade-coating method with a PCE of 14.4% [7].

Cui and coworkers [80] in 2019 applied this strategy to Y7 materials and synthesized a
series of NFA BTP-4Cl-X (X = 8, 12, or 16). They also blended the BTP-4Cl-X acceptor mate-
rials with the polymer-donor material PM6 and prepared OSCs by a spin-coating method
as well as a blade-coating method with different areas of the active layer, respectively.
The results in Figure 8d show that BTP-4Cl-12 achieves the highest efficiency in the two
processing methods with different areas, indicating that the most preferable processability
and thus the most suitable morphology characteristics. More specifically, small cells with
an active area of 0.09 cm2 (0.06 cm2 mask area) by spin coating and larger cells with an
active area of 0.81 cm2 (1 cm2 mask area) prepared by blade coating achieved a PCE of 17%
and 15.5%, respectively [80].

5.7. Polymer Acceptor

All-polymer solar cells (all-PSCs) composed of a mixture of a polymer donor and a
polymer acceptor have attracted much attention due to better flexibility, easier large-scale
production, and higher transparency [81–85]. However, the PCE of the pure polymer
blend system is still far behind that based on the polymer donors and small-molecule
acceptors’ counterparts. This is mainly due to the lack of high-performance polymer
acceptors including a high absorption coefficient and a low energy bandgap and the poor
mutual solubility with polymer donors due to the self-aggregation of polymers [86]. In this
section, we discuss some tailored polymers structures (Figure 4) based on Y6.

Wang and coworkers [86] have successfully synthesized a series of PYT polymers
based on the Y6 structure with low, medium, and high molecular weights, namely, PYTL,
PYTM, and PYTH, all of which exhibit a low optical bandgap of 1.40–1.44 eV and a high
absorption coefficient of over 105 cm−1. The relationship between molecular weight and
various physical properties was also studied. PYTM has better miscibility, higher mobility,
and less loss. Therefore, the final device with PYTM:PM6 shows a 13.44% high efficiency,
better than that based on PYTL (12.55%) and PYTH (8.61%) [86].

Compared with the non-fluorinated compound PYT, the PYF-T reported by Yu and
coworkers [87] in 2021 has a stronger and red-shifted absorption spectrum, stronger molecu-
lar packing, and higher electron mobility. At the same time, the fluorination on the terminal
group of PYF-T leads to the downshift of its energy level and the higher matching with the
donor PM6, allowing a higher charge transfer and a smaller voltage loss. Therefore, the
device efficiency of PM6: PYF-T is 14.1% [87]. A similar strategy was applied to another
polymer acceptor PFA1 by Peng and coworkers [88] in 2020, with a dramatically improved
efficiency of 15.11% paired with PTzBi-Si, where the non-fluorinated counterpart only
results in a PCE of 4.01% [88].

Two regionally specific polymer acceptors named PYT-T-o and PYF-T-m had been
prepared by Yu and coworkers [89] by 2021. Compared with the random polymer PYF-T
and PYF-T-m with weaker conjugation and the intramolecular charge transfer effect, PYF-
T-o shows a more regular molecular arrangement, stronger and red-shifted absorption, and
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more ideal phase separation, all of which lead to the device efficiency of PM6:PYF-T-o to
15.2% [89].

Based on PYF-T, Yu and coworkers [90] in 2021 reported a PY2F-T with two fluorine
atoms on its one end group, and an all-polymer solar cell with an efficiency of 15.22% [90]
was obtained. After introducing the fluorine-free PYT as the third component into the main
system of PM6: PY2F-T by Sun and coworkers [91], the improved PCE of PM6:PY2F-T is as
high as 17.2% [91] due to a balance between material crystallization and phase separation.

6. Future and Perspectives

Exploring ever more powerful donor or acceptor materials should be the top priority
to achieving the high efficiency of OSCs. The design of organic materials is far more funda-
mental and complex than the device engineering issues. In terms of material development,
continuing to design and modify new materials is important, with the emphasis on ML- [92]
guided molecular design.

6.1. Possibilities

Since the first report of OSCs in 1973 [93], around 2000 donor molecules in use of
OSCs have been synthesized and tested in photovoltaic cells [94]. These donors provide
quite efficient data for high-dimension and/or deep ML. Additionally, the computing
speed of the computer and ML have developed rapidly, especially the prevalence of
deep learning and graphics processing units (GPU). Sun and coworkers [94] by 2019
established a dataset containing 1719 donor materials and used a variety of ML algorithms
for binary classification. In the end, the best ML algorithm was independently validated by
synthesizing 10 new OSC donor materials. The accuracy of the 10 new materials is 80% [94],
which is in good agreement with the experimental classification results. These together
give the possibilities to use ML to assist molecule design.

6.2. Necessities

Employing ML is not only possible but also desirable and necessary. As discussed in
the review previously, from fullerene-based acceptors to non-fullerene acceptors or from the
successful trial of the Y6 material, scientists always do a large number of trials and errors in
different aspects such as tuning the side chains, trying new flanking units, and designing
new building blocks. It is fine and admirable since these experiments provide a huge
amount of data and experience, which is of great use for further development. However,
the experience and accuracy of human beings are often inferior to those of computers. It is
important to note that trials fail, and the successful reports seem inspiring but few. This is
especially true that at least one property would be affected when other properties are being
improved. For example, when improving JSC, the two parameters—VOC and FF—would
usually reduce.

6.3. Future of Machine Learning in OSCs

The main process of combining ML with traditional design is shown in Figure 9.
Datasets, including different predicted values (Ys) and the relevant factors or features
(Xs) such as molecular structure (M.S) and processing conditions (P.C), need to be built.
Computers, which can only identify numbers, cannot recognize molecular structures like
human beings. Therefore, molecular structures as well as other relevant parameters need
to be converted to numbers by feature extractors. Xs and Ys would be then put into the
machine, which can learn a model or a function via ML. After training the model to have
the lowest losses or highest accuracies, the molecular design could be obtained quickly.
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Figure 9. Possible directions and strategies in machine learning in OSCs where M.S. refers to
molecular structure; Mn refers to number-average molecule weight; P.C. refers to processing condi-
tion; and superscript indicates the index of data. Red boxes indicate the most important areas for
material scientists.

The tools for ML workflow are available and are user-friendly for material scientists.
The key issue is setting up a high-quality database and features extractor for a given
material. Although scientists have carried out substantial research [35,94–102] on ML for
OSCs, there are still problems that will be discussed in Section 6.3.1. More applications will
be discussed in Section 6.3.2.

6.3.1. Key Challenges

(a) New and more Datasets

Some reports [35,98–100] on machine learning are based on fullerene-based single-
junction OSCs, which have limited efficiency, and fewer people have focused on it compared
with NFAs. The dataset of 1719 OSC donor materials set up by Sun and coworkers [94]
includes both new and old materials. However, these data contain some old-reported ones,
which are probably meaningless and even harmful for ML. This is because old-reported
ones will have much higher efficiency now due to the accumulation of experience and
significantly improved device-engineering strategies. So, in order to achieve high accuracy
of ML, we must first establish high-quality data. Some efficient methods include web
crawl and a Natural Language Process (NLP) [103], which could be further established.
Additionally, building some online platforms in public to renew, check, and train the
data is an effective method, which could probably act as a magnet to attract the research
attention. In addition, more predicted values including efficiency, transparency, FF, stability,
processability parameters, and thermal properties could be concluded in the dataset.

(b) Suitable Fingerprints

Most feature extractors on ML for organic materials mainly come from fingerprints.
There are more than 10 kinds of fingerprints with more than 15 software applications
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that could convert molecular structures to corresponding fingerprints [104]. Fingerprints,
containing many bits ranging from 166 (MACCS) [105] to 13,824 (TGT) [106], are mature
now especially in drug discoveries [107,108]. However, these fingerprints are not quite
suitable for ML in OSCs. Firstly, the more bits the fingerprints contain, the more infor-
mation they convey; but they are more time-consuming when performing ML. Besides,
those fingerprints are mainly used in pharmaceutics, of which some parts are trivial for
pharmaceutics but may be significant for the design of OSCs due to totally different molec-
ular design purposes. Secondly, increasing one dimension means significantly more data
needed to be input [109]. Even with 166 bits and containing nearly all the useful informa-
tion, these 166 dimensions for the input system would be a disaster when there are at most
1719 relatively low-quality data available.

6.3.2. Applications

Possible applications mainly include the following part, which is sorted mainly ac-
cording to the difficulty of implementation.

(a) Filtering before Synthesis

Filtering a material before synthesis may be the easiest part. Once we want to synthe-
size a new material, we can put it into the trained model to see whether it performs high
efficiency before conducting the experiment. If the value is not high, iterations could be
carried out until an acceptable value is achieved. This will reduce some unnecessary costs
for designing low-efficiency materials. Note that the algorithm should allow the ceiling
efficiency to be high instead of low when achieving the same accuracy. Besides, we can
also allow predicted values such as mobility and absorption onset, so that materials used
in other areas such as conducting polymers would be guided.

Based on the functions predicted, required molecules are known, and even the highest
efficiency or the highest mobilities could be derived. Take the three-dimensional input as
an example: we can solve for the maximum value of the function and subsequently get an
exact 3-bits fingerprint, which can, in turn, get back the corresponding molecule.

(b) Predicting and even Unifying More Things Together

After synthesizing or choosing materials, processing conditions could also be opti-
mized via machine learning. Du and coworkers [102] by 2021 have combined robot and ML
to screen processing conditions in terms of efficiency and photostability. Furthermore, we
can combine material properties as well as different processing conditions to design materi-
als or devices by extrapolation if we could set up the dataset with more predicted values
or combine different datasets (Figure 10). This is particularly promising as efficiency is no
longer the primary factor restricting its application. Research now also focuses on multi-
functional integration and application of OSCs mentioned in introduction. For example, it
is easier to achieve a highly transparent or highly efficient device, but it is more difficult
to achieve these two characteristics simultaneously as well as stability, processability, and
mechanical properties. However, this dataset and algorithm will act as a powerful tool to
guide the design of multi-functional devices. ML finds rules from the beginning to the end.
It will be relatively accurate with more data and important features. It would be difficult
for human beings to learn and consider all kinds of processing conditions, properties, and
performances at the same time using the ab initio method, especially when the materials
are in the external complex environment.
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Figure 10. Basic strategies for combining structures, properties, processing, and performance via
machine learning.

(c) Aid Theories Behind

Understanding the theory especially in atomic and even electronic levels behind the
devices plays a significant role. It would involve the quantum mechanism and simulation
of the Schrodinger equation. Although we can apply the first principle and some software
packages, it is very challenging and time-consuming to build from the bottom to the top.
However, we can use machine learning to guide it. For example, we can know the weights
end even hidden equations between possible variables and the value of FF. These weights
and equations can be an important guide for the principle establishment and material
design especially when we do not fully understand the factors of a phenomenon.

7. Conclusions

Recent years have witnessed remarkable efficiency improvement in organic solar cells
since the high efficiency of Y6 NFA was reported in 2019. This review started with the
necessary working mechanism and summarized the key design strategies, structures, and
various properties on the PM6:Y6-based OSCs for the past three years. Modifying the Y6
material by tuning the side-chain, increasing or decreasing the number of rings of the fused
unit, altering the end unit, and changing atoms could serve as effective methods to further
improve the PCE. As more and more data are available, and with the rapid improvement
in computer calculation speed and ML algorithms, the solutions offered by ML may shed
some light for the future development of highly efficient and multi-functional OSCs or
other applicable fields. By improving the technologies and overcoming the challenges such
as low-quality data and less-efficient feature extractors, an era of more machine filtering
and aiding before experiments would be achieved in the near future.
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Abstract: We report dependence of random lasing performance of directly spin-coated multicrys-
talline thin films of an organic–inorganic hybrid, halide perovskite CH3NH3PbBr3 (MAPbBr3), on
different substrates. It was discovered that random lasing performance is strongly dependent on
the surface energy properties of the substrate, which determine the morphology and crystalliza-
tion properties of the spin-coated film, and will consequently determine its optical scattering and
emission properties. Using indium–tin oxide (ITO)-coated glass, fused silica, and tricyclo[5.2.1.02,6]
decanedimethanol diacrylate (ADCP)-coated fused silica as the substrate materials, we compared
the spectroscopic response of the random lasers and thus justified the photophysical mechanisms
involved. The modification of the surface properties of the substrate enables controlling of the
MAPbBr3 crystallization and leads to the changing of the random lasing properties. The discoveries
herein are also important for the construction of other types of laser devices, where the substrate
effects should be considered during the design and preparation of the micro-/nano structures.

Keywords: substrate effects; random lasers; surface morphology; multicrystalline film of MAPbBr3;
contact angles

1. Introduction

Lasing performance and devices in various forms have been explored extensively for
hybrid organic–inorganic perovskites (HOIPs) [1–6]. Random lasers based on these materials
are also reported on the basis of different random structures and optical mechanisms [7–10].
Multicrystalline structures with randomly distributed interfaces have supplied the optical
scattering centers in most of the cases. Although random lasers are categorized into
coherent [11–14] and incoherent types [15–17], reported random lasing processes using
HOIPs are mostly based on incoherent processes, so that broad-band emission spectra are
observed for these lasers.

The green-emitting CH3NH3PbBr3 (MAPbBr3) is one of the most popular HOIP ma-
terials for investigations on lasing devices [18–20] because of its high emission efficiency,
excellent stability, and easy synthesizing and processing advantages. MAPbBr3 is a di-
rectbandgap material with a bandgap energy of about 2.3 eV, which may be excited to
produce green light emission. Defects in the crystalline structures of this material may
induce slight tuning of the energy band structures [21,22]. However, related studies have
mainly focused on the design of the materials, their microstructures, fabrication techniques,
and photophysical properties [23–26]; substrate-related effects have not been considered
so far. In this work, we investigate how the surface properties of substrates made of
different materials influence the morphological and microscopic compositions of the mul-
ticrystalline film of MAPbBr3, and consequently influence its spectroscopic response and
random lasing performance. The revealed mechanisms will be helpful for the design and
realization of optoelectronic devices, including different forms of lasers, using MAPbBr3 as
the active medium.

Crystals 2022, 12, 334. https://doi.org/10.3390/cryst12030334 https://www.mdpi.com/journal/crystals85



Crystals 2022, 12, 334

2. Thin Films of Multicrystalline MAPbBr3 on Different Substrates

Multicrystalline films were produced by spin-coating a solution of MAPbBr3 in N,N-
dimethylformamide (DMF) with a concentration 560 mg/mL onto different substrates at a
speed of 3000 rpm and a duration of 30 s. The materials for synthesizing MAPbBr3 were
purchased from Xi’an Polymer Light Technology Corp. (Xi’an, China) and three different
substrates were used: (1) Indium–tin oxide (ITO)-coated glass substrate; (2) Fused silica (FS)
substrate; (3) ADCP-coated fused silica (FS) substrate. The precursor solution of ADCP was
prepared by mixing 0.7-g tricyclo[5.2.1.02,6] decanedimethanol diacrylate (A-DCP), 0.3-g
dipentaerythritol penta-/hexa-acrylate, and 5-mg 2,2–Dimethoxy-2-phenylacetophenone
(DMPA) in a 3-mL bottle, which was stirred for 2 h under red light. The solution was then
spin-coated onto a clean FS substrate at a speed of 3000 rpm for 30 s and the produced ADCP
film was cured under a UV lamp for about 1 min for the ADCP coating finishing process.

The reason we chose ADCP to modify the surface properties of the substrate is that
the ADCP layer has no physical or chemical reactions with the DMF solutions. This can
be confirmed by our test experimental results in Figure S1, where the optical microscopic
images of an ADCP grating with a period of 4 μm before and after it was immersed in DMF
were measured. No changes can be observed in the grating structure due to its interaction
with DMF. Therefore, the ADCP-coating on the FS substrate is not destroyed and there is no
contamination of MAPbBr3 by ADCP. All these substrates have a thickness of about 1 mm
and an area of 15 × 15 mm2. We define these three types of substrates as the ITO substrate,
the FS substrate, and the ADCP substrate, respectively, for the convenience of discussion in
the following sections. Figure 1a–c shows the characterization of the surface properties of
the three substrates and the microscopic properties of the spin-coated MAPbBr3 film on
them. Figure 1(a1,b1,c1) shows the contact angle measurements for the MAPbBr3/DMF
solution on the ADCP, ITO, and FS substrates, respectively. The corresponding contact
angles were measured to be θADCP = 27◦, θITO = 12◦, θFS = 14◦, implying the strongest
wetting of the solution was on the ITO substrate and the weakest was on the ADCP.
However, the difference is very small between ITO and FS. Such wetting properties directly
influence the crystallization properties of MAPbBr3 as it is spin-coated onto these substrates.
Figure 1(a2,b2,c2) shows scanning electron microscope images measured on the samples
with ADCP, ITO, and FS substrates, respectively, and Figure 1(a3,b3,c3) shows the enlarged
views. The insets in Figure 1(a2,b2,c2) show a local-area view, revealing the crystallization
details of MAPbBr3 on these three substrates. Furthermore, pinholes and cracks can be
clearly observed in Figure 1(a2,a3). The corresponding mechanisms for the formation of
such structures can be understood by recent investigations in [22].

According to Figure 1, there are two types of microscopic structures in the multicrys-
talline films: (1) a randomly distributed crisscross network as a large-scale modulation
and as the main feature of the surface morphology; (2) randomly distributed nanoscale
crystal particles, as shown in the insets and highlighted by the yellow circles. Clearly, the
FS-substrate sample exhibits the thickest wrinkle-like stripes, whereas the ADCP-substrate
produces the finest surface morphology with the thinnest modulation. In particular, the
modulation exhibits shallow furrows for the ADCP substrate, instead of protruding stripes
as for the other substrates. These different features are highlighted by tilted rectangles
in red in Figure 1(a3,b3,c3). However, the largest crystal particles are produced in the
ADCP-substrate samples and smallest in the FS substrate, as highlighted by yellow circles
in the insets in Figure 1(a2,b2,c2). It is understandable that the larger crystal particles in
the ADCP-substrate-based sample imply stronger optical scattering, which favors a more
efficient random lasing process.

86



Crystals 2022, 12, 334

 

Figure 1. Substrate surface properties measured on (a) ADCP-coated fused silica, (b) ITO, and
(c) fused silica. (a1,b1,c1) Contact angle measurements of the DFM solution of MAPbBr3 on substrates
of ADCP, ITO, and FS, respectively. (a2,a3) SEM images of the MAPbBr3-coated ADCP with different
magnifications, inset: an enlarged local area. (b2,b3) SEM images of the MAPbBr3-coated ITO with
different magnifications, inset: an enlarged local area. (c2,c3) SEM images of the MAPbBr3-coated FS
with different magnifications, inset: an enlarged local area.

3. Absorption and Photoluminescence (PL) Spectroscopic Properties

Figure 2 shows the absorption and emission spectroscopic properties of the MAPbBr3
multicrystalline films on different substrates. As shown in Figure 2a, the absorption
spectrum has the largest amplitude for the ITO substrate and the smallest for the ADCP,
if evaluating the measurement data at the peak wavelength of about 525 nm. However,
the relationship between them changes when these spectra are normalized at 525 nm, as
shown in the inset in Figure 2a. Since the lasing actions take place at wavelengths longer
than 540 nm, we also focus our attention on this spectral range. It should be noted that the
light-scattering process makes a large contribution to the absorption spectrum in this range.
Therefore, the contrast of the spectral feature at 525 nm also reflects, to some extent, the
strength of the scattering process. According to the inset of Figure 2a, the sample based on
the ADCP substrate exhibits the strongest light-scattering properties, as can be justified by
the absorption strength on both sides of the peak wavelength of 525 nm. Meanwhile, the
sample based on the FS substrate exhibits the weakest optical scattering, and that on the
ITO substrate is located between the other two. This also agrees well with the microscopic
observations in the insets in Figure 1(a2,b2,c2). As will be demonstrated in Section 4, these
optical scattering processes also agree well with the random lasing properties.

Figure 2b shows the normalized PL spectra measured on the three samples with
different substrates. Clearly, the PL spectrum for the ADCP substrate (IADCP(λ)) exhibits
the broadest bandwidth and that for the ITO substrate (IITO(λ)) exhibits the narrowest;
meanwhile, that for the FS substrate (IFS(λ)) is located within the spectral range of shortest
wavelengths. In the Figure 2b inset, we show the calculation results of IADCP(λ)/IITO(λ)
and IADCP(λ)/IFS(λ) by the black and red empty circles, respectively. There is a relative
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enhancement factor of about 1.25 in the PL spectrum by the ADCP-substrate sample at
about 556.5 nm with respect to the ITO- and FS-substrate samples, as also highlighted
by the arrow in magenta in Figure 2b. This is a stable and well-reproducible mechanism,
implying that stronger de-wetting of the solution on the substrate and the consequently
larger crystal particles are responsible for the red-shifted and broadened emission spectrum,
which also explains the substrate-dependence of the random lasing performance in the
subsequent sections. We must stress that the modulation on the PL spectra in Figure 2b
did not result from the substrate emission. As shown in Figure S2, where we measured
the PL spectra from the three substrates when they are excited by 400-nm femtosecond
pulses, no emission from them can be observed. The measured spectra are only composed
of background noise.

Figure 2. (a) Absorption spectra of MAPbBr3 coated on substrates of ADCP, ITO, and FS. Inset: nor-
malized comparison in a selective spectral range. (b) PL spectra of MAPbBr3 on different substrates.
Inset: calculated spectra by IADCP(λ)/IITO(λ) and IADCP(λ)/IFS(λ).

4. Random Lasing Properties on Different Substrates

In the investigation on the random lasers, we used 150-fs laser pulses at 400 nm as
the pump; these are produced by frequency-doubling of 800-nm pulses from a Ti:sapphire
amplifier and have a repetition rate of 1000 Hz. An optical attenuator was placed between
the pump laser and the samples of MAPbBr3-coated substrates, so that the pump fluence
could be adjusted continuously. A fiber spectrometer was mounted in front of the front
surface of the sample so that the detection avoids the reflection of the pump laser beam.
Random lasing spectra are measured at different pump fluences, as shown in Figure 3.
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Figure 3. Random lasing properties measured on MAPbBr3 coated on substrates of (a,b) ADCP,
(c,d) ITO, and (e,f) FS. (a,c,e) Directly measured random lasing spectra at different pump fluences.
(b,d,f) Pump threshold properties corresponding to substrates ADCP, ITO, and FS, respectively.
Insets: Pure random lasing spectra calculated by subtracting the background PL spectrum from the
directly measured radiation spectra.

Figure 3a shows the random lasing spectra measured on the sample with an ADCP
substrate as the pump fluence was increased from 12.3 to 134.4 μJ/cm2. Due to the large
variety of the random structures, relatively broader lasing spectra can be observed, where
a bandwidth of 7.7 nm at FWHM was measured for a pump fluence of 134.4 μJ/cm2, as
shown in the Figure 3a inset. The lasing spectra in the Figure 3a inset have been processed
by subtracting the background PL spectra before the random lasing action; therefore, the
data in the inset are in fact pure random lasing spectra, where the increase of the pump
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fluence starts at 15.7 μJ/cm2. Figure 3b plots the random lasing intensity as a function
of pump fluence, where two distinct stages can be observed, justifying a pump threshold
between 12.3 and 15.7 μJ/cm2.

In Figure 3c,d, we present the experiment results of the samples with an ITO substrate,
where we show the pump fluence dependence of the random lasing spectrum and the peak
intensity, respectively. From the measurement results, we may measure a peak wavelength
of 551.1 nm and a narrower bandwidth of 5.5 nm at FWHM, as shown in the inset in
Figure 3c, with respect to the case for an ADCP substrate. However, the pump fluence was
found to have increased to between 20.4 and 24.3 μJ/cm2. We may thus understand that
large crystal particles in the ADCP-substrate structures led to broadened lasing spectra but
lowered pump threshold, where the larger range of the crystal-size distribution facilitates
stronger optical scattering in a broader spectrum.

Similar pump threshold performance can be observed with random lasing perfor-
mance for an FS substrate, which may be estimated between 20.4 and 23.2 μJ/cm2, accord-
ing to Figure 3e,f. Meanwhile, as shown in the Figure 3e inset, we measured a spectral
bandwidth of about 5.97 nm at FWHM for a pump fluence of 168.3 μJ/cm2. However,
for the FS substrate we may observe competition between two lasing modes, which can
be clearly identified when the pump fluence is lower than 50.6 μJ/cm2. These two lasing
modes are located at 551.7 and 554 nm, as highlighted by the green and yellow triangles in
Figure 3e, respectively. This feature can be more clearly seen in Figure S3, where we fitted
the lasing spectrum at a pump fluence of 50.6 μJ/cm2 using Gaussian functions, so that
we were able to decompose the spectral structures. We can clearly see the locations of the
PL spectrum (green) centered at 545.2 nm and the two lasing bands peaking at 551.7 (red)
and 554 nm (magenta). Although the crystal particles are even smaller on the FS substrate
than on the ITO, the wrinkling modulation becomes much larger on the FS substrate, as
highlighted by the dashed circles in Figure 1(c2,c3). The occurrence of a second lasing mode
may thus be explained by the much-enhanced surface morphology modulation on the
FS-substrate, which can be identified by the larger protruding wrinkles than on the other
two substrates. The strong scattering by larger centers corresponds to the enhanced gain at
longer wavelengths during the interaction between the emissions and excited molecules.

To demonstrate a better comparison between the lasing performance of the samples
on three different substrates, we replotted the normalized random lasing spectra at varied
pump fluences for the three samples in Figure S4, where we fixed a spectral range of 18 nm
for these three groups of data, so that both the tuning range and the bandwidth of the
lasing spectrum were comparable for the three samples. We can clearly see that the largest
redshift of the lasing spectrum when increasing the pump fluence is produced for the
ADCP-substrate sample, as indicated by the red arrow toward the right in Figure S4a.
Although a relatively small redshift is observed with the ITO-substrate, there is a definite
monotonic redshift (the smaller red arrow toward the right in Figure S3b) of the lasing
spectrum when increasing the pump fluence. However, no monotonic shift of the lasing
spectrum is observed for the FS substrate when increasing the pump fluence, as highlighted
by a double arrow in Figure S4c. This is because there are two lasing modes interacting
with each other for the FS substrate. Furthermore, the broadest lasing spectrum is observed
for the ADCP substrate, which agrees very well with the microscopic properties of the
MAPbBr3 film on ADCP. Large crystal particles, as well as high-density pin-hole and
crack defects, have broadened the excitation bands and, consequently, also broadened the
lasing spectrum. These defects may induce subbands below the excitation bandedge of the
molecules, resulting in new emission features with a red-shifted spectrum. Meanwhile,
the consequently stronger optical scattering mechanisms led to a much-reduced lasing
threshold for the ADCP substrate, as compared with the other two.

In Figure 4, we make a more detailed comparison between the lasing spectra measured
on MAPbBr3 on ADCP, ITO, and FS substrates for pump fluences of 134.4, 168.3, and
168.3 μJ/cm2, respectively. The corresponding peak wavelengths are located at 551.1, 551.7,
and 556.5 nm, respectively. The ADCP substrate supports an almost completely separate
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lasing spectrum from the ITO and FS substrates, which is also the broadest among the three.
Although the samples based on the ITO and FS substrates exhibit a quite similar surface
morphology, the FS substrate supports a slightly red-shifted and broadened lasing spectrum.
More importantly, for the FS substrate, we can still identify an additional feature on the
falling edge of the lasing spectrum, as highlighted by a dashed circle, which agrees well
with our discussions above regarding the mode competition effect. Therefore, the surface
morphological performance of the spin-coated MAPbBr3 film, as well as its spectroscopic
response, is very sensitive to the material properties of the substrate.

 
Figure 4. Comparison between lasing spectra from MAPbBr3 coated on the ITO (black), FS (blue),
and ADCP (red) substrates.

Furthermore, we may consider the stronger defect sites produced in the ADCP- and
FS-substrate samples than those in the ITO-substrate, as shown in Figure 1. The defect
states with lowered energy levels in the excitation band are responsible for the new emis-
sion features with a red-shifted spectrum. This reasonably explains the red-shifted and
broadened random lasing spectrum for the ADCP-substrate sample, as well as a second
spectral feature at a longer wavelength for the FS-substrate sample, as has been clearly
depicted in Figure S3.

5. Materials and Methods

5.1. Chemicals

Methylamine Bromide (MABr) and Lead (II) Bromide (PbBr2) were purchased from
Xi’an Polymer Light Technology Corp., N,N-dimethylformamide (DMF, 99.8%) from Adamas,
Tricyclo[5.2.1.02,6] decanedimethanol diacrylate (A-DCP) from SHIN-NAKAMURA CHEM-
ICAL CO, LTD. (Wakayama, Japan), dipentaerythritol penta-/hexa-acrylate from Shang-
hai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China), and 2,2–Dimethoxy-2-
phenylacetophenone (DMPA) from Shanghai Macklin Biochemical Co., Ltd. (Shanghai,
China). All regents were used directly without further purification.

5.2. Preparation of the ADCP Substrate

Wash a FS substrate with a size of 15 × 15mm2 and a thickness of 1 mm by TFD 7,
deionized water, acetone, and absolute ethanol sequentially for 30 min. Next, blow it with
clean nitrogen to dry it. Put the A-DCP, acrylic, and DMPA in a 3 mL bottle to mix them
and stir them for 2 h under red light to obtain the ADCP precursor solution. Following
this, drop the ADCP solution onto the cleaned FS substrate with a volume of about 10 μL
and cover it with another cleaned FS substrate, and clamp together tightly. Finally, place
the sandwich structure under the UV lamp for 1 min to complete curing of the ADCP.
Remove the FS substrate on the top and finish the preparation of the ADCP substrate on
the bottom part.
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5.3. Preparation of the ITO and FS Substrates

Wash the ITO or FS substrate by TFD 7, deionized water, acetone, and absolute ethanol se-
quentially for 30 min. Both types of substrates have a dimension of 15 mm × 15 mm × 1 mm.
Blow the cleaned glass substrate with clean nitrogen, until it is dried.

5.4. Synthesis of MAPbBr3

Dissolve equal molar mass of methylamine bromide (MABr) and lead bromide (PbBr2)
in 1 mL N,N-dimethylformamide (DMF), heat the mixture at 60 ◦C and stir it overnight to
ensure they are fully dissolved and mixed. The MAPbBr3 solution is thus obtained with a
concentration of 0.56 g/mL.

5.5. Preparation of the MAPbBr3 Film on Different Substrates

Spin-coat the solution of MAPbBr3 in DMF with a concentration of 0.56 g/mL onto the
ITO, FS, and ADCP substrates in a glove box. The spin-coating speed is 3000 rpm and the
duration 30 s, which is the same for all of the samples. Then, place the spin-coated samples
on a hotplate and heat them at 80 ◦C for about 1 min to evaporate the remaining solvent.

5.6. Contact Angle Measurements

Put the cleaned ITO, FS, and ADCP substrates on the sample table of the contact
angle measurement instrument from Shanghai FangRui Instrument Co., Ltd. (Shanghai,
China), respectively. Drop 2 μL MAPbBr3 solution with a concentration of 0.56 g/mL on
each substrate using a microinjector and measure the contact angle using the instrument-
equipped software. Capture the displayed picture with the measurement result of the
contact angles.

5.7. Measurements on Random Laser Performance

The pump laser source is supplied by a frequency-doubled output from a Ti:sapphire
amplifier, which is centered at 400 nm, having a pulse length of about 150 fs and a rep-
etition rate of 1 KHz. The emission spectrum is measured using the Maya2000 Pro fiber
spectrometer from Ocean Optics (Dunedin, US), which has a spectral resolution of 0.1 nm.

6. Conclusions

We investigated the dependence of the surface morphology, absorption and emission
spectra, and the random lasing properties of the spin-coated organic–inorganic hybrid
perovskite MAPbBr3 on the substrate materials. Making using of the efficient photolu-
minescence properties of MAPbBr3, we were able to achieve random lasing emissions
easily in various devices fabricated by direct spin-coating. The bandwidth and location
of the random lasing spectrum are found to be tuned by the size of the crystallization
particles and by the surface morphologies of the multicrystalline film, which is determined
sensitively by the wetting properties of the solution of MAPbBr3 in DMF on the substrates
during the spin-coating process. The revealed mechanisms are important for the design
and application of solution-processed thin-film laser devices.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cryst12030334/s1, Figure S1: Optical microscopic image of an ADCP
grating with a period of 4 μm before (a) and after (b) being immersed in DMF; Figure S2: PL spectra
of the pure FS, ITO, and ADCP substrates under the excitation of 150 fs pulses at 400 nm. Inset:
enlarged view in the studied spectral range from 540 to 560 nm. Only noise is observed in the PL
spectra without any typical spectral features; Figure S3: The measured emission spectrum of the
ADCP-substrate MAPbBr3 at a pump fluence of 50.6 μJ/cm2 of 400-nm excitation pulses and the
multipeak fittings to resolve two distinct random lasing bands peaked at 547.1 and 554 nm by the red
and magenta curves, respectively; Figure S4: Pump fluence dependence of the normalized random
lasing spectrum for the (a) ADCP, (b) ITO, and (c) FS substrates.
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Abstract: Narrowband photodetectors (PD) established in the near-infrared (NIR) wavelength range
are highly required in a variety of applications including high-quality bioimaging. In this simulation
study, we propose a filter-less narrowband PD based on the architecture of perovskite/organic het-
erojunction. The most decisive part of the photodetector is the hierarchical configuration of a larger
bandgap perovskite material with a thicker film followed by a lower bandgap organic material with
a narrower layer. The design of the structure is carried out by TCAD numerical simulations. Our
structure is based on an experimentally validated wideband organic PD, which is modified by invok-
ing an additional perovskite layer having a tunable bandgap. The main detector device comprises
of ITO/perovskite (CsyFA1−yPb(IxBr1−x)3)/organic blend (PBDTTT-c:C60-PCBM)/PEDOT:PSS/Al.
The simulation results show that the proposed heterojunction PD achieves satisfactory performance
when the thickness of perovskite and organic layers are 2.5 μm and 500 nm, respectively. The designed
photodetector achieves a narrow spectral response at 730 nm with a full width at half-maximum
(FWHM) of 33 nm in the detector, while having a responsivity of about 0.12 A/W at zero bias. The
presented heterojunction perovskite/organic PD can efficiently detect light in the wavelength range
of 700 to 900 nm. These simulation results can be employed to drive the development of filter-less
narrowband NIR heterojunction PD.

Keywords: narrowband; near-infrared; perovskite; organic; TCAD; responsivity; FWHM

1. Introduction

Narrowband photodetectors (PDs) have been broadly utilized in various application
fields like biomedical imaging, virtual reality, navigation aid, full-weather robots, and many
others [1–5]. In these PDs, light can be detected inside a specific wavelength range, and
there is no light response at other wavelengths. The existing commercial market of PDs is
dominated by expensive crystalline inorganic semiconductor structures, which are usually
integrated with optical filters [6]. Meanwhile, organic semiconductors can compete the
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existing technologies because they are lightweight and flexible besides their low-cost and
semi-transparent nature. In addition, organic materials have high absorption coefficients
and can effectively be designed as absorber materials at thickness lower than only 1 μm.
Additionally, the absorption spectrum of organic materials can be modulated by modifying
their molecular configurations. These promising features make organic PDs prospective
contenders for the expanding need for smarter and safer detectors [7–9].

Most organic PDs are composed of a blend of a polymer donor and fullerene acceptor
molecules as the photoactive thin film [10]. Although broadband organic PDs can be
commonly attained [11–13], it is not that easy to achieve narrowband organic PDs due to
the relatively wide photon harvesting range of organic semiconductors [14,15]. Moreover,
organic–inorganic hybrid perovskite materials are developing candidates that have been
extensively used in PDs [16]. Some of the advantages of perovskites are their pronouncing
optical and electrical properties, involving a direct bandgap, large extinction coefficient, and
high carrier mobility [17,18]. It has been shown that by combining organic–inorganic hybrid
perovskites and an organic heterojunction comprising of donor–acceptor materials can
push this type of PDs to cover the near-infrared range resulting in broadband PDs [19,20].
A hybrid PD with perovskite/polymer, which is based on CH3NH3PbI3-xBrx/PTB7 with
tunable spectral response in the range 680–710 nm, has been reported [21]. Furthermore, it
has been demonstrated that a hybrid PD with perovskite/polymer heterojunction based
on CH3NH3PbI3/PCPDTBT:PC71BM can achieve a visible-blind narrowband NIR detec-
tion [22].

Notably, the biological tissues are primarily comprised of hemoglobin and water that
absorb wavelengths below 650 nm and above 900 nm [23]. Consequently, in order to
prevent the light absorption of biological tissue, a PD operating in the range 650 to 900 nm
is required [24]. Therefore, our aim in this work is to design a narrowband PD that is based
on perovskite/organic heterojunction to provide an optimal detection region. The design
idea is based on selecting a relatively wide band gap perovskite that can fully absorb the
incident photons whose wavelengths are smaller than the perovskite cutoff wavelength [25].
This can be accomplished if the perovskite layer has a wider thickness and higher defect
density than the organic layer [26]. When the light passes through the perovskite, the
visible light is absorbed while the NIR light will be transferred to the organic layer due
to the transparency of the perovskite layer in the NIR region. So, the organic material
will respond to the light spectrum between the cutoff wavelengths corresponding to the
organic and perovskite materials. Next, the photoexcited charge carriers in the organic
layer will be separated by the produced built-in electric field, which is a process that is
nearly not impacted by the defects in the organic film. This perovskite/organic PD design
does not require a complex filtering system and may operate under zero bias due to the
presence of a built-in electric field at the heterojunction. So, it can be used as a filter-free
and self-powered device.

In order to design and reveal the internal physics of an optoelectronic device, a TCAD
simulation meticulously addressing the basic optical, electrical, and semiconductor charac-
teristics is enormously valuable. Such an advanced simulation can accomplish an accurate
performance evaluation of various PDs and provide exact physical pictures that reflect the
detailed device operation. Compared to the complex and time-consuming experiments, a
highly effective and precise simulation can be extremely beneficial for predicting and opti-
mizing the device performance in a convenient way. In this work, numerical simulations
were carried out using Silvaco TCAD device simulator package [27]. We performed finite
element simulations enabling electro-optical modeling of our proposed PD. Currently, such
a simulation of narrowband perovskite/organic PD has never been reported.

This work thus focuses on the design and numerical analysis of a narrowband per-
ovskite/organic PD. The selected perovskite material is CsyFA1−yPb(IxBr1−x)3 whose
bandgap can be tuned in the range 1.5 to 1.8 eV [28]. Meanwhile, the organic material is a
blend between the donor polymer PBDTTT-c and the acceptor C60-PCBM. This organic
material has a band gap of about 1.45 eV, and PDs based on this organic semiconductor
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have been experimentally validated as wideband PDs [29]. Thus, a calibration step will
be presented to confirm the physical and geometrical parameters used in simulation by
comparing the TCAD simulation results versus the experimental data [29]. Then, we will
study the impact of the energy gap of the perovskite material to get the optimum choice
based on responsivity (R) and full width at half-maximum (FHWM) parameters. Moreover,
the impact of reverse bias and organic thickness and trap density is investigated.

2. Simulation Methodology and Device Model

To build our structure model and simulate the electrical and optical characteristics
of the proposed PD, the Silvaco TCAD device simulator module is utilized. The involved
numerical simulation is based on the discretized solution of the basic equations of charge
transport in semiconductors like Poisson’s equation, continuity, and transport equations.
Firstly, given an illuminated input source, the optical intensity profiles within the PD device
are calculated. Then, the intensity profiles are transformed into photogeneration rates,
which are integrated into the generation terms in the continuity equations. In optoelectronic
device simulation, two separate models are computed concurrently at each bias. These
models are the optical ray tracing and the photogeneration model. In the first model, the
real component of the refractive index is adopted to evaluate the optical intensity, while,
in the second model, the extinction coefficient is employed in the calculation of a new
carrier concentration. An electrical simulation is then accomplished to acquire the required
terminal currents [30], where the drift diffusion model is employed to simulate the transport
properties. The physical models used in simulation are as follows. The Shockley–Read–Hall
(SRH) recombination model and Poole–Frenkel mobility model were enabled. Notably,
the SRH recombination mechanism arises from the recombination of electron–hole pairs
through defect levels within the energy bandgap of the simulated material [31,32].

2.1. Basic Photodetector Structure

The schematic diagram of the proposed detector is displayed in Figure 1a. In the
simulation process, the perovskite/organic heterojunction PD structure was generated by
the device simulator on a 2D grid as displayed in Figure 2b. The corresponding energy
levels of the distinct layers are displayed in Figure 1c, while the energy band diagram
at dark condition is plotted in Figure 1d. As depicted in the schematic figure, the basic
structure of the PD is ITO/PEIE followed by CsyFA1−yPb(IxBr1−x)3. This perovskite
material was chosen because it is more stable than MA-based compounds [33] and due to
its bandgap tunability [28]. Thus, CsyFA1−yPbIxBr(1−x)3 can serve as a suitable partner in
the heterojunction detector combining with a proper organic material. Light is incident
from the ITO side and passes through the perovskite film where photons of wavelengths
smaller than a certain designed wavelength are suppressed (see Figure 1c). The active
organic film is PBDTTT-c:C60-PCBM (donor/acceptor). The thickness of the perovskite
and organic layers is set as 2.5 μm and 500 nm, respectively. The hole transport layer (HTL)
is PEDOT:PSS with a p-doping of about 1 × 1018 cm−3.

A summary of the technological and physical parameters of the PD layers is pre-
sented in Table 1 [28,29,34–39]. Further, Table 2 lists the main defect parameters inside
the perovskite and organic blend layers [24,29]. The details and criteria of choosing these
parameters are explained hereafter. Moreover, the refractive indices and distinction coeffi-
cients, which are extracted from experimental reports, are displayed in the Supplementary
Materials [28,29,37]. It should be pointed out here that our proposed PD structure is based
on a fabricated wideband organic PD. The modification made here is to add a thick per-
ovskite layer in order to engineer the band of detection. Before proceeding to present
our PD results, a validation of the parameters of the materials used in our PD design is
conducted. This is done by comparing TCAD simulation results with those obtained from
measurements of the fabricated organic PD [29]. The Silvaco script of this part is listed in
the Supplementary Materials.

97



Crystals 2022, 12, 1033

  
(a) (b)

 
  

  

  

 

 
 

 

 

 

  

Figure 1. Basic structure and energy levels of the proposed narrowband near-infrared per-
ovskite/organic photodetector. (a) Schematic illustration of the structure of PDs, (b) generated
structure from the device simulator, (c) energy level diagram of the different layers, and (d) energy
band diagram at dark condition showing conduction and valence edges.

 
(a) (b) 

Figure 2. Calibration of experimental wideband organic PD (a) illuminated J-V characteristics (530 nm
and 0.3 W/m2). The main structure of the PD is shown in the inset and (b) EQE characteristics.
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Table 1. Basic parameters of the narrowband PD layers [28,29,34–39].

Parameters ITO/PEIE CsyFA1−yPb(IxBr1−x)3
PBDTTT-c:
C60-PCBM

PEDOT:PSS

Thickness (nm) 110 2500 500 100
Energy gap (eV) 3.60 1.62–1.80 1.45 1.60
Electron affinity (eV) 4.20 3.90 3.70 3.30
Relative permittivity 9.0 7.0 3.6 3.0
Electron mobility (cm2/V.s) 100 10 6 × 10−4 5 × 10−4

Hole mobility (cm2/V.s) 25 10 1 × 10−3 5 × 10−4

CB effective density of states (cm−3) 2.2 × 1018 2.75 × 1018 1.0 × 1020 2.2 × 1018

VB effective density of states (cm−3) 1.8 × 1019 3.90 × 1018 1.0 × 1020 1.8 × 1019

Table 2. Bulk defects parameters in the perovskite and organic layers [24,29].

CsyFA1−yPb(IxBr1−x)3
PBDTTT-c:
C60-PCBM

PBDTTT-c:C60-PCBM

Defect type Donor Donor Neutral
Electron and hole
capture cross section 1 × 10−13 cm2 5 × 10−16 cm2 1 × 10−15 cm2

Trap energy position Mid-gap 290 meV
(Above blend HOMO) Mid-gap

Total density (Nt) 1 × 1015 cm−3 2.7 × 1016 cm−3 2 × 1014 cm−3

2.2. Calibration of the Fabricated Wideband Organic PD

The experimental device, used in calibration, consists of multiple layers stacked as
shown in the inset of Figure 2a. The transparent conductive oxide is ITO/Polyethylenimide
(PEIE), which is utilized to reduce the overall work function. The thickness of ITO/PEIE is
110 nm and is followed by the active layer. The active layer is PBDTTT-c (as donor material)
and C60-PCBM (as acceptor material) with a 1:1.5 ratio in weight, and its thickness is
500 ± 20 nm. PEDOT:PSS, as HTL, is deposited on top of the active layer. The last deposited
layer is aluminum, whose thickness is 100 nm. The work functions of ITO/PEIE and
PEDOT:PSS are 4.2 and 4.9 eV, respectively, as determined by Kelvin probe [29]. The optical
parameters of the distinct layers, namely, the refractive index and extinction coefficient, are
taken from [39]. Regarding the active material physical parameters, they are extracted from
the literature [29,38]. The LUMO and HOMO levels are 3.7 and 5.15 eV, respectively, giving
a blend bandgap of 1.45 eV. Further, the electron and hole mobility is taken as 6 × 10−4 and
1 × 10−3 cm2/V.s, respectively [38]. Regarding the bulk trap defects, a donor trap density
is estimated to be 2.7 × 1016 cm−3 at a position of 290 meV above the blend HOMO, while
a trap density of 2 × 1014 cm−3 of a mid-gap trap state is fitted [39].

Figure 2a shows the current density vs. voltage of this wideband detector that was
measured under 530 nm LED light having an intensity of 0.3 W/m2. The figure also shows
the TCAD simulation results, which are fitted by adjusting the conduction and valence
density of states and trap densities. More details about the calibration are found in [29,39].
Furthermore, Figure 2b exhibits the EQE characteristics under different bias conditions
for the experimental and simulation results. The good agreement between the simulation
results and those from measurements indicates a satisfactory validation of the material
parameters and physical models applied in the simulator.

3. Results and Discussions

In this section, the TCAD simulation results of our proposed perovskite/organic
material system PD are presented. The influence of trap density and thickness of the
perovskite film is studied to get a design guideline about the main parameters of the
perovskite layer that assure a narrowband detector operation. Next, the effect of the
variation of the perovskite energy gap is explored. Finally, the impact of reverse bias
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on the PD main parameters is investigated. The key factors of the PD under study are
extracted from the simulator once the simulation process is done. Besides the dark and
illuminated output current, other parameters like responsivity (R) and full width at half
maximum (FWHM) are considered significant metrics that can measure the effectiveness
of the detector and also can be used to differentiate between different types of PDs. The
responsivity of a PD is the ratio of the output photocurrent to the incident light power. It
can be related to EQE as [23]:

R = EQE
qλ

hc
(1)

The FWHM is an important figure of merit for the narrowband PD as it defines the
specificity of the detection wavelength as well as the imaging resolution.

3.1. Impact of Trap Density and Thickness of Perovskite Layer

First, we test the impact of trap density (Nt) and thickness (d) of the perovskite film
as the carrier lifetime, and thickness of the perovskite layer have to be designed carefully.
This step is essential to check and ensure the design criterion of suppression of short
wavelength range. In these simulations, the energy gap of the perovskite is set at 1.62 eV.
All other parameters are fixed as in Tables 1 and 2 unless otherwise stated. In this regard,
the simulated external quantum efficiency (EQE) curves under 0 V bias are shown for
different Nt and d values in Figure 3a and 3b, respectively. Upon decreasing Nt, the carrier
lifetime (τ) increases. On the other hand, as long as d is constant, the transition time (ttr) is
constant, which is given by,

ttr =
d2

μV
(2)

where μ is the carrier mobility and V is the average electric potential along the perovskite
layer. The calculated value of ttr is about 25 ns at d = 2.5 μm as shown in Figure 3a. When
the transition time is much longer than the carrier lifetime, the photogenerated carriers
recombine before collection occurs. This can be seen for higher values of Nt. However,
when Nt is declined (down to 1 × 1013 cm−3), the transition time becomes lower than the
carrier lifetime implying lower recombination probability, which results in higher EQE [23].
That is why it is crucial to keep high defect density in the perovskite film for an appropriate
narrowband PD design. Moreover, the thickness of perovskite film is varied while keeping
a fixed Nt = 1 × 1015 cm−3 (and so a fixed τ = 1 ns). The results show that when decreasing
d, the transition time will drop as shown in Figure 3b. Once the transition time becomes
comparable to the carrier lifetime, the carrier recombination likelihood decreases before
the collection resulting in an increased EQE at the short wavelength. So, a thickness of
perovskite film larger than 2 μm could be suitable to achieve an adequate narrowband
PD operation.

To present more physical insight into the photo response of the PD in accordance with
wavelength variation, we draw the profiles of the normalized photon absorption rate in two
different cases as shown in Figure 4. The first case is for a perovskite thickness d = 2.5 μm,
while the other one is for a thinner perovskite layer for which d = 0.5 μm. For the two
cases, Nt = 1 × 1015 cm−3. As it can be inferred from Figure 4a, the distribution of photon
absorption reveals that the part of incident light with wavelengths range shorter than
about 700 nm can be completely absorbed primarily by the perovskite film. This results
in the dominance of generation and recombination inside the perovskite and translates
into low EQE below 700 nm, as indicated in Figure 3a. The fringes that originate from
the interference progressively become noticeable for wavelengths longer than 700 nm up
to about 850 nm. This means that the generation and recombination occur mainly inside
the organic film, implying less absorption in the perovskite layer at higher wavelengths,
which results in higher EQE. On the other hand, for thin perovskite film, the profile of the
normalized photon absorption, displayed in Figure 4b, reveals that there is a penetration
of photons in the organic layer for the wavelength range from 500 nm up to 700 nm. This
result is supported by the behavior of the EQE shown in Figure 3b.
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(a) (b) 

Figure 3. EQE Simulation results for different values of (a) trap densities and (b) thickness of
perovskite layer.

 
(a) (b) 

Figure 4. Simulated normalized nonlinear contours of photon absorption rate with a perovskite
thickness of (a) 2.5 μm and (b) 0.5 μm.

3.2. Impact of Energy Gap of Perovskite Material

As mentioned herein, CsyFA1−yPb(IxBr1−x)3 perovskite material is selected thanks
to its bandgap tunability. In the following analysis, the impact of the energy gap of
CsyFA1−yPb(IxBr1−x)3 on the photoresponsivity is examined. Figure 5a shows the EQE
curves for different values of Eg. As Eg increases, the EQE increases as well; however, the
FWHM increases, which means a broader band. For a quantitative difference between the
various bandgap cases, we draw the peak responsivity and FWHM as seen in Figure 5b. It
can be observed that the peak responsivity increases upon increasing Eg while there is an
optimum minimum value of 33 nm that occurs at Eg = 1.69 eV. So, a suitable design can be
chosen for which the energy gap of the perovskite layer is 1.69 eV. For this case, the peak
responsivity is 0.12 A/W at a full width at half maximum of 33 nm.
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(a) (b) 

Figure 5. Impact of perovskite energy gap on (a) the EQE characteristics, and (b) peak responsivity
and full width at half maximum.

3.3. Impact of Reverse Bias

In this subsection, the influence of reverse bias on the PD performance is presented.
In these simulations, the perovskite energy gap is taken to be 1.69 eV. Figure 6a displays
the EQE for three cases of reverse bias at 0, 2, and 5 V. As the reverse bias rises, the
EQE increases but the spectrum becomes wider. For a quantitative view on the biasing
conditions, the peak responsivity and FWHM are plotted as shown in Figure 6b. As the
reverse bias increases, the two PD parameters raise; however, the rate of rise is slowed. A
suitable design could be achieved for a powered PD at a reverse voltage of 5 V. In this case,
the peak responsivity and the FWHM are about 0.34 A/W and 41 nm, respectively.

  
(a) (b) 

Figure 6. Impact of reverse bias on (a) the EQE characteristics and (b) peak responsivity and full
width at half maximum.

3.4. Impact of Organic Layer Thickness and Defects

Here, we provide a parametric study to examine the variation of the thickness and
trap density of the organic layer on the responsivity and FWHM. The thickness is varied
from 100 to 500 nm while the trap density is weighted by a factor from 5% to 100%. As
seen in Figure 7, when the trap density declines, the responsivity increases (see Figure 7a);
however, the FWHM trend is different (see Figure 7b). The FWHM is maximum for lower
values of thickness given a fixed trap density. It is obvious that if the design thickness is at
500 nm, an optimum choice could be met for lower trap density. For a selected case of 10%
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reduction of the trap densities listed in Table 2, the responsivity is 0.3 A/W and the FWHM
is 37 nm. Although the FWHM has increased by about 12% of the corresponding value
at zero bias, an enhancement of 170% in R is achieved. This result shows the importance
of decreasing the bulk defects in organic layers. With the continuous advancement in
processing techniques, organic semiconductors can be enabled to have lower trap density
and improved crystallinity.

 
(a) (b) 

Figure 7. Contour plots representing the impact of organic thickness and trap density on (a) peak
responsivity and (b) FWHM.

Finally, a comparison between the key detector parameters of our structure and those
of some organic and inorganic narrowband PDs is provided in Table 3. The PDs are divided
into groups where the first group regards organic-base PDs showing structures of narrow
band [40,41] and some others with a higher detection band [42,43]. Although the bias
increases R and EQE, it results in widening the band [43]. The second category considers
the hybrid perovskite/organic based PDs showing lower responsivity in comparison to
organic candidates [21,22]. This is due to the thick perovskite layer, which generally reduces
the photogeneration inside the organic film. In our hybrid system, the simulation results
are encouraging as the value of R is comparable to organic PD while the FWHM is very
narrow. The influence of bias is to increase R and FWHM besides it causes a redshift in the
detection peak wavelength (λpeak). Moreover, reducing organic bulk defects results in a
substantial rise in R, while the FWHM does not significantly degrade as evident from the
results listed in Table 3.

Table 3. State-of-the-art comparison showing the main metrics of some reported narrow-band NIR
organic-based PDs.

Category Active Materials λPeak (nm) FWHM (nm) EQE (%) R (A/W) Bias (V) REF

Organic based

PBTTT:PC61BM 775 15 40.0 0.250 0 [40]
PCDTPTSe:PC71BM 710 60 18.0 0.100 0 [41]

PolyTPD:SBDTIC 740 141 10.5 0.060 0 [42]
PCbisDPP:PC61BM 730 210 80.0 0.310 −3.0 [43]

Hybrid
Perovskite/Organic

CH3NH3PbI3
/PCPDTBT:PC71BM 830 98 4.20 0.027 0 [22]

CH3NH3PbI3-xBrx/PTB7 690 50 20.0 0.110 −0.1 [21]

Our hybrid
Perovskite/Organic

CsyFA1−yPb(IxBr1−x)3/Blend 730 33 19.2 0.113 0
CsyFA1−yPb(IxBr1−x)3/Blend 707 41 58.0 0.340 −5
CsyFA1−yPb(IxBr1−x)3/Blend

(Low organic defects) 730 37 35.5 0.303 0
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Regarding inorganic PD candidates, a recent research study revealed a responsiv-
ity is 0.09 A/W with a FWHM of 35.3 nm at a peak wavelength of 735 nm for the
CdSe/Sb2(S1−x,Sex)3 inorganic system [24]. Thus, compared to our results, the proposed
perovskite/organic PD is promising and, upon appropriate design and simulation-driven
experimental studies, could compete the inorganic system PDs.

4. Conclusions

In this paper, we report on the results of our simulation studies on the perovskite/organic
heterojunction photodetector. A model structure of perovskite/organic heterojunction PD
was built in Silvaco TCAD environment. The effects of perovskite layer thickness, trap
density, and energy gap on the performance of the proposed PD are discussed. The simula-
tions are conducted regarding the external quantum efficiency (EQE) curves. Besides, the
main performance parameters like responsivity and full width at half maximum are also
presented. The simulation results show that the proposed PD reveals optimum performance
when the thickness of perovskite and organic layers are 2.5 μm and 500 nm, respectively.
The FWHM has a minimum value of 33 nm at an energy gap of 1.69 eV of the perovskite
material. The effect of reverse bias is also demonstrated, showing that a proper design could
be accomplished for a powered PD at a reverse voltage of 5 V. Under this condition, the peak
responsivity and the FWHM are about 0.34 A/W and 41 nm, respectively. Reducing the bulk
trap density inside the organic has a positive effect, as R is substantially increased while the
FWHM degrades by only 12%. This TCAD simulation study shows promising results and
reveals that the design of perovskite/organic PD could be feasible. Additionally, the design
concepts, presented in this paper, could be easily extended to other perovskite and organic
partner materials.
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and (b) PEDOT:PSS; Figure S2: Optical constants (n and k) of organic blend PBDTTT-c:C60-PCBM;
Figure S3: Optical constants (n and k) of CsyFA1−yPb(IxBr1−x)3 by Ellipsometric measurements for
(a) Eg = 1.62 eV, (b) Eg = 1.65, (c) Eg = 1.69 eV, and (d) Eg = 1.8 eV; Figure S4: Silvaco Script used to
calibrate the wideband organic PD.
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Abstract: In this study, spatial coherence tunable random lasing is proposed by designing a random
laser with separate coupling configuration between the gain medium and the scattering part. By using
the polymer dispersion liquid crystal (PDLC) film with tunable scattering coefficient for supplying
random scattering feedback and output modification, red, green and blue random lasers are obtained.
By applying or removing electric field to manipulate the scattering intensity of the PDLC film,
intensity and spatial coherence of these random lasing are then switched between the high or low
state. This work demonstrates that controlling the external scattering intensity is an effective method
to manipulate the spatial coherence of random lasing.

Keywords: random laser; spatial coherence; random scattering feedback; tunable scattering coefficient

1. Introduction

As an unconventional laser, random lasing with low spatial coherence and high bright-
ness can effectively suppress speckle noise [1], and plays a vital role in the fields of optical
imaging [2–4], display [5], sensing [6,7], information security [8,9] and integrated photoelec-
tron [10]. The optical field of random lasing is endowed with rich physical characteristics
due to the inherent randomness of the multiple-scattering feedback mechanism [11–13].
Therefore, the optical field manipulation of random lasing has become an important re-
search topic [14–16]. In particular, low spatial coherence is the unique characteristics of
random lasing different from the high spatial coherence of traditional lasing. Regulating the
spatial coherence of random lasing is conducive to broaden its application fields [17,18]. At
present, researchers have regulated the spatial coherence of random lasing by changing the
scattering mean free path [19], pump area [20] and pump power density [21]. The method
of controlling the scattering mean free path is widely used for tuning random lasing by
changing the scatterer concentration in the gain medium due to its simple operation [19].
However, this manipulation method is not conducive to dynamically regulating the spa-
tial coherence of random lasing because of the configuration of directly mixing the gain
medium and the scattering material together. Recently, the separate coupling of individual
gain medium and individual scattering part has been reported as a new configuration
for flexibly regulating the random lasing pulses in the time domain [22], demonstrating
a huge superiority in dynamic regulation. As a new coupling configuration, the effect of
external scattering intensity on the random lasing has not been reported. The potential
of this separate coupling configuration in dynamically regulating the spatial coherence of
random lasing needs to be further revealed. Therefore, it is necessary to propose a random
laser with a separate coupling configuration to realize spatial coherence tunable random
lasing through dynamically adjusting the scattering coefficient of the scattering part.

In this work, a random laser with dynamically tunable spatial coherence is proposed
based on the separate coupling between gain medium and scattering part. The PDLC film
with adjustable scattering coefficient is coupled with different dye solutions for colorful
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random lasing. The coherent feedback random lasing with wavelengths of 457.5 nm,
542.7 nm and 662.9 nm are realized. Furthermore, the effect of the scattering coefficient on
the optical field of random lasing has also been studied. A small scattering coefficient means
a high intensity random lasing with high spatial coherence. Therefore, the intensity and
spatial coherence of random lasing can be flexibly manipulated by applying or removing
the electric field on the PDLC film. This work can further expand the application of random
lasing in dynamic imaging, display and other fields.

2. Materials and Methods

The gain dyes selected in the experiments were Coumarin 1(C1, ACROS), Coumarin
153 (C153, Tokyi Chemical Industry, Tokyo, Japan) and 4-(dicyanomethylene)-2-tert-butyl-6-
(1,1,7,7-tetramethyljulolidin-4-yl-vinyl)-4H-pyran (DCJTB, Tokyi Chemical Industry, Tokyo,
Japan). Firstly, these gain materials were diluted in ethanol to obtain the C1 solution with a
concentrate of 1.0 mg mL−1, the C153 solution at 1.5 mg mL−1 and the DCJTB solution at
1.5 mg mL−1 for further operation. Then, 1.50 mL dye solution was added into the quartz
cuvette as the gain part. Finally, the commercial PDLC film with a thickness of 400 μm was
coupled to the outside of the quartz cuvette as the tunable scattering part of the random
laser, and the average size of LC droplets was about 400 nm.

The schematic diagram and optical photo of the experimental setup are shown in
Figure 1a,b, respectively. The samples were optically excited by a frequency-doubled
and Q-switched neodymium doped yttrium aluminum garnet (Nd:YAG) laser with a
wavelength of 355 nm, repetition rate of 10 Hz, and pulse duration of 8 ns. The pump
power density was controlled by an adjustable attenuation element. The dye solution was
pumped vertically from the top of the quartz cuvette by the pulses with a spot diameter
of 8.0 mm. The scattering coefficient of the PDLC film was regulated by applying and
removing the AC voltage of 40 V on the PDLC film. The spectra of emission light passing
through PDLC film were measured by a spectrometer of Ocean Optics model Maya Pro
2000 with a spectral resolution of 0.4 nm and an integration time of 100 ms. All experiments
were performed at room temperature.

Figure 1. Schematic diagram of spatial coherence-tunable random lasing. (a,b) The schematic
diagram (a) and the optical photo (b) of the experimental setup. (c,d) The emission principle diagram
of random lasing in the coupling system with the gain medium and the PDLC film without (c) and
with (d) the external electric field. (e) The calculated scattering mean free path (ls) when the electric
field was switched on (ON) and switched off (OFF), respectively.
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3. Results and Discussion

PDLC is widely applied in optical devices due to the excellent tuning possibilities
and extreme form of anisotropic scattering [23]. PDLC film is a composite film made
by mixing nematic liquid crystal (LC) and polymer in a certain proportion, which is
sandwiched between two transparent conductive films with Polyethylene terephthalate
(PET) and Indium tin oxide (ITO). The refractive index difference between PET and ITO
films and between ITO and air enables them to reflect the incident light. Here, the used
LC was an anisotropic material with refractive index no (ordinary) and ne (extraordinary)
for further tuning the scattering coefficient of the PDLC film through external bias voltage.
The mixed polymer with refractive index np (no ≈ np) was used to form the PDLC film.
Approximately, for a LC droplet with an orientation angle θ of LC molecule relative to
the light polarization direction, the equivalent refractive index ne f f can be expressed as

1
n2

e f f
= cos2 θ

n2
o

+ sin2 θ
n2

e
[24,25]. The mismatch of refraction index between the LC droplet and

polymer can be written as Δn = ne f f − no, which can be controlled by the LC molecule
orientation. Therefore, the scattering coefficient of PDLC film can be controlled through
using the electric field to change the LC orientation and then induce the mismatch of
refractive index between polymer and LC.

The design principle of the spatial coherence tunable random lasing is schematically
presented in Figure 1c,d by coupling the mentioned PDLC film and gain region with varying
dye solution. When the gain medium is pumped, the emission photons are radiated from
the gain region. Some of them are reflected and scattered to the gain region by the PDLC
film, supplying random feedback for the generation of random lasing. Some of the emission
photons pass through the PDLC film, superimposing additional modification in random
phase and intensity. The emitted random lasing is thus obtained and its performance can
be modified by the scattering property of the PDLC film. When the PDLC film is without
electric field (Figure 1c, OFF), the orientation of LC molecules is highly random, inducing
strong scattering due to the highly mismatched refractive index between polymer and LC
droplet. Thus, the PDLC film presents an opaque state, demonstrating a small scattering
mean free path (ls) obtained through measuring the extinction coefficient [26] as shown
in Figure 1e. This PDLC film in OFF state supplies a strong backscattering feedback for
the gain part and strong tuning capability of emission light in spatial coherence. Thus, the
emitted random lasing has low intensity and spatial coherence. When the external electric
field is applied to the PDLC film (Figure 1d, ON), the orientation of LC molecules is almost
consistent with the direction of electric field. The corresponding PDLC film is transparent
and has a relatively large scattering mean free path (Figure 1e). The weak backscattering
feedback is for the gain part and a slight decrease acts on the spatial coherence of the
forward emission light. As a result, the emitted random lasing has high intensity and
spatial coherence. Therefore, the spatial coherence of the proposed random lasing can be
flexibly regulated by switching ON/OFF the applied electric field.

The effect of scattering feedback of individual scattering part on random lasing is
demonstrated by measuring the emission spectra of the random lasers under different
pump power densities in Figure 2. A blue random laser was obtained by coupling the
C1 solution and PDLC film, and named as RLB. The emission spectra of RLB at different
pump power densities when the external electric field is removed from the PDLC film in
OFF state are shown in Figure 2a. Only broadband fluorescence spectra can be observed
as the pump power density is less than 0.30 MW cm−2. However, when the pump power
density is greater than 0.30 MW cm−2, many narrow linewidth peaks can be observed
around 457.5 nm. The results show that the emission light from the C1 solution is randomly
scattered by the PDLC film and the coherent resonance is established in the coupling
system. Meanwhile, the variations of integral intensity of the emission spectra with pump
power density are shown in Figure 2c. When the pump power density is greater than
0.30 MW cm−2, the integral intensity increases sharply with increasing pump power den-
sity, which indicates that the threshold of the random lasing is about 0.30 MW cm−2 [27,28].
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The emission spectra of RLB at different pump power densities when the electric field is
applied to the PDLC film in ON state are shown in Figure 2b. Coherent feedback random
lasing can also be obtained when the pump power density is greater than 0.20 MW cm−2,
and the intensity is much higher than that of PDLC film in OFF state. The corresponding
threshold of RLB is about 0.20 MW cm−2 (Figure 2c), which is smaller than that of the PDLC
film in OFF state. The increase in intensity and decrease in threshold are due to the weak
scattering feedback of the PDLC film in ON state.

Figure 2. Performance characterization of the random lasers. (a,b) The emission spectra of RLB at
different pump power densities when the electric field is removed (a) and applied (b). (c) The integral
intensity varies with pump power density for RLB. (d,e) The emission spectra of RLG at different
pump power densities when the electric field is removed (d) and applied (e). (f) The integral intensity
varies with pump power density for RLG. (g,h) The emission spectra of RLR at different pump power
densities when the electric field is removed (g) and applied (h). (i) The integral intensity varies with
pump power density for RLR. The corresponding spectral integral range is from 440 nm to 470 nm
for RLB, from 510 nm to 570 nm for RLG and from 625 nm to 700 nm for RLR.

Similarly, the effect of scattering feedback of individual scattering part on the emission
spectra of green random laser was also studied. A green random laser named as RLG
was obtained by coupling the C153 solution and PDLC film. When the electric field of
PDLC film is removed (OFF), coherent feedback random lasing with a central wavelength
of about 542.7 nm and a threshold of about 1.15 MW cm−2 can be observed (Figure 2d,f).
Meanwhile, when the electric field is applied to the PDLC film (ON), coherent feedback
random lasing with a threshold of about 0.87 MW cm−2 can be obtained (Figure 2e–f).
The regulation effect of scattering feedback on emission spectra of RLG is similar to that
of RLB. In addition, the effect of scattering feedback of individual scattering part on the
emission spectra of red random laser is demonstrated. A red random laser named as RLR
was achieved by coupling the DCJTB solution and PDLC film. When the electric field of
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PDLC film is removed (OFF), coherent feedback random lasing with a threshold of about
1.07 MW cm−2 can be observed around 662.9 nm in Figure 2g,i. When the PDLC film is
applied electric field and is in ON state, coherent feedback random lasing with a threshold
of about 0.87 MW cm−2 is obtained (Figure 2h,i). The experimental results show that the
random lasing can always be achieved based on the separate coupling configuration with
pure gain region and PDLC scattering part. Moreover, the threshold of the blue, green and
red random lasing can be effectively modified through regulating the scattering feedback
of individual scattering part.

The effect of scattering feedback of individual scattering part on the intensity of
random lasing is demonstrated by continuously pumping 100 times at a fixed pump power
density in Figure 3. The integral intensities of the emission spectra are calculated when the
PDLC film is with external electric field (ON, black sphere) and without electric field (OFF,
blue sphere) at a pump power density of 0.62 MW cm−2 in Figure 3a. The emission intensity
of RLB in ON state is much higher than that in OFF state, and the average integral intensity
of 100 spectra in ON state is about 109 times of that in OFF state. Similarly, RLG and RLR
are continuously pumped for 100 times under the pump power densities of 1.39 MW cm−2

and 1.46 MW cm−2, respectively. Their integral intensities of the emission spectra are
demonstrated through when the electric field is applied (ON, black sphere) and removed
(OFF, blue sphere) in Figure 3b,c. The scattering feedback of individual scattering part has
a similar regulation effect on the emission intensity of RLG and RLR as RLB. The average
integral intensities of RLG and RLR in ON state are about 79 and 48 times higher than those
in OFF state, respectively. Therefore, the intensity of the random lasing can be dynamically
manipulated by applying or removing an external electric field to the PDLC film.

Figure 3. Regulation effect of scattering feedback on the intensity of random lasing. (a) The integral
intensity evolution of the emission spectra when the RLB is in ON state (black) or OFF state (blue)
under a pump power density of 0.62 MW cm−2. (b) The integral intensity evolution of the emission
spectra when the RLG is in ON state (black) or OFF state (blue) at 1.39 MW cm−2. (c) The integral
intensity evolution of the emission spectra when the RLR is in ON state (black) or OFF state (blue) at
1.46 MW cm−2. The corresponding integral range is (440, 470) nm for RLB, (510, 570) nm for RLG and
(625, 700) nm for RLR.

The effect of scattering feedback of individual scattering part on the spatial coherence
of random lasing is also demonstrated by calculating the visibility of interference fringe.
The Young’s double-slit interference optical path is used to study the spatial coherence
of the obtained random lasing. Two slits with a width of 50 μm are separated by 160 μm,
and a CCD is positioned behind the slit plane to measure the far-field interference pat-
tern. The visibility (V) of the interference fringe in the central region is calculated by
V = (Imax − Imin)/(Imax + Imin), where Imax and Imin are the local maximum and mini-
mum values of the interference intensity near the observation point, respectively [21]. For
example, the optical photo and the corresponding intensity distribution of the interference
fringe generated by the blue random lasing at the pump power density of 0.35 MW cm−2

are shown in Figure 4a,b. The V is about 0.35 for the random lasing related to ON state,
and about 0.16 for the random lasing under OFF state. The results show that the spatial
coherence of blue random lasing in OFF state is much lower than that in ON state. Similarly,
the optical photos and intensity distribution of the interference fringes obtained by the
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green random lasing passing through the double-slit interference optical path at the pump
power density of 1.32 MW cm−2 are shown in Figure 4c,d. The V are about 0.34 (ON)
and 0.16 (OFF), respectively. In addition, the spatial coherence of the red random lasing
is also characterized at 1.32 MW cm−2. The V of the interference fringes of red random
lasing are 0.31 (ON, Figure 4e) and 0.14 (OFF, Figure 4f), respectively. The experimental
results show that the visibility of interference fringes of the obtained random lasing in
ON state is greater than that in OFF state. Moreover, the spatial coherence of random
lasing emitting from another side are also measured, and the results prove that there exists
the weak coupling between the gain region and the scattering region of the PDLC film
supplying tunable backscattering. Therefore, the spatial coherence of the obtained random
lasing can be dynamically manipulated by electrically regulating the scattering coefficient
of the PDLC scattering part.

Figure 4. Regulation effect of scattering feedback on the spatial coherence of random lasing. (a,b) The
intensity distribution and visibility of the interference fringes obtained by the double slit interference
of RLB under ON state (a) or OFF state (b). (c,d) The intensity distribution and visibility of the
interference fringes for the RLG under ON state (c) or OFF state (d). (e,f) The intensity distribution
and visibility of the interference fringes for the RLR under ON state (e) or OFF state (f). Illustrations
are the optical photos of the interference fringes, respectively.

4. Conclusions

In summary, a random lasing with tunable spatial coherence is designed based on the
separate coupling between gain medium and scattering part. The proposed random laser
has the advantages of flexible controllability, easy fabrication and recyclability. First, when
the PDLC film is separately coupled with different color gain dyes, random lasing with
different wavelengths is realized under the excitation of pulsed laser. Then, the scattering
intensity of PDLC film is manipulated by applying or removing electric field, and the
threshold and intensity of random lasing are regulated. Finally, the spatial coherence of
the random lasing can also be dynamically regulated. In short, the intensity and spatial
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coherence of random lasing can be manipulated by controlling the electric field. The
proposed random lasing is expected to be used in interference measurement, security,
optical imaging and display.
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