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Abstract: In this study, we utilized a dielectric Bragg reflector (DBR) as a mirror and positioned a
wide-spectrum FAMACsPb(BrI)3 halide perovskite film between two DBRs to construct a vertical-
cavity surface-emitting laser (VCSEL) structure. The top and bottom DBRs were connected using
optical adhesive, allowing us to control the cavity length by applying external force. Through this
approach, we achieved operation at the desired wavelength. Due to the exceptional optical gain
provided by FAMACsPb(BrI)3, we successfully observed multimode and lasing phenomena at room
temperature under continuous-wave (CW) laser excitation. The outcomes of this study provide
valuable insights for the application of novel VCSEL structures and highlight the potential of using
FAMACsPb(BrI)3 halide perovskites in optical gain. This work holds significant implications for the
fields of optical communication and laser technology.

Keywords: dielectric Bragg reflector (DBR); FAMACsPb(BrI)3; organic–inorganic halide perovskites

1. Introduction

With the rapid growth of data communication, autonomous vehicles, and cloud com-
puting, there is an increasing demand for multimode, higher-bandwidth, and tunable
small-volume lasers [1,2]. To address these needs, several spread spectrum techniques have
been developed to enhance data transmission and spectral efficiency [3–5]. The initial step
in implementing these techniques is signal modulation, where the amplitude, frequency,
and phase of the signal can be adjusted to achieve the desired state. However, achieving
the desired state often requires additional components such as tuning circuits, optical
switches, and couplers, which can complicate the system [6–8]. Moreover, the modula-
tion process can take from hundreds of nanoseconds to tens of microseconds to complete,
depending on the distance between devices and consumer demands [9]. To reduce com-
plexity and processing time, researchers have undertaken efforts to fabricate small-volume
lasers with properties such as multimode operation, increased bandwidth, and wavelength
tunability [10–12]. Among these desired properties, tuning the emission wavelength in a
microcavity device presents a significant challenge. This challenge primarily arises from
the cavity length, which is well-designed to match the wavelength of the gain material for
lasing [13]. Additionally, materials with a relatively broader gain spectrum are preferred
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when designing tunable lasers. Researchers have explored various combinations of cavities
and materials in pursuit of constructing an effective tunable laser [14–19]. In recent years,
we have witnessed the rapid development of organic–inorganic halide perovskites [20–28].
In this study, we introduce a triple-cation perovskite known as FAMACsPb(BrI)3, which
combines the characteristics of unary and binary perovskites. These characteristics include
promising efficiency, a simple solution processing method, and a low cost [29–33]. Fur-
thermore, by adjusting the halogen ratio, we can easily create a wide spectral range and
achieve wavelength tunability [34,35]. However, unary and binary perovskites are known
to have drawbacks, such as their potential decomposition in ambient conditions [36] and
the tendency for films to be less crystalline [37]. To address these issues, researchers have
explored the addition of another inorganic cation to enhance the overall stability [38,39],
leading to the emergence of ternary perovskites. Various research groups have demon-
strated the long-term durability [37,40] and high power conversion efficiencies (PCE) of
ternary perovskite structures [41,42].

In our study, we leverage the advantages of ternary perovskites and synthesize a
wide-range linewidth ternary perovskite film as our gain material. Previous research has
proposed and demonstrated several advanced applications of perovskites in distributed
Bragg reflectors (DBR) [43–48]. Some approaches have involved chemical vapor deposition
(CVD) to grow perovskite layers on the first half of the DBR and subsequently depositing
the other half of the DBR to create a VCSEL structure [49–52]. However, this method
requires intricate processing techniques, and issues related to the perovskite film quality,
lattice mismatch, and high-temperature deposition may arise. To address these challenges,
we fabricate the top and bottom DBR layers individually and utilize a solution synthesis
method to grow the perovskite film on one half of the DBR. Metal pillars are deposited
on all four sides of the bottom DBR to prevent the top DBR from directly covering the
perovskite layer and forming a cavity. Since the compression deformation length of the
metal pillar is only a few nanometers [53], it becomes challenging to construct a tunable
laser. To overcome this limitation, we introduce optical glue to control the cavity length by
applying external pressure. Through scanning electron microscope (SEM)( JSM-7001, JEOL
Tokyo, Japan) and home-built photoluminescence (PL) measurements, we observe that
FAMACsPb(Br0.1I0.9)3 exhibits more consistent grain sizes, fewer defects, and a wider gain
spectrum when compared with the commonly used perovskite MAPbI3. Therefore, we
select FAMACsPb(Br0.1I0.9)3 as the gain material within the cavity. By applying different
forces to adjust the cavity length, we observe the laser’s behavior at room temperature.

2. Materials and Methods
2.1. DBR Design and Fabrication

We use finite-difference time-domain (FDTD) method and Drude model to simulate
the reflectance of periodically stacking TiO2 and SiO2 for 15 pairs. The parameter of TiO2
thickness is set as 87.3 nm, and SiO2 is 125 nm. The DBR was deposited through sputter,
and the reflectance was examined via ultraviolet–visible spectroscopy. We fabricated the
top and bottom DBR separately. A double-polished sapphire was used as the substrate
for the top DBR to allow light injection, while silicon was used as the substrate for the
bottom DBR to prevent light penetration. To achieve uniform thin-film coating on the
DBR, we used UVO-cleaner to remove impurities and organic substances from the DBR’s
surface [54]. Additionally, this process enhanced the hydrophilicity of the DBR surface and
improved the adhesion of perovskite by altering the surface bonding with the combination
of hydrogen ions (H+) released from the surface and oxygen ions (O2−) from the air to
form OH− or COOH− [55].

2.2. Synthesis Film

FAMACsPb(Br0.1I0.9)3 was solution-synthesized and spin-coated onto the sapphire.
For comparison, we also spin-coated a commonly used perovskite, MAPbI3, onto the
sapphire, too. Coating both of these materials onto sapphire first allowed us to facilitate



Crystals 2023, 13, 1517 3 of 17

convenient material characterization measurements. Although MAPbI3 has demonstrated
excellent laser performance [26,51,56], it is prone to hydrolysis and may not be practical for
certain applications [57–59]. In contrast, our study showcases FAMACsPb(Br0.1I0.9)3 with
superior film thickness, reduced scattering, and high-intensity light emission.

2.2.1. FAMACsPb(Br0.1I0.9)3 Thin Film

A mixture of 0.585 mmol Formamidinium Iodide (FAI), 0.065 mmol Cesium iodide
(CsI), 0.650 mmol PbI2, 350 µL Dimethylformamide (DMF), and 150 µL Dimethylformamide
(DMSO) is used to make up bottle 1. A mixture of 0.16 mmol MABr, 0.16 mmol PbBr2,
87.5 µL DMF, and 37.5 µL DMSO is used to make up bottle 2. Once the ingredients in these
two bottles are fully dissolved, we add 55.5 µL of the solution from bottle 2 to bottle 1 and
mix. The precursor solution is achieved. Then, 20 µL of precursor solution is dropped onto
the surface of a cleaned substrate. It is spin-coated for 10 s at 2000 rpm and 30 s at 5000 rpm,
adding 150 µL Chlorobenzene (CBZ) as anti-solvent in the last 10 s. After the spin-coating
process, the temperature is raised to 100 ◦C and maintained for 1 h.

2.2.2. MAPbI3 Thin Film

The precursor solution is made by a mixture of 0.9 mmol Methylammonium Iodide
(MAI), 0.9 mmol PbI2, 300 µL gamma-butyrolactone (GBL), and 200 µL DMSO. The tem-
perature is raised to 55 ◦C and maintained for 12 h, until the ingredients are fully dissolved.
Then, 20 µL of precursor solution is dropped onto the surface of a cleaned substrate. It is
spin-coated for 10 s at 1000 rpm and 30 s at 5000 rpm, adding 400 µL toluene as anti-solvent
in the last 10 s. After the spin-coating process, the temperature is raised to 100 ◦C and
maintained for 1 h.

2.3. Cavity Construction

Metal pillars are used to create the cavity spacing, while optical glue is used to connect
the top and bottom DBR layers and control the spacing length. The formation of the
perovskite film and metal pillars is depicted in Figure 1a. FAMACsPb(Br0.1I0.9)3 is spin-
coated onto the center of the DBR, covering an area of 1 × 1 cm2, defined by polyimide
tape. The tape is removed after the spin-coating process is completed. Before the metal
pillars are evaporated, a specially designed mask is placed over the spin-coated area to
prevent damage to the perovskite. Then, metal pillars are deposited on all four sides of the
DBR using an electron beam evaporator. Initially, a 10 nm thick layer of Ti is deposited as
an adhesion layer, followed by a 290 nm thick layer of Al. This results in the creation of
300 nm long metal pillars on all four sides to support the overall structure. The mask is
removed after this process, and optical glue is applied between the remaining spaces on
the DBR. The entire cavity construction process utilizes our custom-built transfer system,
as shown in Figure 1b. By placing the lower DBR on a movable carrier platform, while
the other DBR is adhered to a glass slide using PDMS (Polydimethylsiloxane) tape, the
glass slide is then clamped into an adjustable XYZ-axis glass slide holder (XYZ stage). With
careful alignment of the upper and lower DBRs under a microscope, we adjust the XYZ
stage to gradually lower the upper DBR until it adheres to the sample. During this process,
we need to continually adjust the microscope’s focal length to ensure alignment between
the two DBRs. Once adhered, weights are applied on the glass slide, and the pressure
applied is controlled based on the weights to achieve different resonance cavity lengths.
The entire structure is exposed to UV light for 1 h to solidify the glue. After this process,
the PMDS is removed from the DBR, and the cavity is formed, as shown in Figure 1c.
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2.4. Photoluminescence (PL) Measurement

We used a 532 nm continuous-wave laser diode (ThorLabs (Newton, NJ, USA),
CPS53b) as an excitation source. The laser source was introduced into a 50× (numeri-
cal aperture: 0.50) objective lens and focused on samples. The PL emission from samples
was collected by the same objective lens into a spectrometer (Horiba-Jobin-Yvon iHR320,
Longjumeau, France) with a liquid-nitrogen-cooled CCD array detector. The spectral
resolution of the spectrometer with a 1800 lines/mm grating is 0.29 nm, as illustrated in
Figure 1d. If not otherwise specified, all measurements were carried out under ambient
conditions (at 50% relative humidity and 25 ◦C).

3. Results
3.1. Characteristics of DBR

The simulation and experiment reflectance results of the top and bottom DBR are
shown in Figure 2a. The results have shown that the theoretical reflectance of the top
and bottom DBR could achieve 100% at a wide stop-band range from 650 to 850 nm
and the center wavelength at 750 nm, which is close to the fluorescence wavelength of
FAMACsPb(Br0.1I0.9)3, as shown in Figure 3a. The experiment results still exhibit high
reflectance, and the stop band remains the same as in the simulation results. After applying
UVO cleaner, SEM was used to assess whether the topography of the DBRs had been
altered. The SEM image reveals that the surface (Figure 2b,c) and thickness (Figure 2d,e)
of DBRs are identical after using it. The cross-section of the DBR shows that the actual
thickness of TiO2 is 89.17 nm, and SiO2 is 128.3 nm, which closely aligns with the simulated
conditions. We believe that the slight variation in the thickness of these two dielectric layers
compared with the simulation results is the reason for the slight blue shift observed in the
actual reflectance compared with the simulated values.
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Figure 2. Characteristics of DBR. (a) Simulated and experimental results of DBR. (b) Surface of
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(e) Cross-section of DBR after using UVO cleaner (the slightly different thickness in (d,e) is due to the
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Figure 3. Comparison between MAPbI3 and FAMACsPb(Br0.1I0.9)3. (a) Absorption, PL, and reflec-
tivity spectrum of FAMACsPb(Br0.1I0.9)3 (red curve) and MAPbI3 (black curve). The lower part of
(a) is the stability test: the material is placed in ambient conditions with a humidity level of approxi-
mately 50–60% for a month. (b) XRD result for FAMACsPb(Br0.1I0.9)3 compared with previous study
and MAPbI3. (c,d) SEM of MAPbI3 and FAMACsPb(Br0.1I0.9)3. (e,f) Cross-section of MAPbI3 and
FAMACsPb(Br0.1I0.9)3. In (e,f), the substrate is sapphire.
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3.2. Properties of FAMACsPb(Br0.1I0.9)3

The FAMACsPb(Br0.1I0.9)3 is spin-coated onto the sapphire substrate, and so is the
MAPbI3. To quantify the characteristics of these two materials, we measured their ab-
sorption and PL spectra, as shown in Figure 3a. Under the same excitation power,
FAMACsPb(Br0.1I0.9)3 possesses a broader gain spectrum and higher emission intensity.

The stability test over several hours for FAMACsPb(Br0.1I0.9)3 and MAPbI3 is depicted
in the lower section of Figure 3a. During the stability test, the environmental temperature
was at 30 ◦C, with humidity at approximately 50~60%. After approximately 10 h, the
intensity of the MAPbI3 decreased by 20% compared with the original sample, while the
intensity of the FAMACsPb(Br0.1I0.9)3 remained consistent and could be sustained for up
to one month (see Appendix A).

We also used an X-ray diffractometer (XRD) to confirm the successful synthesis of
the triple-cation perovskite and MAPbI3, as shown in Figure 3b. The XRD results are
consistent with previous studies [60–66]. As seen in Figure 3d,f, SEM images of the
FAMACsPb(Br0.1I0.9)3 reveal consistent grain sizes, fewer defects, and a greater thickness
compared with MAPbI3 (Figure 3c,e). For SEM images and cross-section images with a
larger scope and statistical data on grain sizes, refer to Appendix B. A film with these prop-
erties can reduce the non-radiative recombination probability [67–70], thereby increasing
the quantum efficiency (QE). Additionally, a thicker gain material can provide a higher
optical gain [71,72]. Therefore, we have demonstrated that while the center wavelength
of FAMACsPb(Br0.1I0.9)3 is similar to that of MAPbI3, it offers superior film quality and
a broader gain spectrum. Leveraging these advantages, FAMACsPb(Br0.1I0.9)3 is a more
favorable choice as a gain material when constructing a tunable laser.

As mentioned above, silicon was employed as the substrate for the bottom DBR to
prevent light penetration, and the final layer of the bottom DBR is TiO2. We spin-coated the
perovskite material onto the last layer of TiO2 on the bottom DBR. This substrate differs from
the one used in previous measurements of the material properties of FAMACsPb(Br0.1I0.9)3.
To ensure the successful spin-coating of perovskite onto the TiO2 layer, we conducted SEM
observations in both top view and cross-section to assess whether there are differences in
grain size and thickness compared with when it was spin-coated onto sapphire. The initial
surface and thickness of the bottom DBR is shown in Figure 4a,d. FAMACsPb(Br0.1I0.9)3 is
spin-coated in the center of the DBR with an area of 1 × 1 cm2, defined by the polyimide
tape. The grain size (Figure 4b) and thickness (Figure 4e) are not affected by the tape. A
mask is covering it to avoid perovskite destruction. Figure 4c,f illustrate that the grain size
and thickness of the perovskite remain similar, suggesting that our mask effectively shields
the perovskite from any detrimental effects during the deposition process. For larger-area
SEM images and grain size statistics corresponding to the material spin-coated onto the
DBR (Figure 4b) and post-E-beam evaporation (Figure 4c), please refer to Appendix C.

3.3. Properties of Cavity3

The tunable cavity-length VCSEL is fabricated by applying different pressures on the
DBR. To better comprehend the performance of the device, PL spectrums excited by 532
nm continuous-wave laser at room temperature in an ambient environment are measured.
Figure 5a shows the PL spectra of the device when applying a weak pressure (8.428 N/cm2)
on the cavity; the cavity length shrinks to 7.99 µm. As shown in Figure 5b,c, the emission
from the laser device exhibits a narrow PL peak 1 located at 813.5 nm (FWHM ≈ 2.82 nm)
and peak 2 at 831.3 nm (FWHM ≈ 3.67 nm). The lasing character of the VCSEL is evidenced
by the power dependence of the integrated emission intensity (Figure 5e,f). The lasing
threshold is estimated to be 4.6 and 6 kW/cm2. The quality factors (Q factor) of the lasing
mode are 289.56 and 226.95, respectively.
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Figure 4. Construction diagram and characterization of FAMACsPb(Br0.1I0.9)3. (a) SEM
graphs of initial bottom DBR. (b) FAMACsPb(Br0.1I0.9)3 spin-coated in the center of the DBR.
(c) FAMACsPb(Br0.1I0.9)3 covered by mask and through E-beam evaporation. (d–f) Cross-section
of (a–c).
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A stronger pressure (19.698 N/cm2) is further applied on the device, as shown in
Figure 5d. The cavity length drops down to 5.79 µm. The emission from the laser device
exhibits a narrower PL peak and fewer modes compared with the weak pressure. Peak 1 is
located at 811.3 nm (FWHM ≈ 2.83 nm) and peak 2 at 832.2 nm (FWHM ≈ 1.75 nm). The
lasing character of the VCSEL is also evidenced by the power dependence of the integrated
emission intensity (Figure 5e,f). The lasing threshold is estimated to be 2.9 and 8.2 kW/cm2,
while the Q factor of the lasing mode is 286.37 and 476.70, respectively.

4. Discussion

In this study, we compared the optical properties and stability of triple-cation per-
ovskites with the commonly used unary perovskite, MAPbI3. The triple-cation perovskites
exhibited superior optical characteristics and stability. In contrast, unary perovskites, such
as MAPbX3 (X = Cl, Br, I), tend to rapidly degrade into solid and gaseous byproducts due
to thermal fluctuations and humidity exposure [73,74]. Binary perovskites, such as those
based on a combination of formamidinium (FA) and methylammonium (MA), such as
FAMAPbX3 (X = Br, I), have shown improved thermal stability [37,75,76]. This improve-
ment can be attributed to the larger ionic radius of FA and the presence of dual-ammonium
groups, which hinder ion movement within the PbI6 surroundings [77]. However, FA+

is susceptible to high hygroscopicity [78], making it prone to degradation in humid en-
vironments. Studies have indicated that the addition of cesium ions (Cs+) can enhance
the overall stability, crystal growth, and morphology [37,39]. The refractive index (n)
of the FAMACsPb(Br0.1I0.9)3 can be derived from the absorption and reflectivity spectra
(Figure 3a) using the absorption formula [79]

α =
4πk

λ
(1)
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and reflectivity formula [80]

R =
(n − 1)2 + k2

(n + 1)2 + k2
(2)

The refractive index (n) is around 2.59 at 800 nm, which is similar to a previous
study [81].

The mode characteristics are shown in Table 1. The cavity length is calculated from
the formula

L =
λ0

2

2n∆λ
(3)

where L is the cavity length, λ0 is the center wavelength, ∆λ is the average mode spacing,
and n is the refractive index of the FAMACsPb(Br0.1I0.9)3. Through Table 1, it is observed
that the greater the pressure we applied, the shorter the cavity length was, and with
appropriate cavity length, we achieve a low threshold, multimode, and high-Q-factor laser.

Table 1. Mode data of the laser cavity.

Without
Pressure

Weak Pressure
(8.428 N/cm2)

Strong Pressure
(19.698 N/cm2)

Center wavelength (nm) 822.8 831.3 832.2
Average mode spacing (nm) 9.3 16.7 23.1

Cavity length (µm) 14.05 7.99 5.79
FWHM (nm) 7.82 3.67 1.75

Q factor 105.22 226.95 476.7

We observed a slight shift in the peak when increasing the excitation intensity. The
peak shifting spectra of the two different forces are plotted in Figure 6a, which shows the
peak position for different power densities. Through Figure 6a, two significant gaps appear
in the strong force at peak 2 (red triangle) and weak force at peak 1 (black cross). The
typical emission spectra of these peaks are depicted in Figure 6b,c. From Figure 6b (weak
force peak 2/black cross), we show the emission for three power densities, below (orange)
and above (blue) the lasing threshold and saturation (dark cyan). Peaks can be identified at
816 nm, 814 nm, and 813 nm, respectively. The mutual rise and fall of these peaks are due
to mode competition. Mode competition occurs when the cavity can allow multiple modes
to exist [82]. The modes compete with each other in terms of gain. In the main panel of
Figure 6b, the ratio between the two lasing peaks is plotted versus the power density to
illustrate mode competition. The orange/blue/dark cyan curve in the inset corresponds to
the same experimental points in the main panel. Similarly, through Figure 6c (red triangle),
we also we show the emission for three power densities, below (orange) and above (blue)
the lasing threshold and saturation (dark cyan). Peaks can also be identified at 836 nm,
833 nm, and 832 nm, respectively.
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Figure 6. Mode competition between FAMACsPb(Br0.1I0.9)3. (a) Peak shifting spectra of strong and
weak force. (b) Intensity for the lasing peaks from weak force at peak 1 (black cross). The inset shows
the emission spectra below (orange) and above (blue) lasing threshold and saturation (dark cyan).
(c) Intensity for the lasing peaks from strong force at peak 2 (red triangle).

5. Conclusions

We have demonstrated that FAMACsPb(Br0.1I0.9)3 can serve as a viable gain material
in VCSELs, thanks to its exceptional optical properties and thermal stability. This enables it
to be excited by continuous-wave (CW) lasers and operate at room temperature under am-
bient conditions. Notably, FAMACsPb(Br0.1I0.9)3 exhibits superior film quality compared
with MAPbI3, allowing for a finer light guidance and reduced excitation energy require-
ments. Its uniform, and its larger grain size also contributes to lower scattering losses.
Furthermore, our material can form thicker films within the same synthesis time, providing
an enhanced optical gain. In addition to its stability, FAMACsPb(Br0.1I0.9)3 maintains its
illumination capabilities even after a month, highlighting its remarkable durability. Our
cavity fabrication approach prevents damage to the gain material during the subsequent
DBR deposition. We can also control the optical mode by applying external forces to adjust
the cavity length. To expedite cavity length control, we are investigating the incorporation
of a piezoelectric stage in our future research. This will allow us to precisely manipulate
the cavity length and eliminate mode competition. Our research presents a straightforward
and reliable method for fabricating perovskite lasers. The lasing wavelength of our device
falls within the infrared region, making it suitable for therapeutic applications in human
tissues. By tuning its emission wavelength, it can also be employed in free-space optical
communication (FSO) for satellite-based applications [83–86].
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Appendix A

To ensure the precision of our experiments, we maintained a fixed laser power intensity
of 0.32 kW/cm2 and a sensor integration time of 0.3 s within our PL measurement system.
Simultaneously, we standardized all the parameters of the spectrometer. To correct for
potential errors induced by external environmental factors, we employed gallium arsenide
(GaAs) wafers as reference samples and performed weekly corrections to our recorded light
intensities. Throughout the extended stability testing of FAMACsPb(Br0.1I0.9)3, the material
was exposed to an environmental temperature at 30 ◦C, with humidity at approximately
50~60%. The substrate was divided into 16 distinct regions, as depicted in Figure A1. After
excluding the four corner regions, we conducted daily scans and recorded the strongest
signal for light intensity in each region. From the resulting dataset of 12 values, we excluded
the maximum and minimum values, then calculated the average of the remaining 10 data
points as the recorded light intensity for that day. Finally, the average daily light intensity
measurements were plotted against time, as illustrated in Figure A1.
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Appendix B

The comparison of the large-area SEM images and cross-sectional images of MAPbI3
and FAMACsPb(Br0.1I0.9)3 spin-coated onto sapphire is shown in Figure A2a,b. From the
figures, we can observe that MAPbI3 exhibits noticeable defects when observed at a lower
magnification. It can be reasonably inferred that when we magnify the images, MAPbI3 will
reveal even more defects. Although FAMACsPb(BrI0.9)3 also has defects, we believe that its
film quality is significantly better than that of MAPbI3. Figure A2c,d represent the statistical
histograms of grain sizes based on Figure A2a,b. From Figure A2c, it can be observed that
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the grain sizes of MAPbI3 range from tens of nanometers to nearly 1 µm, indicating an
uneven grain distribution. This may lead to reduced gain and light scattering during PL
measurements, resulting in a reduced light intensity. This observation is further confirmed
by the lower PL intensity compared with FAMACsPb(BrI0.9)3 (see Figure 3a). In contrast,
FAMACsPb(Br0.1I0.9)3 exhibits relatively consistent grain sizes, ranging from approximately
200 nm to 300 nm. Based on these statistical findings, we selected FAMACsPb(Br0.1I0.9)3
for its uniform film quality and relatively consistent grain size as the gain medium in our
resonant cavity.
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Appendix C

To verify whether the grain size of our FAMACsPb(Br0.1I0.9)3 film spun onto TiO2
is similar to that spun onto sapphire, we conducted SEM imaging and grain size mea-
surements on the TiO2 substrate sample. According to the statistical results shown in
Figure A3c, we found that the grain sizes on TiO2 are similar to those on sapphire, with
sizes concentrated between 200 and 300 nm. Additionally, after applying a custom-made
mask and undergoing the E-beam evaporation process, we also performed grain size mea-
surements to confirm if this process affected the grain size. As depicted in Figure A3d, the
distribution of grain sizes remained consistent with the pre-evaporation measurements.
The icon in the upper right corner of Figure A3a,b represents the current process, and the
whole process flow refers to Figure 1a.
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