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A linearly polarized AC-driven perovskite light
emitting device with nanoscale metal contact†

Li-Ming Chiang, a,b Chi-Peng Tu,b,c James Singh Konthoujam, b

Hai-Pang Chiang,*c Tsung-Sheng Kaoa and Min-Hsiung Shih *a,b,d

Electroluminescent (EL) devices consisting of a single metal–semiconductor contact and a gate effect

structure have garnered significant attention in the field of perovskite light-emitting devices. This interest

is largely due to the thermal stability of the active layer and the simplicity of the device structure.

However, the application of these devices in large-area light-emitting applications is hindered by the

inherently low carrier mobility in perovskite materials. In our study, we addressed this limitation by opti-

mizing the nanostructure within the electrodes, which resulted in enhanced electroluminescence and

linear polarization. To confirm the luminescence mechanism and the observed enhancement, we con-

ducted comprehensive electrical and optical characterization studies. These characterization studies

demonstrated the effectiveness of our approach in improving the performance of perovskite-based EL

devices, paving the way for their broader application in large-area light-emitting technologies.

Introduction

Perovskite materials have attracted substantial interest in light-
emitting devices1,2 and display applications3 due to their
exceptional tunability, long carrier lifetime, extended carrier
diffusion length, and high photoluminescence quantum yield
(PLQY).4,5 Their ease of synthesis and thin-film processing
techniques further bolster their appeal in the field of opto-
electronics, alongside their low cost, which enhances their
commercial viability. However, despite their remarkable
optical properties, perovskite materials face significant chal-
lenges in commercialization. These challenges include low
carrier injection efficiency and poor thermal stability. The low
carrier injection efficiency necessitates precise band alignment
within devices.6–8 Additionally, even after addressing injection
issues, the devices tend to degrade rapidly due to thermal
effects resulting from carrier interactions, requiring a careful
balance between these factors.

For materials with low environmental stability, alternating
current (AC) light-emitting devices present a viable solution.

The use of AC significantly reduces thermal damage as it pre-
vents substantial charge accumulation within the material.9–13

Additionally, the simple structure of AC light-emitting devices
allows for the deposition of the light-emitting active layer on
top after completing the device structure, minimizing the risk
of process-induced material damage. Furthermore, the light-
emission mechanism in AC devices is less dependent on the
Schottky barrier at the metal–material interface, effectively
mitigating the issue of insufficient carrier injection. Previous
studies have demonstrated the potential of AC transient light-
emitting devices with these materials. Lien et al. achieved
stable large-area emission,14–16 while Klein et al. utilized a
field-effect transistor structure and a multi-electrode configur-
ation to fabricate perovskite transient light-emitting devices.
By integrating FIB-patterned perovskites, they achieved highly
directional polarized light emission, with the effect being
highly adjustable based on the grating period.17–19 However,
the low carrier mobility of perovskites necessitates operation at
low temperatures and high voltages to achieve optimal per-
formance. This requirement poses a challenge for scalability
and limits the development of these devices for the consumer
electronics market.

Inspired by these studies, we have fabricated a unipolar-
controlled perovskite transient light-emitting device. In the
design of this device, we integrated nanoscale metal electrodes
with the transient light-emitting structure, leveraging the
advanced nanofabrication techniques available for metal struc-
tures. These techniques are known for their effectiveness in
enhancing optical gain and regulating the electric field;20–23

this integration resulted in stable large-area perovskite emis-
†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4nr04894f

aDepartment of Photonics and Institute of Electro-Optical Engineering, National

Yang Ming Chiao Tung University, Hsinchu 30010, Taiwan
bResearch Center for Applied Sciences (RCAS), Academia Sinica, Taipei 11529,

Taiwan. E-mail: mhshih@gate.sinica.edu.tw
cDepartment of Optoelectronics and Materials Technology, National Taiwan Ocean

University, Keelung 20224, Taiwan. E-mail: hpchiang@mail.ntou.edu.tw
dDepartment of Photonics, National Sun Yat-sen University, Kaohsiung 80424,

Taiwan

4732 | Nanoscale, 2025, 17, 4732–4739 This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 7
/1

6/
20

25
 1

2:
38

:4
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://rsc.li/nanoscale
http://orcid.org/0009-0009-6249-5241
http://orcid.org/0000-0001-7504-0275
http://orcid.org/0000-0002-5627-7098
https://doi.org/10.1039/d4nr04894f
https://doi.org/10.1039/d4nr04894f
https://doi.org/10.1039/d4nr04894f
http://crossmark.crossref.org/dialog/?doi=10.1039/d4nr04894f&domain=pdf&date_stamp=2025-02-15
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr04894f
https://rsc.66557.net/en/journals/journal/NR
https://rsc.66557.net/en/journals/journal/NR?issueid=NR017008


sion at room temperature and low voltage. Furthermore, since
the perovskite thin film is deposited after the completion of
device fabrication, it avoids any damage to the material from
post-processing steps. This approach underscores the signifi-
cant potential of patterned electrode designs in developing
perovskite light-emitting devices.

Results and discussion

Fig. 1(a) and (b) illustrate the schematic diagram and struc-
tural parameters of the transient perovskite light-emitting
device, respectively. Beneath the perovskite film, a hollow
silver square electrode with a line width of 100 μm was fabri-
cated to serve as the electrode. A 5 nm Al2O3 protective layer
was then deposited on the electrodes before completing the
preparation of the MAPbI3 film on the device sample. Fig. 1(c)
and (d) present the extinction, photoluminescence (PL), and
X-ray diffraction (XRD) spectra of the MAPbI3 film. The PL and
extinction spectra were obtained using a 355 nm pulsed laser
and white light, respectively. The extinction peak is located at
751 nm, while the PL peak is at 767 nm. The XRD spectrum
exhibits sharp diffraction peaks at 14.11°, 28.39°, and 31.83°,
corresponding to the (110), (220), and (222) crystal planes,
respectively, which are consistent with previously reported
MAPbI3 structures.24 In the absence of nanostructures within
the electrodes, polarized PL measurements, shown in Fig. 1(e),
confirmed that MAPbI3 did not exhibit significant polarization
tendencies at various polarization angles.

The measurements taken after device illumination are
depicted in Fig. 2. It should be noted that the device here does

not contain silver nanogratings, but only hollow silver electro-
des. Fig. 2(a) shows the configuration of the illuminated per-
ovskite device observed under an optical microscope and a
near-infrared electron-multiplying charged-coupled device
(NIR-EMCCD). It was confirmed that the perovskite emits light
along the interface with the electrode as seen through the
EMCCD. To investigate the influence of electrode shape and
size on emission, electrodes of various shapes and hollow
sizes were designed (ESI Fig. S1†). In the case of circular elec-
trodes, light emission persisted along the interface between
the perovskite and the hollow part of the electrode, consistent
with the results shown in Fig. 2(a). However, the changes in
the size and shape of the electrodes did not influence the
emission a lot; MAPbI3 only emits light along the inner edges
of the electrodes, with the emission area being approximately
1.5–1.7 µm in length. This phenomenon is related to the
mechanism of the device. First, the AC-driven emission
mechanism primarily relies on the oscillation of the electric
field, where charges mainly oscillate between the silver elec-
trode and the substrate, resulting in recombination lumine-
scence. In other words, the strength of the electric field
determines the probability of recombination luminescence.
Consequently, the interface between the electrode and the
substrate has a higher recombination probability because
this region has the strongest electric field. In contrast, the
central region of the hollow electrode is the farthest from
the electrode and thus emits almost no light, as shown in
Fig. S1(a),† where the yellow line represents the electric
field, and the red and blue spheres represent opposite
charges. Fig. S1(b)† shows an actual EMCCD image, where d
denotes the inner diameter of the hollow electrode. In the

Fig. 1 (a) Schematic 3D structure for the transient perovskite light-emitting device. (b) Cross-sectional view of the device. (c) Extinction and PL
spectra for MAPbI3. (d) X-ray diffraction spectrum for MAPbI3. (e) PL intensity for MAPbI3 at different polarization degrees.
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normalized spectra shown in Fig. 2(b), a comparison
between PL and electroluminescence (EL) data reveals a red-
shift in the EL peak relative to the PL peak. This redshift
indicates a higher probability of recombination near the
gate and electrode during electrical excitation. Consequently,
the EL signal primarily originates from the contact–perovs-
kite interface and undergoes radiative recombination after
traversing the surface film. Additionally, apart from the
influence of the material’s high refractive index, photon re-
cycling during propagation within the film also contributes
to the observed redshift in the peak.17,25

Subsequently, we analyzed the frequency dependence of
the EL signal as a function of applied voltage, as depicted
in Fig. 2(c). It should be noted that the voltage in this
article’s data is defined as the voltage difference between
two peaks (Vpp). The EL signal exhibits a significant
enhancement at voltages exceeding 12 V. Under varying fre-
quency conditions, it was observed that the EL signal mark-
edly increases when the frequency surpasses 200 kHz. This
phenomenon occurs because, at lower frequencies, carrier
activity in the perovskite is limited, necessitating a higher
oscillation frequency to enhance the probability of radiative
recombination. When the frequency is sufficiently high
(>200 kHz), the intercept of the region with the highest
slope on the voltage axis, defined as the turn-on voltage, is
approximately 12 V. To confirm the light-emission mecha-
nism of the device, we employed the model of EL intensity
versus voltage, as proposed in recent studies on AC light-

emitting devices. The relationship is described by the follow-
ing equation:26,27

IEL / expðακVÞ ð1Þ

where α is a constant related to excitons in semiconductor
materials and κ represents the injection concentration of car-
riers. This characteristic is evident in the data at 500 kHz and
800 kHz in Fig. 2(c), in the high-voltage region, consistent with
the proposed model. According to previous studies, AC semi-
conductor light-emitting devices are primarily governed by two
mechanisms: thermionic emission and carrier tunneling
recombination.28–34 While thermionic emission is frequently
referenced in perovskite light-emitting devices, carrier tunnel-
ing effects are less discussed. This is likely because perovskites
are more commonly utilized in DC devices, such as LEDs and
batteries. Therefore, we will further explore these two emission
mechanisms in this context.

Thermionic emission typically occurs under high-tempera-
ture conditions and can be characterized as a function of
current density and temperature. In the presence of an AC elec-
tric field and constant temperature, voltage must be intro-
duced. Consequently, the Schottky equation can be simplified
to a function of voltage as follows:

IðVÞ ¼ ISE expðApVÞ ð2Þ

where ISE is the intensity of spontaneous emission and A is the
Richardson coefficient. Thus, if the process follows thermionic

Fig. 2 (a) Optical image of the device and the emission image taken using an NIR-EMCCD. (b) PL and EL spectra of the perovskite light-emitting
device showing a redshift of the EL peak. (c) Frequency dependent EL intensity of the device as a function of applied voltage. (d) Thermionic emis-
sion EL characteristics. (e) Tunneling recombination EL characteristics. (f ) Schematic of the working mechanism of the AC-driven perovskite EL
device.
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emission, the natural logarithm of the EL intensity should be
directly proportional to the square root of the voltage. As shown
in Fig. 2(d), the natural logarithm of the EL intensity exhibits a
proportional relationship with the square root of the voltage when
the voltage is below 12 V, with the slope remaining relatively con-
stant. This indicates that below the threshold voltage, the device’s
emission is predominantly due to thermionic emission.

Conversely, tunneling effects are influenced by the height
of the Schottky barrier, with the barrier width characterized by
the following equation:

x ¼ ϕ

eE
ð3Þ

where ϕ represents the barrier height and E denotes the external
electric field strength. Therefore, it can be inferred that an
increase in electric field strength results in a reduction in barrier
width, thereby enhancing the likelihood of tunneling effects35.
The tunneling effect can be described by the following equation:

J ¼ αE2 exp
�β

E

� �
ð4Þ

where J represents the induced current and α and β are con-
stants. After simplification, we obtain:

I
V2 / exp

�β

V

� �
: ð5Þ

This equation demonstrates that when the tunneling effect
predominates in the device, ln(I/V2) exhibits a negative linear
relationship with 1/V. As illustrated in Fig. 2(e), it is notable
that the intercept of this negative linear relationship with 1/V
approximately corresponds to the turn-on voltage. These find-
ings imply that the operating principle of the transient perovs-
kite light-emitting device aligns with the classic AC semi-
conductor light-emitting model.36 Based on the above discus-
sion, the AC-driven electroluminescence (EL) mechanism of
the perovskite is illustrated in Fig. 2(f ). In this figure, a steady
negative bias is applied to the substrate, which serves as the
device’s gate electrode, during the period marked as 1. During
this phase, holes accumulate at the bottom of the MAPbI3

film, while the Schottky barrier prevents carrier flow from the
perovskite to the gate. At the next moment, labeled as 2, the
bias shifts from negative to positive, leading to the capacitive
element between the top electrode and the gate inducing a
potential difference. This sudden potential drop results in con-
duction band bending, facilitating the recombination of the
injected electrons with the holes generated in the moment
labeled as 1, ultimately leading to photon emission.

Next, we fabricated gratings within the electrodes to investi-
gate the gain and operating mechanism of the patterned elec-
trodes. Initially, we utilized scanning electron microscopy
(SEM) to examine the surface morphology, with the structural
parameters depicted in Fig. 3(a); for the MAPbI3 growing con-
ditions in the grating, please check Fig. S3(a).† We define the
direction perpendicular to the grating as the transverse mag-
netic (TM) direction, a convention that will be maintained in
all subsequent measurements. In Fig. 3(b), we obtained the
extinction spectra of the sample to determine the quality
factor (Q) of the structure. The quality factor is defined as:

Q ¼ fextinction
Δf

ð6Þ

where fextinction is the frequency of the extinction peak and Δf
is the full width at half maximum (FWHM) of the extinction
peak in the frequency domain. For MAPbI3 combined with a
silver grating, distinct metal peaks appear in the high absorp-
tion region of the perovskite. This phenomenon is attributed
to the extinction peak caused by surface plasmon polaritons
(SPPs) generated when the high-refractive index MAPbI3
(nMAPbI3 ≃ 2.6) covers the surface of the silver grating and
aligns with the exciton and emission peaks (PL) of MAPbI3.
This alignment signifies a strong exciton–polariton effect
and enhanced emission within this wavelength range.37–45 To
predict the coupling strength of TE/TM polarizations, we
recorded the absorption spectrum of MAPbI3 with silver
grating structures for both TE and TM polarizations, highlight-
ing their contrasts, as depicted in Fig. 3(c). EXTTE and EXTTM

denote the extinction peaks near the exciton for transverse
electric (TE) and transverse magnetic (TM) polarizations,

Fig. 3 (a) SEM image for the silver grating electrodes. (b) Extinction spectrum of the silver grating with MAPbI3 and the PL spectra of MAPbI3. (c)
Extinction spectrum of the silver grating integrated with MAPbI3 in the TE and TM directions for the analysis of exciton–polariton interaction.
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respectively. Similarly, LPBTE and LPBTM represent the lower
energy polariton extinction peaks for TE and TM polarizations.
The coupling strength, detuning (δ), and Rabi splitting (Ω) are
derived from the following equations:

δ ¼ Eexciton � Ephoton ð7Þ

Ω ¼ EUPB � ELPB ð8Þ
where Eexciton represents the energy of the exciton, Ephoton rep-
resents the energy of the photon, and δ represents the energy
difference between the photon and the exciton at zero momen-
tum. A smaller δ indicates stronger coupling. In this device,
the photons are emitted by MAPbI3 at approximately 1.60 eV,
with an energy difference of 1.6 meV for EXTTE and 65.8 meV
for EXTTM, resulting in the smallest energy detuning in the TE
direction. The magnitude of the Rabi splitting (Ω) is used to
determine the strength of the coupling. EUPB and ELPB rep-
resent the upper and lower polariton branches, respectively.
Experimentally, the upper polariton branch (UPB) is often
located in the high absorption region of the material and is
not easily observed, whereas the lower polariton branch (LPB)
is more readily observed. When the LPB is closest to the
exciton peak, the energy exchange between the photon and the
exciton is most intense. Consequently, we conclude that the
coupling strength of photons in the TE direction is stronger
than that in the TM direction.

To further quantify the gain enhancement in metal–semi-
conductor systems, the Purcell factor (FP) serves as a crucial
parameter. It characterizes the oscillation strength of an
emitter within a resonant cavity. When the emission of
photons aligns with the resonant mode of the cavity, FP can be
expressed by the following equation:46

FP ¼ 3λ3Q
4π2nV

ð9Þ

where λ is the wavelength of photon emission, n is the refrac-
tive index of the emitting material, and V is the volume of the
resonant mode. The TE and TM electric field distribution map
of the grating structure with the perovskite materials is shown
in Fig. S2(a).† The distribution reveals that the electric field
predominantly oscillates within the MAPbI3 thin film, which is
attributed to its high refractive index.47,48 Upon interaction
with the metal, the electric field is confined within the high
refractive index material. There has been a significant
enhancement of the electric field when excited in the TE mode
and it is primarily located at the top of the silver grating inside
the MAPbI3 film. Notably, in the absence of silver gratings, air
gaps formed between the MAPbI3 and Al2O3 due to the fabrica-
tion process, which typically yields large, dense perovskite crys-
tals that do not infiltrate nanoscale gaps, as shown in
Fig. S3(b).† This phenomenon has been previously discussed
in our earlier work.49 Consequently, our simulation modelling
accounts for this condition. The Q factor calculation, illus-
trated in Fig. S2b,† involved extracting the extinction peaks of
the TE and TM modes via curve fitting, resulting in a Q value
with an FP of approximately 1.21.

To investigate the combination of the Purcell factor with
the measured data, we referenced previous literature on laser
resonant cavities.8,38,39,50–60 Initially, we defined the gain
factor (E) as follows:

E ¼ nc
nn

ð10Þ

where nc represents the photon flux after passing through the
resonant cavity and nn represents the photon flux without any
structure. When the integration time for the spontaneous
emission is the same, the photon flux can be considered as
the emission intensity:

Ic ¼ nc; In ¼ nn: ð11Þ
In experiments, we obtain E by dividing the emission signal

with the structure gain by the signal without gain. At this
point, to introduce the Purcell factor, we generalize the emis-
sion intensity as follows:

nc ¼ ηcΓc; nn ¼ ηnΓn ð12Þ
where η is the coupling efficiency and Γ is the total decay rate
of photons, and we substitute them into the equation as
follows:

Γc ¼ FcΓo;Γn ¼ FnΓo ð13Þ
where Γo is the total decay rate in free space and F is the
Purcell factor. Combining the definition of E, we can obtain:

E ¼ ηcFc
ηnFn

: ð14Þ

To simplify the calculation, we set Fn to 1. By combining
this with the results from Fig. S2b,† we obtain the efficiency
ratio for the two polarization directions, ηc/ηn. This value
allows us to determine the relative efficiency (Δη), which rep-
resents the degree of polarization as follows:

DOLP ¼ Δη ¼ ηc � ηn
ηc þ ηn

¼ ITE � ITM
ITEþITM

: ð15Þ

To ascertain the impact of integrating gratings into the
device, we performed electroluminescence (EL) measurements
on the samples depicted in Fig. 3. Fig. 4(a) presents the emis-
sion of the device as observed under an optical microscope
(OM) and a NIR-EMCCD. It is evident that the device with
gratings exhibits a significantly enhanced emission area com-
pared to the device without gratings (Fig. 2a). Using the find-
ings from Fig. 2, we illustrated the emission mechanism after
incorporating the gratings, as shown in Fig. 4(b). The MAPbI3
film deposits on the device surface, causing carriers to
accumulate at the top of the silver grating under a constant
voltage, while carriers of opposite nature are induced within the
MAPbI3 film at the grating edges. Radiative recombination then
occurs upon voltage reversal. Notably, the recombination emis-
sion location is proximal to the coupling position illustrated in
Fig. S2a.† Therefore, when the structure’s coupling band aligns
with the emission wavelength of MAPbI3, the electric field in the
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transverse electric (TE) direction is enhanced, resulting in an
amplified emission signal. The results of polarization-sensitive EL
measurements are displayed in Fig. 4(c), indicating a gain in the
TE direction for MAPbI3 EL. The degree of linear polarization
(DOLP) calculated from EL results aligns with those derived after
incorporating the Purcell factor, as shown in Fig. 4(d). To confirm
that polarization enhancement primarily arises from optical
coupling, we compared the DOLP results in EL with those in
photoluminescence (PL), revealing similar trends. This consist-
ency confirms the polarization enhancement mechanism within
the device. It is noteworthy that the EL effect surpasses the PL
effect, attributed to EL emission originating from the electrode–
MAPbI3 interface, which is closer to the region of electric field
enhancement, whereas the PL-excited region primarily originates
from the MAPbI3–air interface, resulting in a less effective struc-
tural gain response.

Conclusions

In this study, we engineered patterned electrode designs to
fabricate perovskite electroluminescent devices that bypass the
need for band alignment and exhibit tunable emission charac-
teristics. By introducing nanostructures within the electrodes,
the devices displayed significant linear polarization, consistent
with extinction spectrum results. This confirms the feasibility
of integrating electrodes with emission and validates the
enhancement mechanism. Although the precise carrier
dynamics within the device requires further elucidation, these
findings suggest promising potential for highly efficient and
stable perovskite electroluminescent devices, as well as appli-
cations in large-area emission.

Methods
Device fabrication

In the device fabrication, a GaP wafer was employed as the
substrate. Initially, a 50 nm Al2O3 film was deposited on the
surface using Atomic Layer Deposition (ALD) to function as
the gate. Subsequently, A5 PMMA was applied via spin coating,
with the process parameters set to 1000 rpm for 10 seconds
and 3500 rpm for 120 seconds. Post-spin coating, the sample
underwent annealing at 180 °C for 2 minutes. Electron beam
lithography was utilized to expose the grating pattern onto the
PMMA layer. Following the development of the pattern, a
50 nm silver film was deposited using electron beam evapor-
ation with an E-gun, and the resist was lifted off to complete
the grating fabrication. Next, DNR-L300 was spin-coated onto
the fabricated grating, and a UV direct writer was employed to
define the silver electrode pattern. Following the development
process, an additional evaporation step was conducted to
deposit the electrodes, followed by a lift-off process to finalize
the patterned electrodes. The ground electrode was similarly
defined using the UV direct writer. To ensure contact with the
GaP, the Al2O3 layer was etched with BOE after development,
preceding the electrode deposition process. Finally, a 5 nm
Al2O3 film was deposited via ALD to serve as a protective layer
between the device and the perovskite.

Fabrication of the perovskite precursor

Methylammonium iodide (MAI) and lead iodide (PbI2) were
purchased separately from Greatcell Solar Materials and
Sigma-Aldrich, respectively. These compounds were combined
in a 1 : 1 molar ratio to achieve a concentration of 1 M. A
solvent mixture of gamma-butyrolactone (GBL) and dimethyl

Fig. 4 (a) Optical image of the device with the grating structure and the emission image recorded using an NIR-EMCCD. (b) Emission and coupling
mechanism in the perovskite device. (c) EL spectra of the device under TE and TM polarization. (d) DOLP extracted from the EL spectra of the
device.
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sulfoxide (DMSO) in a 7 : 3 volume ratio was employed. The
resulting mixture was stirred at 65 °C for 30 minutes to form
the precursor solution. All procedures were conducted within a
nitrogen glovebox environment.

Perovskite thin film fabrication

The patterned electrode substrate, after being exposed to UV-
ozone for 30 minutes, was returned to the glovebox. The prepa-
ration of the perovskite precursor involved a spin-coating
process with an initial spin at 1000 rpm for 10 seconds, fol-
lowed by 5000 rpm for 50 seconds. To achieve a dense perovs-
kite film, toluene was introduced as an antisolvent for 20
seconds into the spin-coating process. The device fabrication
was completed by annealing the sample on a hot plate at
100 °C for 30 minutes.

Extinction spectrum measurement

We employed a custom-designed optical system integrated
with an optical microscope to conduct spectral measurements.
This optical configuration incorporates a rotatable linear
polarizer, enabling measurements across various polarization
directions.

NIR-EMCCD integrated PL and EL system

In photoluminescence (PL) measurements, a 450 nm continu-
ous-wave laser with a power output below 5 µW is used as the
excitation source. The laser beam is focused on a spot size of
approximately 3 µm using a 100× objective lens. For electrolu-
minescence (EL) measurements, an alternating current power
supply with a voltage amplitude of 20 V, in conjunction with a
probe holder, is utilized for device excitation. Both PL and EL
signals are collected through the same objective lens and
directed into a HORIBA IHR320 spectrometer for analysis. To
ensure that the imaging is not affected by extraneous light, a
filter is placed in front of the EMCCD to filter out light outside
the 700–850 nm wavelength range.

High resolution X-ray diffraction and scanning electron
microscopy

We employed the Bede D1 X-ray diffraction (XRD) system to
perform scans under the conditions of 40 kV and 40 mA,
acquiring diffractograms within the 2θ range of 10° to 40°.
Additionally, we used the Hitachi SU-8010 scanning electron
microscope (SEM) to examine the surface morphology of the
samples, operating at an accelerating voltage of 10 kV.
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