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THE BIGGER PICTURE Perovskite light-emitting diodes (PeLEDs) are quickly becoming top contenders for
future display and lighting technologies. Recent advancements have pushed their emissive capabilities into
the deep blue and violet regions, addressing a critical challenge in achieving shorter-emission wavelengths.
By carefully engineering the materials and device structures, we have developed PeLEDs that emit at a wave-
length of 399 nm, near ultraviolet (UV) light. This breakthrough not only simplifies the manufacturing process
but also sets new efficiency records of PeLEDs in this color range. These findings highlight the significant
potential of large-band-gap perovskite materials for next-generation UV lighting technologies.

SUMMARY

Advances in perovskite light-emitting diodes (PeLEDs) have established them as viable candidates for next-
generation displays and lighting across the entire visible spectrum, with recent investigations extending their
emissive properties into the deep blue and violet regions. However, achieving shorter emission wavelengths
presents a significant challenge due to the larger band gaps required of both the perovskite and charge trans-
port materials, compounding the difficulty in managing electron-hole pair recombination dynamics neces-
sary for efficient electroluminescence. In this work, we precisely tune the halide composition in two-dimen-
sional perovskites, successfully extending the band gap to 3.1 eV. By introducing an optimized dual-electron
transport layer architecture, we improve electron injection and hole confinement within the perovskite matrix,
culminating in a high-purity electroluminescent emission at 399 nm with a maximum external quantum effi-
ciency of 0.16%, a benchmark for PeLEDs operating in this spectral domain. These findings highlight the po-

tential of large-band-gap perovskite materials for next-generation light-emitting applications.

INTRODUCTION

Ultraviolet (UV) light, with its potent germicidal properties, is
essential for sterilization in healthcare and food safety and drives
advancements in data technology, three-dimensional (3D) print-
ing, nanofabrication, and optical communication systems.'™
Despite its ubiquitous use, the development of UV light-emitting
diode (LED) technology faces significant challenges, primarily
dominated by the complex manufacturing processes associated
with llI-V semiconductors, including InGaN, GaN, and AlGaN
materials.” These traditional methods rely on strict lattice match-
ing and epitaxial growth, often necessitating the use of metal-
organic chemical vapor deposition, which involves high-temper-
ature toxic precursor gases.

The advent of metal halide perovskites and their extraordinary
optoelectronic properties have revolutionized the field of

LEDs.?"'° These materials are celebrated for their ease of pro-
cessing, tunable band gaps, high luminescence efficiency, and
narrow emission linewidths, positioning perovskite LEDs
(PeLEDs) as promising alternatives for display and lighting tech-
nologies. In less than a decade, PeLEDs have achieved external
quantum efficiencies (EQEs) exceeding 25% for green and red
emissions.>>"""'® Additionally, blue PeLEDs, which demand
larger-band-gap semiconductors, are on the cusp of achieving
EQEs greater than 20%.'*'®

Substantial progress has also been made in developing novel
materials with wider band gaps, facilitating the transition toward
deep blue and violet emission.'®2 Jin et al. reported using the
2D perovskite 2-phenylethylammonium (CgHsCH,CHoNH3*,
PEA) lead bromide (PEA,PbBr,) to achieve color-pure violet
LEDs with 0.04% EQEs.*° By adapting electric field deposition
techniques, Jie et al. achieved deep blue LEDs with 0.31%
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EQEs."® Besides 2D perovskites, 3D perovskite nanocrystals
have also been explored for deep blue and violet devices. By
synthesizing CsPbCl; nanocrystals with phenylphosphonic di-
chloride (PhPOCI,), Qi et al. developed bright and stable
CsPbCl; nanocrystals and fabricated violet LEDs with peak
emission at 405 nm and 0.18% EQEs.”* Regarding lead-free pe-
rovskites, Shan et al. synthesized Cs3Sb,Brg quantum dots and
achieved violet LEDs with 0.21% EQEs.?" Previously, our group
improved the 2D perovskite crystallization process and pro-
duced violet LEDs with EQEs of 0.41% at 408 nm.*

Despite this progress, achieving solution-processed PeLEDs
that can efficiently emit in the UV region has remained a chal-
lenging goal. The endeavor toward UV PeLEDs imposes even
stricter requirements for larger band gaps in emissive perovskite
materials and poses heightened challenges in the design of
charge transport layers and the management of radiative recom-
bination and energy transfer. In this work, we present PeLEDs
based on a 2D perovskite, which achieves a single electrolumi-
nescence (EL) peak below 400 nm with a peak EQE of 0.16%.
This effort not only validates the feasibility of UV PeLEDs but
also provides device design rules to ensure color-pure and effi-
cient perovskite light emission.

RESULTS

Demonstration of perovskite thin films with UV PL

Building on our previous work studying PEA;PbBr, violet-emit-
ting perovskites and taking advantage of the perovskites’
tremendous halide tunability, we replaced 50% phenethylam-
monium bromide (PEABr) with phenethylammonium chloride
(PEACI). The molar ratio of the perovskite precursors with
PEACI, PEABr, and PbBr,, respectively, in dimethyl sulfoxide
(DMSO) was 1:1:1. The perovskite films were spin coated on
quartz substrates and processed with a two-step annealing pro-
cedure according to our previous work.?” More details can also
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tonic band absorption peak at 382 nm,
similar to the pure bromide 2D perovskite
PEA,PbBr, with an absorption peak of
402 nm.?* According to the feed ratio, we
denote our new perovskite as PEA;PbCl4Brs. As shown in Fig-
ure 1B, we believe that PEA,PbCI;Brz should possess a 2D
structure similar to that of PEA;PbBr,4, where the [PbXg] (X = ClI
or Br) octahedral layers are interspersed with organic PEA layers.
This 2D structure is supported by X-ray diffraction (XRD) mea-
surements. The XRD patterns in Figure 1C confirm that
PEA,PbCIl4Brs has a similar 2D structure to PEA,PbBr,4, denoted
by the signature (00/) peaks. We also performed XRD fine scans
from 4.8° to0 5.8° and from 15.4° to 16.4° to enable detailed com-
parisons between PEA,PbCI{Brs and PEA,;PbBr,;. No obvious
peak shifts are observed in these two XRD spectra (shown in
Figures S1A and S1B). Considering only a small portion of Br is
substituted by Cl, this partial substitution may not be sufficient
to cause a noticeable change in the crystal structures as
observed through XRD.

To further investigate the chemical composition of the perov-
skite films, X-ray photoelectron spectroscopy (XPS) was em-
ployed to discern the precise atomic ratio of chlorine to bromine.
As depicted in Figure S2A, the XPS spectrum allows us to eluci-
date the elemental constitution of the films. Furthermore,
Figures S2B and S2C offer a detailed look at the binding energy
regions corresponding to Pb 4f, Cl 2p, and Br 3p, respectively.
Analyses of these spectra reveal that the atomic ratio within
the as-synthesized perovskite films stands at Pb:Cl:Br =
21.8:17.3:60.9. This ratio aligns well with the intended stoichio-
metric feed ratio of Pb:Cl:Br = 1:1:3, confirming the accuracy
of our fabrication process in achieving the desired chemical
composition.

Emissive defect states, which are particularly prone to forming
within large-band-gap semiconductors, can detrimentally affect
the performance of LEDs. The presence of defect states in semi-
conductors often manifests as changes in the PL spectrum upon
varying the excitation wavelength. Figure S3 demonstrates the
photoluminescence (PL) spectra of perovskite films under excita-
tion wavelengths ranging from 260 to 360 nm. Notably, the
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Figure 2. LED devices with different architec-
tures

(A) Energy-level diagram of the single-ETL device (i.e.,
TPBi device).

(B) Energy-level diagram of the dual-ETL device (i.e.,
TmPyPB/TPBi device).

(C) J-V curves for the TPBi and TmPyPB/TPBi
devices.

(D) EL spectra of the TPBi and TmPyPB/TPBi devices
show pure emission from the dual-ETL architecture.
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Investigation on dual ETLs

Traditional deep blue and violet PeLEDs
often employ 2,2/,2"-(1,3,5-benzinetriyl)-
tris(1-phenyl-1H-benzimidazole) (TPBi) as
the electron transport layer (ETL) due to its
favorable electronic properties, '%:2%:22:25:32-35
However, as shown by the energy-level
diagram in Figure 2A, TPBi’s highest
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consistency of the PL spectra across these excitation wavelengths
suggests that PEA,PbCI;Br; exhibits solely band-to-band emis-
sion without significant additional radiative states. Moreover, there
is only a minor contribution from red-shifted self-trapped excitons
(STEs) to the PL emission. Given that [PbClg]-based perovskites
are known for their broad white emission stemming from
STEs,?"*° the absence of broad emission in PEA,PbCl;Br; could
be attributed to the predominance of bromide in the [PbXg] octahe-
dral sites, as our synthesis involved a lower proportion of chloride
substitution. This clarity in the PL spectra underscores the poten-
tial of PEA;PbCI4Br; as a promising candidate for UV EL applica-
tions. It should be noted that due to the relatively low PL quantum
yield (PLQY) of PEA,PbCI4Br3 (we previously measured a value of
8% for PEA,PbBr,)*? and the low sensitivity of our integrating
sphere inthe UV wavelength region, we could not resolve accurate
PLQY values of the UV films. We estimate that the PLQY is on the
order of 1%.

To ascertain the precise energy levels of the organic-inorganic
hybrid 2D perovskites, we employed UV photoelectron spec-
troscopy (UPS) and low-energy inverse photoelectron spectros-
copy (LEIPS) to probe the ionization potential (IP) and electron af-
finity (EA), respectively. LEIPS is particularly advantageous for its
minimal chemical degradation impact on organic constituents,
rendering it an optimal technique for assessing the unoccupied
conduction band of organic semiconductors.’>*" As depicted
in Figure 1D, the IP was determined to be 6.8 eV using UPS.
Concurrently, LEIPS facilitated the measurement of UV light
emission from our sample upon exposure to low-energy elec-
trons, enabling the calculation of an EA of 3.7 eV. Comprehen-
sive details and calculations are presented in the supplemental
information (see Figures S4 and S5 and Notes S1 and S2).
Consequently, the band gap of the perovskite was calculated
to be 3.1 eV, corroborating the emission and absorption data
presented in Figure 1A.

350 400 450 500
Wavelength (nm)

550 600 occupied molecular orbital (HOMO) is posi-
tioned at a higher energy compared to the
valence band maximum of PEA,PbCIl4Brs.
This mismatch hinders effective hole confine-
ment within the perovskite layer, potentially facilitating hole
leakage and non-radiative recombination processes. Moreover,
the band gap of TPBi, approximately 3.5 eV, is very close to the
perovskite band gap of 3.1 eV, raising concerns over emission
spectral purity. The violet curve in Figure 2D illustrates the EL spec-
trum of a PEA,;PbCI4Brs device with a traditional TPBi structure.
When contrasted with the EL spectrum from a TPBi-only (no
perovskite) device (Figure S6), notable emission from the TPBI
layer is observed, indicating excitonic recombination within TPBI
that detracts from the desired device performance. We suspect
that the small peak around 480 nm results from old chemical res-
idues inside our general-use evaporator, which introduce unin-
tended emission centers.

To address this challenge, we integrated an additional ETL,
1,3,5-tri(m-pyridin-3-ylphenyl)benzene (TmPyPB), between the
perovskite and TPBi layers. TmPyPB, known for its electron-defi-
cient pyridine moieties, serves as an effective electron-transport
and hole-blocking layer in various organic electronic de-
vices.>*" Its lower HOMO level of 6.7 eV is compatible with
the valence band maximum of PEA,;PbCl;Brs, thereby
enhancing hole-blocking efficiency within the dual-ETL device
stack. Furthermore, TmPyPB’s wider band gap of 4.0 eV miti-
gates the spectral overlap with the perovskite emission. For
the modified device architecture, we employed a dual-layer
ETL comprising 20 nm TmPyPB and 20 nm TPBI, as shown in
Figure 2B, as compared to 40 nm TPBi in Figure 2A. The device
architecture in Figure 2B led to a considerable reduction in cur-
rent density at operational voltages, as evidenced by the current
density measurements in Figure 2C; at 5 V, the TmPyPB/TPBI
device exhibited a current density of an order of magnitude lower
than that of the TPBi device. It is worth noting that dual-ETL de-
vices have better band alignment, leading to smaller currents af-
ter turn on compared to single-ETL devices.*>** However,
TmPyPB is also not perfect, as the higher HOMO level of
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TmPyPB compared to the valence band maximum of
PEAzPbCI:Brs can lead to hole leakage. Devices with TmPyPB
only as the ETL performed substantially worse. Its higher lowest
unoccupied molecular orbital level compared to TPBi introduces
a higher energy barrier for electron injection, which correlates
with the increased turn-on voltage observed in the dual-ETL
LED (~5.2 V, Figure 4C) compared to the single-ETL (TPBi)
LED (~4.4 V, Figure S7). Further optimization of the hole trans-
port layers and alignment of energy levels is necessary to further
improve device performance.*’

The EL spectra depicted in Figure 2D reveal that the TmPyPB/
TPBi device produces a sharp perovskite emission peak at
399 nm. In contrast, the EL spectra of devices with only TPBi
ETLs show broader peaks, indicating recombination occurring
both in the perovskite and TPBi layers. This broader spectrum
matches well with the perovskite emission (Figure 1A) and the
TPBi emission (Figure S6). The strategic replacement of part of
the TPBi layer with TmPyPB effectively suppresses exciton for-
mation in the TPBi layer and promotes exciton recombination
within the perovskite layer, culminating in the observed clean,
single-peak EL emission.

Optical measurements were also employed to further analyze
the influence of different device architectures on the optical
properties of the perovskite. As depicted in Figure 3A,
three distinct device structures—ITO/poly(3,4-ethylenedioxy-
thiophene)polystyrene sulfonate (PEDOT:PSS)/perovskite, ITO/
PEDOT:PSS/perovskite/TmPyPB/TPBi, and ITO/PEDOT:PSS/
perovskite/TPBi—exhibited identical PL spectra when excited
with a 365 nm lamp. To delve deeper, time-resolved PL (TRPL)
was conducted using a 379 nm pulsed laser to excite the de-
vices, where the 393 nm emission was monitored. Note that
TPBi PL was not observed under 365 or 379 nm excitations.
The TRPL data, presented in Figure 3B alongside the instrument
response function, were modeled using a bi-exponential decay
function:

I(t) = A4 exp( - %)

where A; and A are the amplitudes for the PL decay times of 74
and 7,. I(f) is the intensity of the PL. The fitted parameters
are summarized in Table 1. The PL decay of the perovskite/
TPBi sample had a relatively short average PL lifetime (tae =

4 Device 2, 100511, November 15, 2024

TmPyPB/TPBi sample, however, showed

the longest PL lifetime (rae = 4.04ns)
among the three samples in Table 1, implying that TmPyPB is
more effective in mitigating non-radiative recombination, poten-
tially due to its energy-level alignment with the perovskite, which
helps to confine charge carriers within the perovskite layer.

Evaluation of UV PeLED performance

Finally, we fabricated a series of dual-ETL PeLEDs with the struc-
ture quartz/ITO/PEDOT:PSS/PEA,PbCl;Brs/TmPyPB/TPBI/LiF/
Al, as shown in Figure 4A. Scanning electron microscopy
(SEM) of the cross-section of the device is shown in Figure S8.
PEDOT:PSS was spin coated on quartz ITO substrates, and
the perovskite was spin coated on top of PEDOT:PSS. The sub-
strates were then transferred to a vacuum chamber for thermal
evaporation, where 20 nm of TmPyPB, 20 nm of TPBi, 2 nm of
LiF, and 100 nm of Al were thermally evaporated sequentially.
More fabrication details can be found in the experimental pro-
cedures section. According to the previous two-step annealing
procedure, we can also obtain 2D perovskite thin films with
good coverage and crystallization, which is shown in the atomic
force microscopy (AFM) images in Figure S9.

The EQE-current density curves and the current density-
voltage-radiance curves of our champion devices are shown in
Figures 4B and 4C. Our dual-ETL PeLEDs achieve a peak EQE
of 0.16% at 2.9 mA/cm?, with an average EQE of 0.08% over
58 devices (Figure S10). At voltages >5.2 V, the device turned
on and reached its maximum radiance of 33 mWsr—'m~2 at
7.2 V. We did not observe any major change in the EL spectra
across a range of operating voltages from 6 to 8 V, with only a
small shoulder visible at 6 V. At 6 V, the electric field across
the PeLEDs may not be strong enough for electrons to overcome
the energetic barriers at the interfaces, effectively leading to ex-
citons forming in TPBi.

As shown in Figure 4D, the EL shows a dominant peak at
399 nm with an FWHM of 14 nm. We also conducted a detailed
analysis of the EL spectra of devices over time, employing a con-
stant current bias of 10 mA/cm? in an ambient atmosphere. The
results, depicted in Figure S11A, show that the EL spectra
remain stable throughout the measurement duration, indicating
consistent emission characteristics under the given operational
conditions. However, a critical aspect noted in our observations
is the limitation of the device’s operational lifetime, as is evident
from the Tsq value being less than 1 s (refer to Figure S11B).

The degradation of our UV PeLED is more severe than that in
red, green, and blue PeLEDs.*® Higher operational voltages in
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Table 1. Summary of fitted parameters for TRPL measurements

Materials A4 (%) 71, NS As (%) T2, NS R-squared, % Tave, NS
Perovskite 5,319.7 (52.4) 1.60 4,829.8 (47.6) 6.14 99.90 3.76
Perovskite/TmPyPB/TPBi 5,128.3 (52.2) 1.55 4,701.6 (47.8) 6.75 99.89 4.04
Perovskite/TPBi 5,349.5 (51.6) 1.21 5,025.3 (48.4) 5.48 99.88 3.28

UV PeLEDs result in increased electric fields, accelerating ion
migration within the perovskite layer. This ion movement creates
defects and vacancies, leading to non-radiative recombination
centers that diminish device efficiency and lifetime. Additionally,
the large band gap of UV-emitting perovskites necessitates
higher turn-on voltages, which contribute to greater electrical
stress and the breaking down of material. This stress can cause
lattice strain and deformation, disrupting the crystal structure
and degrading material quality. Furthermore, high-energy UV
photons could potentially break chemical bonds within the or-
ganics, leading to photodegradation and the formation of trap
states, which further reduce device performance and stability.
In summary, the higher band gap and associated stresses in
UV-emitting 2D perovskites result in pronounced instability is-
sues, necessitating advanced mitigation strategies to enhance
device longevity.

Figure 5 presents a comprehensive overview of the perfor-
mance benchmarks for solution-processed lead-halide violet
PeLEDs reported to date. This work demonstrates the emer-
gence of emissive perovskites for the UV regime, highlighting
the potential of wide-band-gap perovskite materials. Notably,
this advancement also delivers an EQE that is highly competitive
with the best-performing violet-emitting PeLEDs.

Conclusions
This investigation into the optoelectronic properties of the
mixed halide 2D perovskite material PEA,PbCI;Br; has yielded

significant insights into the complex mechanisms governing its
performance in PeLEDs. The introduction of TmPyPB as an
additional ETL enhances charge carrier confinement and re-
duces non-radiative losses, as evidenced by both optical mea-
surements and electronic device analysis. Our work culminates
in the successful demonstration of solution-processed PeLEDs
with UV emission below 400 nm, surpassing the spectral limita-
tions of previously reported devices while achieving reasonable
EQE values. These findings not only highlight the potential of
2D perovskites in next-generation optoelectronics but also
pave the way for further exploration into novel device architec-
tures and material compositions, with the ultimate goal of real-
izing highly efficient, stable, and commercially viable UV elec-
troluminescent devices.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be
directed to and will be fulfilled by the lead contact, Daniel N. Congreve
(congreve@stanford.edu).

Materials availability

All commercially available starting reagents and solvents were used directly
without further treatment unless otherwise specified.

Data and code availability

The published article includes all data analyzed in this study. Data are available
from the lead contact upon reasonable request.

A Figure 4. Dual-ETL PeLED performance
(A) Cross-section diagram of the dual-ETL PeLEDs.
(B) EQE-current density characteristics of the cham-
pion dual-ETL PeLED.
(C) Current density-voltage-radiance characteristics
of the champion dual-ETL PeLED.
TmPyPB (D) EL spectra under different operating voltages.
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Figure 5. Summary of solution-processed lead-halide PeLEDs in the
violet and ultraviolet regions

Materials

PEACI (>98%), PEABr (>98%), and lead(ll) bromide (PbBry; >99.999%) were
purchased from Sigma-Aldrich. Anhydrous DMSO (>99.9%), anhydrous
N,N-dimethylformamide (DMF; 99.8%), and anhydrous lithium fluoride (LiF,
>99.99%) were purchased from Sigma-Aldrich. PEDOT:PSS (Clevios Al
4083) was purchased from Heraeus. TPBi (>99.5%) and TmPyPB (>99.5%)
were purchased from Ossila. Al (99.99%) pellets were purchased from Kurt
J. Lesker Company. All chemicals were used directly as received.

Perovskite precursor

The perovskite precursor preparation was conducted inside a nitrogen-filled
glovebox at room temperature. 0.1 M PEA,PbCI4Br; stock solution was pre-
pared by dissolving stoichiometric PEACI, PEABr, and PbBr, in DMSO and
then left under continuous stirring for 2 h. The precursor solution was then
filtered with a 0.22 pm PTFE syringe filter before spin coating.

PeLED fabrication

The patterned-ITO-coated quartz substrates (ITO resistance: 20 Q/square,
Qingdao Vatti Glass) were sequentially solvent cleaned via sonication in ul-
tra-pure water (Millipore Sigma MilliQ Ultrapure Water Purification System)
with a 2% volume of detergent (Hellmanex Ill), acetone, and isopropanol for
15 min, respectively. These substrates were then dried under compressed
air and treated with UV ozone for 15 min (Jelight UV-Ozone Cleaner) immedi-
ately before spin coating PEDOT:PSS. The PEDOT:PSS aqueous solution was
filtered with a 0.22 pm PVDF syringe filter and then spin coated onto the
cleaned ITO substrates at 4,000 rpm for 60 s (with a ramp of 2,000 rpm/s), fol-
lowed by annealing at 150°C for 20 min in ambient air. Next, the substrates
were transferred to a nitrogen-filled glovebox. After the substrates cooled
down to room temperature, 150 pL perovskite precursor was dropped
onto the PEDOT:PSS film and spin coated at 3,000 rpm with a ramp of
2,000 rpm/s for 30 s. Subsequently, the substrates were transferred to a glass
Petri dish containing 30 pL of DMF vapor for 60 s. The DMF-treated Petri dish
had a resting period of 5 min between each substrate to ensure a DMF vapor-
rich environment. The Petri dish was wiped down with a dry nylon wipe before
adding 30 pL of new DMF between spins. Afterward, the substrates were an-
nealed at 70°C for 5 min in a nitrogen atmosphere to remove any residual sol-
vent. After the substrates cooled down to room temperature, they were moved
into a high-vacuum thermal evaporation chamber housed within a nitrogen-
filled glovebox, where TmPyPB (20 nm), TPBi (20 nm), LiF (2 nm), and Al
(100 nm) were deposited at 2, 1.5, 0.1, and 3 A/s, respectively, under a high
vacuum of approximately 8 x 107® mbar. The device area for all devices
was 0.04 cm?, as defined by the overlapping area of the ITO and Al electrode.
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The perovskite device with a single TPBi ETL (Figure 2A) was fabricated us-
ing the above methods. However, 40 nm of TPBi was deposited, replacing the
20 nm of TmPyPB. The TPBi EL device (Figure S6) was fabricated using the
same PEDOT:PSS deposition techniques, and subsequently, 40 nm of TPBi
replaced the original TmPyPB/TPBi layer. No perovskite layer was deposited.

Device characterization

EL spectra were captured using an Ocean Insight QE Pro with voltages
sourced to the device from a pre-programmed Keithley 2400. Currrent density -
voltage - radiance characterizations from 0 to 10 V with a voltage scanning
step of 0.4 V were performed using an HP4145A and a calibrated Thorlabs
photodiode (FDS1010-CAL) mounted just above the face of the device.

Structure and optical characterizations

The AFM images were taken in ambient air by Bruker Dimension lcon
ScanAsyst with PeakForce mode. The SEM images were collected on an
FEI Magellan 400 XHR scanning electron microscope operating at 5 kV,
25 pAbelow 9 x 10~° mbar with UC mode. The XRD data were collected using
a PANalytical X’Pert PRO XRD system with Cu Ka radiation. The XPS data
were collected using XPS: PHI VersaProbe 4 with a monochromatized Al
(Ka) source and dual-gun neutralizing system. UPS spectra were collected in-
side PHI VersaProbe 4 with an incident light energy of 21.22 eV (He | source). A
bias of —10 V was applied to the sample to measure the secondary electron
cutoff energy. Spectra both with and without bias were obtained. LEIPS was
also conducted inside PHI VersaProbe 4 with an electron gun with a band-
pass filter of 4.77 eV. Low-energy-electron transmission (LEET) spectra were
simultaneously collected using a microcurrent meter. The PL spectra were
measured with a Horiba FluoroLog-3 system with a Xe arc lamp. The PL life-
times were measured with the same system but with a pulsed 375 nm laser.
The absorption spectra were collected on the Agilent Cary 6000i UV-Vis-NIR
system with transmission mode.
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