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Hole Injection Monolayer Enables Cost-effective Perovskite Light-
Emitting Diodes 
Congyang Zhang,a Silvia Mariotti,a Luis K. Ono,a Chenfeng Ding,a Kirill Mitrofanov,b Caiyi Zhang,a 
Shuai Yuan,a Penghui Ji,a Jiahao Zhang,a Tianhao Wu,a Ryota Kabe,b and Yabing Qia*

Developing cost-effective fabrication is one of the key steps for metal halide perovskite light emitting diodes (PeLEDs) toward 
their future commercialization and industrial applications. Considering the low material consumption, upscalable processing 
and energy level offset tunability of surface anchored monolayer, we proposed a [2-(9H-carbazol-9-yl)ethyl]phosphonic acid, 
2PACz based hole injection monolayer (HIML) for the cost-effective fabrication of efficient PeLEDs. On the basis of the 
systematic surface science study and characterization, we elucidate the effect of 2PACz molecular layer on the work function 
engineering of ITO, energetic alignment and hole injection between ITO and perovskite emission layer, and radiative 
recombination of the perovskite layer at the bottom interface. In particular, our thickness dependent UPS measurement 
results suggest that the molecular dipole of 2PACz is the main contributor for the work function change of ITO. Finally, by 
demonstrating the efficient LEDs with blue emission and enlarged device area, we verified the universality of the HIML based 
strategy. This study highlights the great potential of the HIML for cost-effective PeLEDs, which can help translate perovskite 
light emission technologies toward the commercial level in the future.

1. Introduction
Known for their excellent luminescence efficiency, tunable 
emission color, and narrow emission linewidth, metal halide 
perovskite materials have received wide-ranging research 
interest during the past several years1-3. Since the first 
perovskite light emitting diode (PeLED) was demonstrated by 
Tan and coworkers in 20144, great progress has been made 
toward high device performance. These improvements 
benefited from various perovskite emission layer related 
strategies, such as composition engineering5, dimension 
control6-10, heterostructure designing11-16, defect passivation17-

21, etc. To date, the green, red, and near infrared PeLEDs with 
record high external quantum efficiencies (EQEs) of over 20% 
have been demonstrated8, 11, 16, 18, 20-24, which are comparable 
with the mature organic light emitting diode (OLED) and 
quantum dot light emitting diode (QLED) technologies. Despite 
these remarkable achievements based on perovskite material 
related strategies, the cost-effective device fabrication and 
production are often overlooked, and will be one of the vital 
aspects for commercialization of PeLEDs in the future25. 

In general, one of the major superiorities of PeLEDs is low 
cost of metal halide perovskite emission materials. However, 
considering the total cost of PeLEDs, the commonly used 
organic hole injection/transport layers (HILs/HTLs) account for 
a large proportion (see details in Fig. S1-2 and Table S1) of the 
whole material cost. In addition, because of the direct contact 
of HILs/HTLs with the perovskite emission layer (EML) in the 
standard device architectures, HILs/HTLs play a significant role 
on the hole injection, perovskite nucleation and growth, and 
luminescence quenching and interface passivation26-28. Hence, 
it is imperative to develop low cost HIL for efficient PeLEDs for 
reducing the so-called performance-cost gap. For efficient hole 
injection and transport, some conjugated polymers, such as 
poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), 
poly(9,9-dioctylfluorene-alt-N-(4-sec-
butylphenyl)diphenylamine) (TFB), poly(N-(4-
butylphenyl)diphenyl-amine) (poly-TPD), have been widely 
used. Nevertheless, most of them are expensive (Table S2 and 
Fig. S2b). Furthermore, as the underlying interfaces, their strong 
hydrophobicity would greatly suppress the nucleation and 
crystallization process of perovskite layers. To achieve a high 
quality perovskite layer using solution processing, interfacial 
modification needs to be designed elaborately, which makes 
the fabrication process of PeLEDs complicated26. A 
comprehensive comparison between the commonly used 
HIL/HTL is shown in Fig. 1a, regarding the wettability, 
suppression of fluorescence quenching of perovskite emission 
layer, and fabrication method compatibility with large scale. To 
date, poly(3,4-ethylenedioxy thiophene):poly(styrene sulfonic 
acid) (PEDOT:PSS) is the most widely used and affordable HIL for 
facilitating hole injection. However, because of the well-known 

a.Energy Materials and Surface Sciences Unit (EMSSU), Okinawa Institute of Science 
and Technology Graduate University (OIST), 1919-1 Tancha, Onna-son, Kunigami-
gun, Okinawa 904-0495, Japan.

b.Organic Optoelectronics Unit, Okinawa Institute of Science and Technology 
Graduate University, 1919-1 Tancha, Onna-son, Kunigami-gun, Okinawa 904-
0495, Japan.

*Corresponding author: Yabing Qi, E-Mail: Yabing.Qi@OIST.jp
Electronic Supplementary Information (ESI) available: [details of any supplementary 
information available should be included here]. See DOI: 10.1039/x0xx00000x

Page 1 of 11 Journal of Materials Chemistry C



ARTICLE Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

hygroscopic and acidic properties, indium tin oxide (ITO) 
electrodes can be easily corroded by PEDOT:PSS 27. Besides, 
charge carrier quenching at the PEDOT:PSS/perovskite interface 
is a severe issue, and limits the device performance and 
operation lifetime29. Metal oxides, such as nickel oxide (NiOx), 
show a great potential as well. But it requires a high annealing 
temperature (over 400℃ ), making the fabrication cost much 
higher, and also incompatible with the large scale PeLED device 
production30, 31. 

Surface anchored or self-assembled monolayers are small 
molecules with anchoring groups that can be chemically 
attached on metal oxide or metal surface as stable molecule-
thick layers32. they possess the advantages such as very low 
material consumption, upscale processing and green-solvent 
processability33. As surface modification layers, they are able to 
modulate and stabilize the work function of the anchored 
surface through forming dipole moments, thus promoting a 
better energy alignment at the interface34. Importantly, the rich 
diversity in anchoring groups and surface chemistry endows 
them with high designability and functionality. Therefore, these 
monolayers have been extensively studied in various 
optoelectronic application fields, including photovoltaics35, 
LEDs36-38, and transistors39, 40. Recently, they have also been 
employed in perovskite solar cells (PSCs) as charge-selective 
contacts, which were initiated by Magomedov and Yalcin in 
201841, 42. Furthermore, through optimization of the 
monolayers molecule and device fabrication process, the high 
power conversion efficiency (PCE) of over 23% and 29% have 
been demonstrated for single junction and tandem-devices, 
respectively43-47. These monolayers used in PSCs also play a 
significant role of interface passivation that greatly suppresses 
non-radiative recombination of perovskite layers48. Therefore, 
they are expected to be a suitable HIL to meet the requirements 
for efficient and cost-effective PeLEDs as well. It is interesting to 
note that during the preparation of this manuscript, two newly 
published studies demonstrated their PeLED devices using a 
monolayers based HIL and verified the feasibility of this strategy 
from the device application point of view49, 50. Rapid progress 
on perovskite optoelectronic devices with monolayer based 
HTL/HIL calls for a comprehensive understanding of the effect 
of monolayers on the interface engineering, hole injection and 
device performance.

Figure 1 Proof-of-concept HIML based PeLEDs. a The comparison of 
commonly used HIL/HTL and carbazole based HIML used in PeLEDs 
regarding the wettability, suppression of fluorescence quenching of 
perovskite layers, and fabrication method compatibility. b Device 
structure of the HIML based PeLED. c Electroluminescence spectrum of 
the HIML based PeLED. The inset photograph is the HIML based PeLED 
under operation, showing uniform and bright green emission.

Herein, we demonstrate a proof-of-concept cost-effective 
PeLED with a [2-(9H-carbazol-9-yl)ethyl]phosphonic acid, 2PACz 
based HIML that is directly anchored on ITO electrode (Fig. 1b). 
We chose 2PACz as the monolayer molecule because of the 
good wettability and suitable energy levels of the modified ITO 
that can be achieved simultaneously for the formation of 
uniform perovskite emission layer and hole injection in 
perovskite LEDs. Based on the HIML strategy, bright green 
emission PeLED (Fig. 1c) with a much higher efficiency and 
longer operation lifetime was achieved compared to both the 
bare ITO and commonly used ITO/PEDOT:PSS based devices. A 
systematic surface science study and characterization enable us 
to elucidate the critical role of 2PACz molecular layer on the 
work function (WF) engineering of ITO, energetic alignment and 
hole injection between ITO and perovskite emission layer, and 
radiative recombination of the perovskite layer at the bottom 
interface. Finally, we also demonstrate the applicability of the 
HIML based strategy in blue and large area PeLEDs with 
improved efficiency.

2. Experimental Section
2.1 Materials 

Cesium bromide (CsBr, 99.999%), Lead bromide (PbBr2, 
99.999%), Lead chloride (PbCl2, 99.999%), 18-Crown-6 (Crown), 
Phenethylammonium bromide (PEABr), and Rubidium Bromide 
(RbBr, 99.6%) were purchased from Sigma-Aldrich. [2-(9H -
Carbazol-9-yl)ethyl]phosphonic acid (2PACz), 1,6-
Diaminohexane (DAHE), Formamidine Hydrobromide (FABr), 
and N,N-dimethyl-1,3-propanediaminedihydrobromide 
(DPDABr2) were purchased from Tokyo Chemical Industry. 
Dimethyl sulfoxide (DMSO, Super Dehydrated), Ethanol and 
Chlorobenzene were purchased from Wako. PEDOT:PSS 
(Clevios PVP AI 4083) was purchased from Heraeus. TPBi and Liq 
were obtained from Luminescence Technology. All the 
chemicals were used without further purification.
2.2 Device fabrication

The patterned ITO glass substrates were cleaned by sequential 
ultrasonication within detergent aqueous solution, deionized 
water, acetone, and ethanol for 30 min each, and were dried 
under nitrogen flow. Pre-cleaned ITO substrates were treated 
with ultraviolet-ozone for 60 min. For HIML based devices, the 
2PACz was deposited on ITO glass substrates by spin-coating a 
2PACz/ethanol solution (3 mM) at 8000 rpm for 30s. Then, it 
was annealed on a hot plate at 150 ℃  for 20 min. For 
PEDOT:PSS based devices, PEDOT:PSS (Clevios PVP Al 4083) was 
spin-coated onto the cleaned ITO-coated glass at 4000 rpm for 
30 s and annealed at 150 ℃ for 20 min. Then, these substrates 
were transferred into a glovebox for the perovskite emission 
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layer deposition. For green emitting devices, the perovskite 
precursor was prepared by mixing CsBr (0.2 mmol), PbBr2 (0.2 
mmol), and PEABr (0.08 mmol), and crown (4 mg) in DMSO (1 
mL). After complete dissolving, the precursor was spin-coated 
at 1000 rpm for 5 s and 5000 rpm for 115 s, and then annealed 
at 80 ℃ for 10 min. For sky blue emitting devices, the perovskite 
precursor was prepared by mixing CsBr (0.18 mmol), RbBr 
(0.015 mmol), FABr (0.03 mmol) PbBr2 (0.09 mmol), PbCl2 (0.06 
mmol) and DAHE (0.015 mmol) in DMSO (1 mL). After complete 
dissolving, the precursor was spin-coated at 1000 rpm for 5 s 
and 4000 rpm for 115 s, and then annealed at 80 ℃ for 10 min. 
For pure blue emitting devices, the perovskite precursor was 
prepared by mixing CsBr (0.154 mmol), RbBr (0.066 mmol), 
PbBr2 (0.05 mmol), PbCl2 (0.15 mmol), DPDABr2 (0.04 mmol), 
and crown (4 mg) in DMSO (1 mL). After completely dissolving, 
the precursor was spin-coated at 1000 rpm for 5 s and 4000 rpm 
for 115 s, and then annealed at 100 ℃ for 10 min. Finally, TPBi 
(40 nm), Liq (2 nm), and Al (100 nm) were deposited by thermal 
evaporation. The active area of devices is 0.04 cm2. The hole-
only devices adopt the configuration of 
ITO/2PACz/Perovskite/HATCN/Al. The fabrication of 2PACz and 
perovskite layers was similar to the PeLEDs. The HATCN layer (8 
nm) in hole-only devices was deposited through thermal 
evaporation under high vacuum.
2.3 Characterization and device measurement

The XRD characterization was conducted by a Bruker AXS D8 
Discover diffractometer. UV-vis spectra were recorded by a 
JASCO V-670 spectrophotometer. Steady-state PL spectra and 
PLQYs were taken by an JASCO FP -8500 spectrophotometer. 
Time-resolved PL spectra were measured by a time-resolved 
spectrometer (Hamamatsu, Streakscope) equipped with a 
femtosecond mode-locked Ti:sapphire laser, excited at 400 nm 
and measured at room temperature. The chemical 
compositions and energy levels were determined by the XPS 
and UPS on a photoelectron spectrometer (XPS-AXIS Ultra HAS, 
Kratos) equipped with monochromatic Al-Kα = 1486.6 eV and 
nonmonochromatic He-I = 21.22 eV sources. The binding energy 
scales for UPS and XPS were calibrated by measuring the Fermi 
edge (EF = 0 eV) and Au 4f7/2 (84.0 eV) on a clean Au surface. For 
the thickness-dependent UPS measurement, 2PACz was 
evaporated on ITO surface in a vacuum chamber with a base 
pressure of ~1×10-4 Pa. Before the evaporation experiment, 
the quartz crystal microbalance (QCM) was calibrated by 
comparing the thickness displayed at the QCM with the real 
thickness measured by AFM (with a film scratching method). 
After the calibration, we further confirmed that the nominal 
thickness is almost consistent with the real thickness measured 
by AFM (Fig. S22). SEM images were obtained by a scanning 
electron microscope (Helios NanoLab G3 UC, FEI). Contact angle 
measurements were conducted by a drop shape analyzer (FM 
4000, Krüss GmbH, Germany). Tapping mode AFM images were 
acquired using an ASYLUM-MFP-3D equipment with standard 
silicon cantilevers and a nominal spring constant of 48 N/m and 
resonant frequency of 190 kHz (AFM cantilever model number 
and manufacturer: Tap 190Al-G from Budget Sensors). The 
luminance-current-voltage (L-I-V) characteristics and EL spectra 

were measured simultaneously with a Keithley 2400 source 
meter and Konica Minolta CS-2000 spectroradiometer. All the 
devices were encapsulated with cover glasses by UV glue 
(Norland NOA81), and measured in air at room temperature. 
The EQE values were calculated based on the 
spectroradiometer method according to our previous works51, 

52. Transient absorption experiments were conducted using a 
pump-probe method using the experimental setup with the 
CMOS detector (S12198-1024Q, Hamamatsu) and InGaAs 
photodiode array (G9203-256DA, Hamamatsu). Short laser 
pulses were generated by the Yb:KGW laser (Light conversion, 
Pharos, 1030 nm, 1 kHz repetition rate, 150 fs, 2 mJ per pulse): 
365 nm pump beam was generated with the use of the optical 
parametric amplifier (Light conversion, ORPHEUS), and the 
probe beam was focused into a YAG plate to generate white 
light continuum.

3. Results and Discussion
3.1 Device performance of the PeLED with 2PACz based HIML

2PACz was selected as the target HIML molecule. Its 
chemical structure is shown in Fig. S3, which contains a 
carbazole moiety, a hydrocarbon chain and a phosphonic acid 
anchoring group. It is well know that the phosphonic acid 
groups are able to be attached on a metal oxide surface through 
strong bidentate/tridentate bonds, forming a uniform and 
stable monolayer at room temperature53. Recently, 2PACz and 
its derivative molecules have been successfully demonstrated 
in high-performance p-i-n perovskite solar cells to modify the 
transparent conducting oxide (TCO) with a better aligned 
energy level for charge transfer45, 46. In addition, owing to the 
existence of electron-rich carbazole heterocycles, an excellent 
passivation effect at the TCO/perovskite interface has been 
verified as well33.

In this work, based on the reported recipe54, 2PACz was 
directly deposited on the ITO electrode with a 2PACz/ethanol 
solution (1 mg/mL, corresponding to ~3 mM). Based on the ITO 
substrate modified with 2PACz as HIML (ITO/2PACz), we 
fabricated the green-emitting PeLEDs with the device structure 
of ITO/2PACz/perovskite/2,2',2''-(1,3,5-benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole) (TPBi)/8-hydroxyquinolinolato-
lithium (Liq)/Al (Fig. 1b). The cross-section SEM image of the 
HIML based PeLED is shown in Fig. 2a, from which individual 
layers can be clearly observed. Because of the monolayer 
feature, it is difficult to distinguish the 2PACz layer between ITO 
and perovskite. Under electric bias, the PeLED shows bright 
green-emission electroluminescence (EL) spectrum with a peak 
centered at 514 nm and a narrow full width at half maximum 
(FWHM) of 21 nm (Fig. 1c). In comparison, the bare ITO based 
PeLED was fabricated. Fig. 2b, c show the current density-
voltage-luminance (J-V-L) and EQE-J curves, respectively. A 
much lower leakage current is observed for the ITO/2PACz 
based device than the one with bare ITO, which can be 
attributed to the much lower trap density at the interface 
between ITO and the perovskite emission layer. In addition, the 
ITO/2PACz based device has a lower turn-on voltage (~3 V) than 

Page 3 of 11 Journal of Materials Chemistry C



ARTICLE Journal Name

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

Figure 2 Device performance of the PeLED device based on 2PACz as HIML. a Cross-section SEM image of the HIML based PeLED. b-e (b) Current 
density and luminance versus driving voltage curves, (c) EQE-current density curves, (d) histogram of the maximum EQE, and (e) normalized 
luminance-time curves operated under constant current at the initial luminance of ~100 cd/m2 of the PeLEDs with and without 2PACz as HIML.

the bare ITO based device (~3.4 V). After turning on, its current 
density becomes larger at the same given voltages. All these 
device results indicate the facilitated charge injection property 
of 2PACz on ITO. Based on these improvements, the ITO/2PACz 
based device reaches a peak EQE of 11.6% at a current density 
of ~4.1 mA/cm2. In contrast, EQE of the bare ITO based device 
is only 7.1%. In addition, the ITO/PEDOT:PSS based PeLED was 
also fabricated, and showed even worse EL performance with a
peak EQE of 1.8% (Fig. S4). Fig. 2d shows the histogram of the 
peak EQE values for 20 devices, revealing an average peak EQE 
of 6.4% and 9.5% for the ITO and ITO/2PACz based devices, 
respectively. Besides, compared to the bare ITO, the ITO/2PACz 
based devices show significantly lower relative standard 
deviation (11.6% vs. 36.3%), indicating the good reproducibility 
of our HIML based devices. The operational stability of PeLEDs 
is another key issue that limits their practical application. 
Therefore, we measured the operational lifetime of these two 
devices in ambient air at the initial luminance of 100 cd/m2. As 
shown in Fig. 2e, luminance of the bare ITO based device 
reduces rapidly under constant current with a half time (T50) of 
~12 min. In contrast, the ITO/2PACz based device shows a 
remarkably increase of T50 value to ~68 min. Even though the 
ITO/2PACz based device showed longer operation lifetime, the 
luminance overshoot (i.e., luminance first increased with time 
and then decreased) was observed. It can be mainly attributed 
to ion migration, especially related to halide ions that migrate 
towards and accumulate at grain boundaries and device 
interfaces. Charge injection from the electrodes tends to be 
facilitated because of the strong local electric field at the 
interfaces, and results in the initial luminance overshoot.55, 56 

The luminance overshoot issue of the bare ITO based device 
was less distinctive than the ITO/2APCz based device, and this 
is likely because the inferior ITO/perovskite interface leads to 
rapid degradation of device performance even before the 
overshoot issue can be observed. Overall, the significant 
improvements of the device performance clearly demonstrate 
the great potential of the 2PACz based HIML for PeLEDs.
3.2 Characterization of 2PACz as HIML on ITO

In general, phosphonic acid based monolayer can be formed 
on ITO surface with strong chemisorption (Fig. 3a). The obvious 
improvement of PeLEDs performance should be greatly related 
to the 2PACz based HIML formed on ITO. To identify the atomic 
species of 2PACz on the ITO surface, we conducted X-ray 
photoelectron spectroscopy (XPS) measurements. All the peak 
fittings and analyses were conducted using the CasaXPS 
software. Mixed Gaussian/Lorentzian line shape and Shirley 
background were used for the XPS curve fitting. During the 
fitting, we constrained the ratio of Lorentzian/Gaussian line 
shape as 30%. Fig. 3b shows the high-resolution XPS spectrum 
of C 1s for the ITO/2PACz sample, which can be fitted into 5 sub-
peaks. In addition, the peak FWHM for all the peaks in the C 1s 
region was kept as the same. The peaks are in reasonable 
agreement with the previous works43, 46, 47, 54, and can be divided 
into two categories, including three kinds of carbon (CⅠ , CⅡ , 
and CⅢ) from 2PACz (marked in Fig. 3a) and two kinds carbon 
from adventitious species (CⅣ and CⅤ). The strongest peak (CⅠ

) at 283.8 eV can be assigned to the C-C or C-H bonds of 
aromatic carbon. The two peaks (CⅡ, and CⅢ) at 284.6 eV and 
285.9 eV arise from the two types of carbon connecting with 
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nitrogen and phosphorous atoms of the 2PACz, respectively. In 
addition, 

Figure 3 Characterization of 2PACz as HIML on ITO. a Schematic illustration of ITO/2PACz. Gray, yellow, blue, and red spheres represent C, P, N, 
and O atoms, respectively. b High-resolution XPS spectrum of the C 1s region of ITO/2PACz. c High-resolution XPS spectra of the P 2p region of ITO 
coated with 2PACz as HIML and thick film. d Optical transmittance of the ITO, ITO/2PACz, and ITO/PEDOT:PSS substrates. e-f Tapping mode AFM 
images of (e) ITO and (f) ITO/2PACz.

the residual two peaks (CⅣ and CⅤ at 285.2 eV and 286.6 eV, 
respectively) are attributed to the carbon connecting with 
oxygen atoms via a C-O single bond and a C=O double bond 
originated from adventitious hydrocarbon33, 57, 58. In contrast,  
the bare ITO substrate does not show signals of 2PACz, instead, 
only has three typical hydrocarbon peaks of C-C/C-H, C-O, and 
C=O with reasonable FWHM (Fig. S5). Furthermore, the 
thickness of 2PACz on the ITO surface was estimated to be 1.1 
nm (approximately 1 molecular layer thick) using the XPS 
intensity attenuation method based on Lambert-Beer Law (See 
details in Fig. S6) 59-61. In particular, to reveal the possible 
chemical interaction at the very interface between ITO and 
2PACz, a thick 2PACz film was prepared on ITO as well for 
comparison (by using a 2PACz/ethanol solution (10 mg/mL)). As 
shown in Fig. S7a, by comparing its element ratio of P/In with 
that of the thermal vacuum evaporated ITO/2PACz sample of 
which the thickness can be precisely controlled, we can roughly 
estimate that the thickness of the 2PACz thick layer is over 40 
nm. Compared to the monolayer sample, both the C 1s and N 
1s XPS spectra of the thick 2PACz film shift to lower binding 
energies, which can be attribute to the band bending at the 
2PACz side when contact with ITO (Fig. S7b-c). However, the P 
2p peaks (both the P 2p1/2 and P 2p3/2) show slight shift toward 
higher binding energies (Fig. 3c), which is highly consistent with 
previous reports and provides us strong evidence of the 
deprotonation process of the phosphate acid of 2PACz upon 
reaction with the oxygen of ITO according to a tridentate 

binding or a bidentate and tridentate mixed binding 
mechanism53, 62, 63. 

The optical transmission property of the ITO and ITO/2PACz 
substrate was investigated as well. As shown in Fig. 3d, 
transmittance across the whole visible range of the ITO 
substrate remains nearly the same after the 2PACz deposition, 
which is even much better than ITO/PEDOT:PSS substrate in the 
range from 500 nm to 750 nm. However, in the range of 400-
500 nm, ITO/PEDOT:PSS has a better transmittance than the ITO 
and also ITO/2PACz. This phenomenon can be attributed to the 
relatively smaller refractive index (~1.33) of PEDOT:PSS than ITO 
(~1.97) and also the much lower absorption of PEDOT:PSS thin 
film in the wavelength range (400-500 nm), which 
synergistically reduce the overall reflective loss at the 
air/PEDOT:PSS and PEDOT:PSS/ITO interface and thus higher 
transmittance64. Overall, these results indicate the suitability of 
the ITO/2PACz to achieve the high light extraction efficiency for 
PeLEDs.

The surface topography of the ITO and ITO/2PACz 
substrates was studied by atomic force microscopy (AFM). The 
AFM images in Fig. 3e, f show insignificant difference for the 
surface topography between these two samples. These two 
substrates have similar root-mean-square (RMS) surface 
roughness (2.72 nm for ITO/2PACz, and 2.86 nm for the ITO 
substrate). The surface wettability is another important factor 
affecting the quality of polycrystalline perovskite film and 
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device performance, and we investigated it by measuring the 
contact angle using the perovskite precursor solvent (DMSO). 

Figure 4 Energetic characterization and enhanced hole injection of the HIML based PeLEDs. a Electron cut-off region of the UPS spectra of the bare 
ITO substrate and solution processed 2PACz HIML on ITO. b Electron cut-off region of the UPS spectra of the evaporated 2PACz films on ITO with 
different thickness. c Plot of WF change of 2PACz on ITO as a function of 2PACz thickness. d Schematic illustration of the ITO/2PACz and the three 
contributors that result in the WF change. e Energy alignment scheme for the HIML based PeLED assuming the vacuum level alignment. f Dark 
current-voltage curves of the ITO and ITO/2PACz HIML based hole-only devices.

As shown in Fig. S8, the contact angle of DMSO does not 
show significant change for the ITO and ITO/2PACz surface 
(12.5° for ITO and 14.9° for ITO/2PACz). Overall, both the ITO 
and ITO/2PACz substrate surfaces have a good wettability that 
is beneficial for the nucleation and growth of a perovskite 
emission layer.
3.3 Effect of the HIML on energetic alignment

For efficient PeLEDs, efficient hole injection requires the 
suitable energetic alignment between ITO and the perovskite 
emission layer. In particular, the detail investigation of 
electronic structure and energy level alignment of the 
ITO/2PACz interface is highly desired. To determine such an 
alignment, we performed ultraviolet photoemission 
spectroscopy (UPS) measurements. Fig. 4a shows the cutoff 
region of UPS spectra of ITO and ITO/2PACz, from which we can 
identify that the WF of ITO surface significantly increase from 
4.70 eV to 5.04 eV after 2PACz modification as a HIML. This WF 
change is consistent with the previous report54, which is due to 
the contribution of the dipole moment formed with anchored 
2PACz molecules.

To further investigate the WF change mechanism of 2PACz 
as HIML on ITO, we deposited the film using the vacuum 
thermal evaporation method, which allows precise control of 
the 2PACz film thickness. In this work, we prepared the 
ITO/2PACz samples with the 2PACz film thickness ranging from 

0 nm to 16 nm. Before the UPS measurements, we first 
characterized the morphology of the ITO/2PACz substrates. As 
shown in Fig. S9, with the deposition of 2PACz on ITO in 
sequence, the surface became more uniform and smoother 
gradually. Fig. 3b shows the cutoff region of the UPS spectra, 
and the gradual increase of the WF of ITO surface as 2PACz 
deposition was observed.

In general, the work function change ( ) of the monolayer ∆∅
modified ITO can be expressed as a combination of three 
components53. 

                                          (1)                                                          ∆∅ = ∆Vmol + ∆Vint.dip + ∆Vgeom.rel

ΔVmol is the component of the intrinsic dipole moment of the 
molecule perpendicular to the substrate surface, which induces 
an electrostatic potential energy change across the adsorbed 
monolayer. ΔVint.dip is the contribution of the dipole formed at 
the very interface between the molecular layer and surface due 
to charge redistribution resulting from the interaction with the 
substrate. ΔVgeom.rel is the WF change of the bare surface due to 
the geometric relaxations, which is often regarded as a minor 
contributor. In our case, we also consider that the ΔVgeom.rel is 
not a significant factor due to the negligible surface geometry 
changes of ITO modified with the phosphonic acid based 
monolayer53. In general, the magnitudes of both ΔVint.dip and 
ΔVmol are expected to be coverage dependent owing to the 
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enhanced depolarization effects within densely packed dipole 
layers65.

Figure 5 Effect of the HIML on the perovskite emission layer. a-c PL spectra (a), PLQYs (b), and time-resolved PL decay curves (c) of the perovskite 
film on the ITO, ITO/2PACz, and ITO/PEDOT:PSS substrates. d TA kinetics of the perovskite film on the ITO and ITO/2PACz substrates. e-f Dark 
current density-voltage curves of the hole-only device without (e) and with (f) 2PACz as HIML.

According to our UPS results of the evaporated samples, WF 
of bare ITO is 4.7 eV. With the gradual increase of the 2PACz 
thickness from 0 nm to 1 nm, the WFs increase rapidly. Then 
with further deposition of 2PACz, WF increase slowly, indicating 
that the monolayer has been formed at the thickness scale of 
~1 nm66. Compared to the bare ITO, the WF of ITO with 2PACz 
monolayer (~1 nm) increases 0.32 eV (to 4.98 eV), which is 
almost the same as the spin-coating case (0.34 eV, shown in Fig. 
4a and 4c). In fact, the growth mechanism of 2PACz on ITO 
based on the evaporation deposition process might be different 
from that in solution process, and result in more disordered 
packing of molecules66. It possibly affects the chemical bonding 
and degree of order of 2PACz on ITO that may correspond to 
the different charge transfer and the contribution of ΔVint.dip. 
From this viewpoint, we consider that in the ITO/2PACz system, 
ΔVmol is more likely the main contributor to the WF change, 
rather than ΔVint.dip (Fig. 4d), which agrees well with the previous 
theoretical and experimental findings of ITO/phosphonic acid 
systems53, 67, 68. Furthermore, we also compared the device 
performance of the green emission PeLEDs with solution based 
(using 1 mg/mL 2PACz/ethanol solution) and evaporation based 
(~1 nm) 2PACz HIML on ITO. As shown in Fig. S10, both of them 
show similar EL performance, including J-V-L curve and turn-on 
voltage. These results further corroborate our proposal that 
ΔVmol is the main contributor to the WF change of ITO/2PACz. 

For the fabrication of green emission PeLEDs, we used the 
typical phenylethylammonium bromide (PEABr) based quasi-2D 

CsPbBr3 perovskite as the emission layer, of which the UPS 
spectra were also measured and shown in Fig. S11. We can 
estimate that the perovskite emission layer has a valence band 
maximum (VBM) of 5.43 eV. Overall, as shown in Fig. 4e, 
compared to the bare ITO, the relatively smaller energy offset 
between WF of ITO/2PACz and the VBM of perovskite (0.39 eV 
vs. 0.73 eV for solution process and 0.45 eV vs. 0.73 eV for 
evaporation method) can be identified, suggesting a 
significantly reduced hole injection barrier from ITO to 
perovskite emission layer. Hole-only devices were prepared as 
well to further confirm the improved hole injection with 
assistance of 2PACz as HIML by employing the device 
architecture of ITO/2PACz/perovskite/1,4,5,8,9,11-
hexaazatriphenylene hexacarbonitrile (HATCN)/Al. The dark 
current-voltage curves are shown in Fig. 4f. The current density 
of the ITO/2PACz based device significantly surpasses that of 
the bare ITO based device, thus verifying the significant role that 
HIML plays in hole injection from ITO toward the perovskite 
film.
3.4 Effect of HIML on the perovskite emission layer

To explore the role of HIML on the growth of the perovskite 
emission layer, we investigated the quality of the perovskite 
film on ITO substrate with and without 2PACz. We first 
performed scanning electron microscope (SEM) measurements 
to study their morphology. As shown in Fig. S12, uniform 
polycrystalline quasi-2D perovskite films are grown on both the 
ITO and ITO/2PACz substrates. For these two samples, fewer 
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pinholes are observed for the perovskite film on the ITO/2PACz 
surface, which is expected to be beneficial to reduce electrical 
shunt paths, and could be ascribed to the good contact of the 
perovskite layer with the ITO surface. We then conducted X-ray 
diffraction (XRD) measurements to study the possible crystal 
structure change. As shown in Fig. S13, the diffraction peaks at 
around 15.1°, 21.3°, and 30.3° can be assigned to the (101), 
(121) and (202) planes of the orthorhombic Pnma CsPbBr3 
phase. Note that similar to the results in a previous study,69 the 
(121) and (202) planes are close to the peak positions of the ITO 
substrate. No obvious change is observed between these two 
samples, which indicates the similar effects on the crystal 
growth of the perovskite film in the two cases of ITO/2PACz and 
bare ITO.

To investigate the optical property of the perovskite film on 
different substrates, we employed a series of optical 
spectroscopy techniques. Fig. S14 shows the absorption spectra 
of the perovskite film on ITO and ITO/2PACz, suggesting that 
2PACz has almost no influence on the band gap and quantum 
well distribution of the quasi-2D perovskite films. However, a 
significant difference was observed in the PL spectra. As shown 
in Fig. 5a, the perovskite film on the ITO/2PACz substrate 
exhibits a remarkable enhancement (~20%) of PL intensity than 
that on the ITO substrate. The perovskite film on the 
ITO/PEDOT:PSS substrate was fabricated and measured as a 
control sample. A significant PL quenching was observed when 
compared to the ITO and ITO/2PACz based samples. The PL 
quantum efficiency (PLQY) of these three thin films were 
measured and shown in Fig. 5b. They follow the same trend of 
the PL intensity change, which are 18.42%, 19.91%, and 5.28% 
for ITO, ITO/2PACz, and ITO/PEDOT:PSS, respectively. To further 
determine the recombination kinetics of these perovskite thin 
films, we tracked the time-resolved PL (TRPL) decay curves 
under an excitation of 400 nm (Fig. 5c). The TRPL curve can be 
fitted with a bi-exponential function. The fast decay channel is 
related to the non-radiative recombination at grain boundaries 
and interfaces (including charge transfer and trap-assisted 
quenching), while the longer channel is ascribed to the radiative 
recombination of the perovskite film17, 70. The average PL 
lifetime can be estimated based on the following formula:

                                                                                (2)                                                                                                            𝜏𝑎𝑣𝑒 =
𝐴1𝜏2

1 + 𝐴2𝜏2
2

𝐴1𝜏1 + 𝐴2𝜏2

All of these fitted lifetime results are summarized in Table S3. In 
comparison, the fraction of fast decay channel (A1) of the 
perovskite film on ITO/2PACz is much smaller than other 
samples, indicating reduced non-radiative recombination. 
Owing to the better matching of energy levels between ITO and 
the perovskite VBM, the charge transfer between them should 
be more favorable. Therefore, the reduced non-radiative 
recombination should be largely attributed to the reduction of 
trap states at ITO/perovskite interface, instead of the 
suppression of charge transfer. The average PL lifetime for the 
ITO, ITO/2PACz, and ITO/PEDOT:PSS based samples are 3.31, 
5.66, 0.72 ns, respectively. The ITO/2PACz based sample 
exhibits the longer lifetime, suggesting that 2PACz deposited on 
ITO is able to reduce the trap states, thus suppress the non-
radiative recombination and luminescence quenching. In 

addition, we also measured the TA spectra and kinetics for the 
perovskite film on ITO and ITO/2PACz to further identify their 
recombination dynamics. As shown in Fig. S15, both samples 
exhibit a bleach peak around ~510 nm that belongs to the 3D 
phase of the quasi-2D perovskite71. We tracked the change of 
ΔA (bleach recovery) at this bleach peak as a function of delay 
time (Fig. 5d). Both two samples can be fitted with a bi-
exponential function (the fitted results are shown in Table S4). 
Accordingly, a slow and a fast decay kinetic, corresponding to 
long- and short-time constants, is τ1 and τ2, respectively. The 
fast bleach recovery kinetics are related to the trapping process 
by defects at the ITO or perovskite surface, while the slow 
kinetics (corresponding to long time scales) are dominated by 
exciton recombination.41, 72 But the perovskite film on 
ITO/2PACz has a relatively longer exciton lifetime of 812.26 ps 
than the ITO based sample (250.65 ps). The much slower bleach 
recovery dynamic of the ITO/2PACz based perovskite sample 
further support the beneficial effect of 2PACz for suppression of 
the non-radiative recombination process at the ITO/perovskite 
interface.

Furthermore, based on the ITO and ITO/2PACz based hole-
only devices, we also measured their trap-filling limit voltages 
(VTFL, the kickpoint between the Ohmic region and trap-filling 
limit region). The trap density (Ntrap) of these perovskite 
samples can be estimated based on the following equation73, 74: 

                                                                               (3)                                                                                                       𝑁𝑡𝑟𝑎𝑝 =
2𝑉𝑇𝐹𝐿𝜀𝜀0

𝑒𝐿2

Where ε is the relative dielectric constant (~22 for the CsPbBr3) 
75, ε0 is the vacuum permittivity (8.85 × 10-12 C/V•m), e is the 
electron charge (1.6 × 10-19 C), and L is the thickness of the 
perovskite film (∼35 nm). As shown in Fig. 5e-f, in comparison 
with the ITO based device, VTFL of the ITO/2PACz based device is 
much lower (1.28 V vs. 2.44 V). The trap density of the 
perovskite film on ITO/2PACz is calculated to be 2.54 × 1018 cm-

3, which is much lower than the perovskite film on ITO (4.85 × 
1018 cm-3). These results are almost consistent with the PL 
lifetime and TA kinetic results, thus greatly highlighting the 
significant role of the 2PACz on suppressing non-radiative 
recombination and luminescence quenching of the perovskite 
film.
3.5 Universality of the HIML based PeLEDs

Finally, blue perovskite thin films and HIML based blue 
PeLEDs were fabricated to demonstrate the universality of the 
HIML based strategy. To prepare blue emitting perovskite films 
(including a pure blue and sky blue one), we mixed Cl with Br in 
the perovskite precursor. We first measured their absorption 
and PL spectra. As shown in Fig. S16, with and without 2PACz on 
ITO, both the pure blue and sky blue perovskite samples have 
similar absorption features. But remarkably increased PL 
intensity was observed on ITO/2PACz substrate compared to 
the ITO substrate, indicating greatly improved radiative 
recombination. To further confirm this point, the perovskite 
thin film samples were characterized with TRPL (Fig. S17 and 
Table S3). The average PL lifetimes of pure blue and sky blue 
perovskite films on ITO/2PACz substrates are 3.23 ns and 2.99 
ns, respectively, which are longer than on the pristine ITO 
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substrate (2.64 ns and 2.61 ns, respectively). These results 
clearly demonstrate the critical role of 2PACz on ITO for 

Figure 6 Universality of the HIML based PeLEDs. a device structure of the HIML based blue-emitting PeLEDs. b EL spectra of the pure-blue and sky-
blue emitting PeLEDs (insets show the photographs of the working devices). c Current density and luminance versus driving voltage curves of the 
pure-blue and sky-blue emitting PeLEDs. d The tracked EL spectra of the pure-blue PeLEDs operated at voltages ranging from 6 to 9 V. e Normalized 
luminance-time curves operated under constant current at the initial luminance of ~100 cd/m2 of the sky-blue PeLEDs with and without 2PACz 
HIML. f The photograph of the large-area HIML based PeLED.

interface engineering of blue emitting perovskite with 
suppressed non-radiative recombination.

Using the same device structure, we fabricated the pure 
blue and sky blue PeLEDs (Fig. 6a). The EL spectra are plotted in 
Fig. 6b, which show the emission wavelengths at 469 and 498 
nm, with narrow FWHM (16.9 nm and 14.7 nm), respectively. 
The corresponding CIE color coordinates of these colorful 
PeLEDs are shown in Fig. S18 as well. We measured the device 
performance of these blue PeLEDs with and without HIML. As 
shown in the Fig. 6c and Fig. S19, in contrast to the bare ITO, the 
ITO/2PACz based pure-blue and sky-blue devices show much 
lower leakage current, smaller turn-on voltage, higher current 
density after turn-on and higher maximum luminance. 
Consequently, the ITO/2PACz based pure-blue and sky-blue 
devices exhibit higher peak EQE of 0.11% (vs. 0.09%) and 3.69% 
(vs. 0.85%), respectively. The possible reasons for the limited 
performance of blue emitting devices are inferior hole injection 
and low PLQYs of perovskite layers. Due to the deep VBM 
energy levels of the blue emitting perovskite, blue PeLEDs suffer 
from a large hole injection barrier between the ITO electrode 
(even with 2PACz HIML modification) and the perovskite 
emission layer, resulting in the imbalanced injection of charge 
carriers. Additionally, to increase the bandgap of the perovskite 
film, especially for the pure-blue PeLED device, some Cl anions 
were introduced into the perovskite film. The high 
concentration of Cl anions in the perovskite film can lead to 
deep trap states and give rise to relatively low PLQY and poor 
device performance.76 But these performance results follow the 

similar trend as observed in the case of green emitting PeLEDs, 
which further demonstrates the critical role of HIML in 
facilitating hole injection and interfacial modification effect. 
More importantly, the spectra stability issue is a critical 
challenge for mixed halide perovskite emitters, especially for 
the pure blue with higher Cl content51. We tracked EL spectra of 
the pure blue PeLEDs. As shown in Fig. 6d and Fig. S20 the EL 
spectra of the bare ITO based pure blue device exhibited a 
gradual red-shifted (~8 nm) from 469 nm to 477 nm within 6-9 
V range. By contrast, the EL spectra of ITO/2PACz based pure 
blue device seems to be much stable without obvious EL shift 
(only ~2 nm). For the sky blue PeLEDs, their operational stability 
was measured at the initial luminance of 100 cd/m2. As shown 
in Fig. 6e, similar to the green emitting devices, the ITO/2PACz 
based sky blue PeLED has a much longer T50 (~135 s) than the 
bare ITO based device (the T50 is only ~37 s).

Considering the simple and cost effective fabrication 
process of HIML, the HIL strategy possesses great potential for 
large area PeLEDs, which is promising for their practical 
applications in solid-state display and lighting in the future. 
Herein, with the assistance of HIML on ITO, we fabricated a 
large area green emitting PeLED with device area of ~60 mm2. 
Fig. 6f presents a photograph of the representative large-area 
HIML based PeLED. After turning on, it shows bright and 
uniform green emission from the device area with a maximum 
luminance of 4656 cd/m2 and a peak EQE of 3.1% (Fig. S21).
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4. Conclusions
In summary, we have demonstrated a general strategy of 

the HIML for low cost efficient PeLEDs toward reducing 
performance-cost gap. Through the systematic study of the 
interface engineering between ITO and perovskite with 2PACz 
as a HIML, we are able to gain a comprehensive insight into the 
effect of 2PACz on the device performance. In particular, with 
the thickness dependent UPS study, we figure out the work 
function change mechanism that mainly originated from the 
molecular dipole contribution of 2PACz. Overall, the 
employment of 2PACz based HIML was found to be beneficial 
for hole injection from ITO to perovskite, and also in favor of 
reducing non-radiative recombination and suppressing 
luminescence quenching at the ITO/perovskite interface. 
Finally, we verified the good universality of our HIML based 
strategy by demonstrating efficient blue PeLEDs and large area 
devices. Given the rich diversity of the HIML chemistry, we 
foresee usage of more versatile HIML candidates with improved 
capabilities for PeLEDs in the future.
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