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Abstract

The property of the underlying hole transport layer (HTL) plays a crucial role in determining the
optoelectronic performance of perovskite light-emitting devices (PeLEDs), as their governing abilities in
carrier injection and charge transport. However, endowing the current HTL system with a deep highest
occupied molecular (HOMO) level concurrent with high hole mobility is still a big challenge, in particular
being an open constraint toward high-efficiency blue (range of 460-495 nm) PeLEDs. In this regard,
employing the traditional HTL material of poly(9-vinylcarbazole) (PVK) as a model, we perform efficient
incorporation of the atomic-precision metal nanoclusters (NCs), [AggPL¢, PL = (S)-4-Phenylthiazolidine-2-
thione], to achieve significant tailoring in both of HOMO energy level (from - 5.8 eV t0 -5.94 eV) and hole
mobility from (2.5x107° t0 2.34x10™% cm? V™' s71), thus realizing the flat-band injection of holes
between HTL and emitting layer and a strengthened ability in hole transport. As a result, the as-modified
PeLEDs exhibit an external quantum efficiency (EQE) of 12.02% at 488 nm, which is around 1.3 times
higher than that of the control device, i.e., 9.48%. The presented study exemplifies the success of metal
NCs involved in HTL engineering by deepening the concept of the metallic molecule, and offers a simple
while an effective additive strategy to settle the blue PeLEDs HTL dilemma, which paves the way for the
fabrication of highly efficient blue PeLEDs.

1. Introduction

The properties of the underlying hole transport layer (HTL) in perovskite light-emitting devices (PeLEDS)
play a key role in determining optoelectronic performance by affecting carrier charge transport and
injection.” ™ An ideal HTL should possess multiple functions of efficient hole injection and transportation
as well as electron blocking, which requires deep highest occupied molecular (HOMO) energy level and
the high hole mobility of HTL materials. However, given the fact that the intrinsic p-i-n planar structure
and the limitation in the fabrication process of PeLEDs, the lack of desired HTLs that meet such
requirements still restricts the development of their device performance,®~8 especially in the blue (range
of 460—495 nm) PeLEDs where utilize a wide bandgap as the light-emitting layer.’

As to the HTLs, they could be roughly divided into three species: (1) Inorganic materials are the most
commonly used HTL for PeLEDs due to their low cost, high carrier mobility, and good optical
transparency. However, the fabrication of inorganic materials typically requires high-temperature and
high-vacuum processes, which impede their application in large-area and flexible devices.’®'': (2) In
parallel, organic materials used widely in the organic LEDs (OLEDs) have also been well-employed as
HTLs for PeLEDs. On the contrary, organic materials-based HTLs enable device fabrication via solution
processing at room temperature. However, the low glass transition temperature of organic small
molecules makes them difficult to attain a high-quality film, decisive in the final performance of the
device.'?; (3) Compared with the above two HTLs materials, organic polymers are also the potential
candidate for HTLs because of their better solubility in organic solvents, higher film quality, and suitability
for the spin coating process.’®'* When it comes to the blue PeLEDs, the polymer with the wide bandgap,
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Poly(9-vinylcarbazole) (PVK), is a well-recognized HTL material.’>'® Nevertheless, the HOMO of PVK is
not deeper enough to close to the valence band maximum (VBM) of the perovskite emitting layer (EML),
leading to a barrier for hole injection as well as substantial nonradiative recombination at the interface. In
addition, the hole mobility of PVK is quite small (2.5x107° cm? V™' s™ 1), which restricts the hole
transport. Therefore, it is highly desirable to dope the HTL material to adjust the hole transport and
injection. To solve these problems, many additive materials have been developed to improve the property
of HTL, such as adding small molecules and inorganic materials. Although small molecules can well
enhance the hole injection of HTL, they show poor compatibility with perovskites as well as low
conductivity.'”'® In addition, inorganic materials with high hole mobility cannot tune the energy level
alignment of HTL. The lower solubility of inorganic materials in organic solvent also results in poor HTL
quality, which prevents their further development.’®20 Therefore, there is an urgent need to develop
additives, capable of simultaneously tuning the energy level alignment and enhancing the carrier transfer
mobility to improve the HTL performance of blue PeLEDs.

Atomically precise metal nanoclusters (NCs), typically possess a sub-2-nm metal core consisting of a few
to hundreds of metal atoms that are protected by an organic monolayer, and can be treated as metallic
molecules as their integrated molecular- and metallic-like physicochemical properties, such as high
electrical conductivity, abundant surface active sites, good solution processability, etc.222 In this
scenario, the NCs can interact with a variety of materials as electrodes sensitized materials, bifunctional
interfacial mediator and photosensitizer, which has great application potential of being additives in the
optimization of functional layers of photovoltaic devices.?3~2° Herein, considering the film formation
process, stability, electrical conductivity, and energy level alignment, we employed the (S)-4-
Phenylthiazolidine-2-thione (PL) capped Ag nanoclusters with a formula of [Ag¢PL¢] as an additive to
optimize the hole transport layer of PVK toward efficient blue PeLEDs.2%728 Through the characterization
of Kelvin Probe Force Microscopy (KPFM) and the density functional theory (DFT) calculations, the
modulation of the energy level alignment by dipoles from Agg NCs and PVK achieves the flat-band hole
injection between the HTL and perovskite EML, reducing the turn-on voltage of the devices.29732
Meanwhile, the hole mobility of the PVK (2.5x107° cm? V™' s™ 1) is strengthened around 9.1-folds by Agg
NCs t0 2.34x10"% cm? V™1 s71, which results in balanced carrier transport realizing high device
performance. The EQE of PeLEDs modified by Agg NCs reached 12.02% and is around 1.3 times that of
the control device (9.48%). In addition, the device-based Agg NCs doping realized a higher luminance of

5554 cd/m? due to the more balanced carrier recombination.

2. Result And Discussion

Energy levels of the most commonly used polymer-hole transport materials are summarized and shown
in Fig. 1a, which can be seen that PVK has become the most popular one for blue perovskite due to its
deep HOMO energy level 3334 To further be suitable for the wide bandgap blue perovskite materials,
atomically precise [Ag¢PL] (Agg hereafter) NCs were incorporated into the PVK HTL for PBA,Cs;,
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1Pb,,Brg,4+1 blue PeLEDs to improve device performance. The ultraviolet-visible (UV-vis) absorption
spectrum of Agg NCs dissolved in chlorobenzene (CB) with a band edge of 500 nm in Fig. 1b
demonstrates that the Agg NCs were successfully synthesized. The inset of Fig. 1b shows the molecule
structure of monolayer-protected Agg NCs which are composed of an octahedral Agg framework and the
ligand. The unique structure of Agg NCs aids in improving Ag solubility in organic solvents, which
expands the application of noble metal Ag with high conductivity and high mobility as a dopant in
PeLEDs. The transmission electron microscopy (TEM) images of Agg NCs in CB are shown in Fig. S1,
implying that Agg NCs have excellent monodispersity and the size distribution is around 2.4 nm.
According to the ultraviolet photoelectron spectra (UPS) spectra and Tauc-plot shown in Fig. 1c and Fig.
S2, the HOMO and lowest unoccupied molecular orbital (LUMO) energy levels of the Agg NCs are
calculated to be -6.29 eV, and - 3.45 eV, respectively. As shown in Fig. 1d, with the increase of the Agg NCs
content, the characteristic absorption intensity of the PVK in CB solvent at 400 nm related to the Agg NCs
increased, indicating that the Agg NCs had been successfully mixed into PVK. Moreover, the scanning
electron microscopy (SEM) and elemental mapping images of PVK films doped with 20% Agy NCs show
that all elements (C, N, Ag, and S) are uniformly distributed in the film, where S and Ag are characteristic
elements of Agg NCs, indicating that Agg NCs have been successfully doped into PVK film (Fig. S3). In
addition, the X-ray photoelectron spectroscopy (XPS) spectra of PVK films without and with Agg NCs are
shown in Fig. S4, a characteristic peak at 162.6 eV can be observed for the Agg NCs modified PVK films,
which is related to S from the Agg NCs, indicating that Agg NCs have been successfully doped into PVK

films. (Fig. S4).3536

The blue PeLEDs are fabricated with the device structure of glass/ITO/PEDOT: PSS/Poly[(9,9-
dioctylfluorenyl-2,7-diyl)-alt-(4,4'-(N-(4-butylphenyl)] (TFB)/HTL/quasi-2D perovskite film /1, 3, 5-tris(N-
phenylbenzimiazole-2-yl)benzene (TPBi)/(8-Quinolinolato)lithium (Liq)/Al, where PVK modified with Agg
NCs is used as the HTL. The schematic structure and cross-sectional SEM images of the device are
shown in Fig. 2a, and the optimized thicknesses of PEDOT: PSS, TFB/PVK with Agg NCs, quasi-2D
perovskite of PBA,Cs,, - 1Pb,Br3,+1, TPBi, and Lig/Al layers are about 35, 20, 15, 50, and 100 nm,
respectively. The normalized PL spectra of the perovskite film and the normalized electroluminescence
(EL) spectra of devices without and with 20% Agg NCs doping are shown in Fig. 2b. It is worth noting that
the EL spectra are almost identical to the PL spectra, illustrating that luminescence derives from the
perovskite ETL rather than other materials and the Agg NCs do not affect the EL spectra. The EL emission
peaks located in the blue region are at 488 nm with a narrow full-width at a half-maximum around 28 nm,
which is consistent with PL spectra for the quasi-2D perovskite film. The EL spectra intensity of optimal
and control devices gradually increases as the bias voltage increases from 4 to 7 V, as shown in Fig. 2c
and Fig. S5, respectively, while the peak position remains unchanged indicating the great spectral stability
of the devices. The current density-voltage-luminance intensity (J-V-L) curves and the EQE-current density
(EQE-J) curves of the control device and the optimal device based on 20% Agg NCs modified PVK are
shown in Fig. 2d and e, respectively. The maximum luminance is obtained by the optimal device of 5554
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cd/m?, higher than that of the control device (2442 cd/m?). The optimal device exhibits a maximum EQE
of 12.02%, which is 1.3-folds higher than the control device (9.48%). In addition, further investigating the
effect of the variation of Agg NCs concentration on the device performance, the EQE of those devices
increases as the content of Agg NCs adds from 10—-20% but drops sharply when the Agg NCs content
increases continuously to 30% (Table 1). Moreover, the current density at the same voltage shows an
increasing tendency and the turn-on voltages of those devices gradually decrease, indicating that the Agy
NCs may increase carrier injection and transport ability to improve PeLEDs performance (Fig. S6). Device
performance drop of the excessive Agg NCs addition may result from the reducing the quality of
perovskite films, which can be confirmed by the root mean square (RMS) of AFM images changing in the
perovskite films on the modified PVK films (Fig. S7).

Table 1
Electronic performance of perovskite LEDs with 0—-30% Agg NCs doping in
PVK.

HTL FWHM (nm) V., (V) Loay (cd/m?) EQEax (%)
PVK 28 3.21 2442 9.48%

10% Agg NCs 29 2.96 3265 10.40%

20% Agg NCs 29 2.84 5554 12.02%

30% Agg NCs 29 2.98 4240 11.22%

To elucidate the effect mechanism of Agg NCs additives on device performance, the energy levels of the
PVK without and with different concentrations of Agg NCs films are explored by the UPS measurement
and the Tauc-plots, and the corresponding results are shown in Fig. 3a and Fig. S8, respectively. It
presents a decrease in the HOMO of PVK, from - 5.8 eV t0 -6.0 eV after the incorporation of Agg NCs,
indicating that the Agg NCs can adjust the energy level of PVK. To investigate the influence of this change
on the device performance enhancement, the conduction band minimum (CBM) and VBM of perovskite
film are calculated by the absorption spectrum and UPS data (Fig. S9). As shown in Fig. 3b, it can be seen
that the control device possesses a 0.15 eV potential barrier between PVK HTL and perovskite EML
compared with the potential well between electron transport layer (ETL) and perovskite EML, which will
cause inefficient hole injection and further affecting device efficiency. The 20% Agg NCs doped into PVK
can modify the HOMO energy level of PVK from - 5.8 eV to -5.94 eV approaching the EML VBM, which
will achieve barrier-free hole injection to enhance the injection efficiency, reduce the annihilation of
carriers at the interface between EML and HTL.3773° The energy level alignment changing may from two
reasons, the surface potential changing or the stacking changes of the carbazole from the PVK by the
effect of the Agg NCs. The diffraction of x-rays (XRD) was measured for the ultrathin film PVK modified
without and with Agg NCs to explore the carbazole stack changes. As shown in Fig. S10, the grazing
incidence XRD (GI-XRD) pattern gives detailed data about the PVK films with no change after the Agg NCs
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dopant suggesting the Agg NCs do not influence the carbazole stack of the PVK.4%41 The KPFM
measurement shows that the surface potential of the PVK films modified by Agg NCs has changed
significantly, indicating that the band change may be due to the formation of dipoles between Agg NCs
and PVK (Fig. $11).#2748 The effect of the Agg NCs on the PVK film carrier transport is also further
investigated, and the electrical conductivity (o) of capacitor-like devices with the structure of ITO/HTL/Au
is shown in Fig. 3¢c.#° With the contents of Agg NCs increasing from 10-30%, the calculated
conductivities are 3.19x10"3 Scm™ ', 4.78x1073S cm™ ', and 6.54x1073 S cm™ ', which are both higher
than the pure PVK (2.2x1073 S cm™ 1), respectively, indicating that the electrical conductivity of the HTL
strengthens gradually by doping Agg NCs due to the metallic properties of Agg NCs molecular states. The
improved conductivity may be due to the increase in hole mobility, which is further demonstrated by the
subsequent space-charge-limited-current region (SCLC) test. The hole mobility is calculated from the
devices with the structure of ITO/PEDOT: PSS/HTL/Au (Fig. 3d).%° The hole mobility of PVK with 10%,
20%, and 30% Agg NCs films are 1.05x10"4cm? V™ 1s77,2.34x10°4ecm? V" 1571, and 3.57x10" 4 cm? vV~
s~ 1, which is higher than 2.5x107% cm? V™1 571 of the pure PVK films indicating that the Ag NCs
enhance the hole mobility. Summarizing the discussion above, the Agg NCs as the dopant can enhance

the hole injection and the transport by the modified HOMO energy level of PVK and its metallic properties,
thereby enhancing device performance.

As mentioned above, we conclude that the reasons for the introduction of Agg NCs to improve device
performance are mainly divided into the following two aspects. As shown in Fig. 4a, the holes are rapidly
transported through the acceleration of the Agg NCs, thus compensating for the low hole mobility of PVK,
forming a more balanced carrier transport. Meanwhile, the energy level of the PVK adjusts by the dipole
that forms between the PVK and Agg NCs, which is confirmed by the density functional theory (DFT)
calculations. Figure 4b shows the electrostatic potentials (ESP) of the Agg NCs and the PVK. The ESP for
the complex model formed between the Agg NCs and PVK is shown in Fig. 4c, and it can be seen that the
Agg NCs and PVK possess the respective negative and positive ESPs which interact with each other and

form the dipole. Moreover, the HOMO energy level of modified PVK achieves barrier-free hole injection
between HTL and EML, which will increase hole injection efficiency and promote the injection balance of
electrons and holes. The accumulation of holes at the interface between EML and HTL will be suppressed
which can be further manifested by the increase in device performance.

To explore the connection between the device performance enhancement and the unique structure of the
Age NCs, ligands of Agg NCs and the Ag nanoparticles (NPs) as the Agg core analogs are used as
additives for PVK to analyze the effect of various parts from Agg NCs on device performance. The effect

of the ligand and NPs on energy level alignment and the hole transport ability were investigated,
respectively. Figure 5a and b show the UPS and hole mobility results of the PVK films with 5%, 10%, and
15% ligands doping. It can be seen that the HOMO energy level of those films is 5.82 eV, 5.85 eV, and 5.87

eV, and the conductivity of those films are 2.30x10"3 S ecm™1,2.45x10"3Scm™1,and 2.61x10°3 Scm™ 7,
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which shows insignificant change with PVK film indicating that may be mainly attributed to the fact that
the ligands have little effect on the energy level alignment and hole mobility of PVK. The devices with
different concentration ligands modified PVK HTL are fabricated with the same structure as the control
device and the J-V-L and EQE-J curves of these devices are shown in Fig. S12. The current density curves
of these devices at the same voltage and turn-on voltage are almost indistinguishable from the control
devices, confirming that the ligands do not affect the hole injection and transport. Meanwhile, Fig. 5¢
shows the UPS spectra of the films with the different concentration Ag NPs indicating the Ag NPs with no
ability to modify the suitable energy level alignment of the PVK like Agg NCs. However, the conductivity of
PVK films modified with 10%, 20%, and 30% Ag NPs are 3.19x10"3Scm™',4.87x10" 23S cm™ " and
6.54x1073 S cm™ ', respectively, which is higher than the PVK films suggesting the Ag NPs strengthen the
conductivity of PVK. The devices with Ag NPs modified PVK HTL exhibits an increasing trend of current
density at the same voltage with Ag NPs doping ratio adding but little change in the turn-on voltage with
the doping ratio various, which confirms the Ag NPs possess the ability to enhance hole transport (Fig.
S13). Moreover, the 10% Ag NPs modified device shows a higher EQE than the control device which may
be attributed to the improved hole transport. However, the EQE sharply dropped with the Ag NPs doping
contents further increasing from 10—30%. Further investigating the reason for EQE dropping, the AFM
images of the PVK films with different concentrations of Ag NPs were measured and the responding
results are shown in Fig. S14. The RMSs of PVK films are increased with the increase of Ag NPs doping
content, indicating that doping Ag NPs reduced the quality of PVK films which is also proved by the
leakage current increases with the concentration adding. Based on the above discussion, we confirmed
the unique structure of the Agg NCs is an important reason that it can improve device performance by
enhancing the energy level alignment and mobility of HTL as an additive.

3. Conclusion

In conclusion, atomically precise Age NCs were successfully prepared and a mixture of Agg NCs and PVK
HTL was first utilized as the HTL for PeLEDs. On the one hand, barrier-free hole injection for the PeLEDs
is achieved by adjusting the energy level alignment. On the other hand, the addition of Agg NCs achieves
charge carrier balance between ETL by enhancing the mobility of PVK HTL. As a result, a relatively high
EQE of 12.02% was achieved by the device with 20% Agg NCs doping, which is about 1.3 times higher

compared with that of the control device (9.48%). Metal NCs as additives to modify the transport layer
provide a new strategy to prepare suitable transport layers for wide-bandgap light-emitting materials and
LEDs showing a great promise for applications in future display and lighting.

4. Materials And Methods

Materials

Dimethyl sulfoxide (DMSO, 99.99%) and chlorobenzene (CB, 99.99%) were purchased from Advanced
Election Technology Co., Ltd. PEDOT: PSS (Al 4083) aqueous solution, 2,2",2"-(1,3,5-Benzinetriyl)-tris(1-
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phenyl-1-H-benzimidazole) (TPBi, 99.9%), Lead(ll) bromide (PbBr,, 99.99%), Phenylbutylamine bromide
(PBABT, 99.9%), poly [9,9-dioctylfluoreneco-N-[4-(3-methylpropyl)]diphenylamine] (TFB), Poly(9-
vinylcarbazole) (PVK), and (8-Quinolinolato)lithium (Lig, 99.9%) were purchased from Xi'an Polymer Light
Technology Corp. (S)-4-Phenylthiazolidine-2-thione (99%), silver nitrate (99%), NaSCN (98%), ZnBr (98%),
dodecane (99%), CH3COOAg (99%), 2-hexyldecanoic acid (99%), dimethylacet-amide (DMAc, 99%),
acetonitrile (CH;3CN, 99%), acetic acid (99%), and oleylamine (80%) were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. All reagents were used as received without further purification.

Device fabrication

The indium tin oxide (ITO)-coated glass substrates were sequentially washed with water, ethanol, and
acetone in sequence for 20 min and treated with O3 plasma for 15 min. The PEDOT:PSS films were
fabricated on the washed ITO by spin coating the PEDOT:PSS aqueous solution at the speed of 3000 rpm
for 30 s and baked at 150°C for 30 min in ambient air. Then the TFB (in m-xylene, 8 mg ml~ ') was spin-
coated on the top of PEDOT:PSS films at 2000 rpm for 60 s, followed by annealing on a hot plate at
120°C for 15 min in the glove box. The PVK (in CB, 10 mg mlI~ ") or the modified PVK films were fabricated
by spin-coated on the top of TFB films at 2000 rpm for 60 s, followed by annealing on a hot plate at
120°C for 15 min in the glove box.

The Agg nanoclusters were prepared by dissolving (S)-4-Phenylthiazolidine-2-thione (0.1 mmol) and silver
nitrate (0.1 mmol) into a mixed solvent of DMAc/CH3CN (3:1), which evaporated slowly in darkness at
room temperature for 2 days. Then the Ag nanocluster naturally dries and dissolves in chlorobenzene
with stirring for more than 4 hours to accelerate dissolution The Ag nanoparticles were synthesized based
on the method reported by Long Lin et al.."

The perovskite solution was fabricated by mixing the PbBr, (0.082 mmol), CsBr (0.08 mmol), PBABr (0.08
mmol), NaSCN (0.004 mmol) and ZnBr, (0.004 mmol) in TmL of DMSO. Then the perovskite solution was
spin-coated on the top of PVK films at 300 rpm for 5 s, 500rpm for 5 s, and 2500 rpm for 120 s, and after
spin coating for 70 s, 100 pL ethyl acetate was immediately dropped onto the above film to template the
crystallization of the perovskite crystals, followed by annealing on a hot plate at 55°C for 10 min. Finally,
TPBI, Lig, and Al electrode layers were sequentially deposited by thermal evaporation (1x10™° Torr).

Characterizations

Absorption and PL spectra were measured on Shimadzu UV-1900i spectrometer and Hitachi F-4700
spectrometer, respectively. TEM images were obtained on a JEM-2100F. SEM images and elemental
mapping were collected on a JSM-7900F instrument. X-ray photoelectron spectroscopy (XPS) and
ultraviolet photoelectron spectroscopy (UPS) were measured on an ESCALAB250 spectrometer. The
roughness and the KPFM of the film were characterized by atomic force microscopy (AFM, Dimension
Fastscan Bio, CA). The diffraction of X-rays (XRD) was conducted by using the grazing incidence (GI)
mode in Rigaku Smartlab 9kw. The current density- voltage and luminance- voltage curves and the EL
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spectra of the LEDs were collected on a Keithley 2400 sourcemeter and a PhotoResearch spectrometer
PR650 with an adhesive encapsulation in the darkroom, respectively.

Density functional theory

The structure of AggPLg was taken from the crystal structure in the literature, and the structure of PVK
was constructed in which n = 5. The complex (i.e., AggPL¢ mixed with PVK, PVK with Agg NCs) formed
between Ag¢PLg and PVK was also constructed. Then the geometry optimizations of AggPL¢, PVK, and
PVK with Agg NCs were carried out by density functional theory (DFT) calculations using the Dmol®
module®? in the Materials Studio software package.®® The Perdew-Burke-Ernzerh of (PBE)°* modification
of the generalized gradient approximation (GGA)®° with the Grimme®®°7 custom method for DFT-D
correction together with the doubled numerical basis set (DN) were used. The core electrons were treated
by all electrons, and a global orbital cutoff of 3.4 A and a Fermi smearing of 0.005 Ha were used for the
optimizations. The convergence criteria include a self-consistent field (SCF) tolerance of 1.0-10* Ha per
atom, a maximum force tolerance of 0.004 Ha A™", an energy tolerance of 2.0-10™® Ha per atom, and a
maximum displacement tolerance of 0.005 A were employed.
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Figure 1

the energy level of the common-used polymer (a), the absorbance intensity curves of the Agg NCs in CB
(inset is the total structure of the [Ag¢PL¢] NCs) (b), the UPS spectra of the Agg NCs film (c) and the
absorption spectra of PVK doped with different contents of Agg NCs in CB solvent (d).

Page 15/19



100 nm
—

1.0 1 —— PVK-PL
—a—20% Agg NCs-PL
084 ——PVL-EL
;‘.‘* i —a— 20%Ag,; NCs-EL
S control
0.6 1
=
W
=
L0.4
£
Control  20% Ag, NCs !
0.2 20% Ag, NCs
0

400 450 500

550 600 650 400 450 500 550 600
Wavelength (nm) Wavelength (nm)
(d) . 10° (€)
. i Control 20 —=— Control
== e}
Né 10" 5 O e e - 10* 15 ] —e— 20% Agg NCs
< 10° L 2 —~
> 10° 5 Ro-
‘0 =
iy 38
e F10° 5 W
€ 107 a
6 3 5]
g ] L 107 —
O 107 4
104 ] T v T ad T T T v T r T ?Do T T T T
i 2 3 4 5 6 1 8 0 10 20 30 40 50
Voltage (V) Current Density (mA/cm?)

Figure 2

the molecule structure of the PVK and Agg NCs, the schematic illustration and cross-sectional SEM
images of p-i-n planar device structure (a), the normalized PL and EL spectra of the perovskite film and
devices (b), the evolution of EL spectra under increasing bias voltage from 4 V to 7 V of the modified
device (inset is a photo image of an operating PeLEDs) (c), the J-V-L curves (d) and EQE-J curves (e) of
the control device and optimal device modified by 20% Agg NCs.
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Figure 3

UPS spectra of the HTL (a), the energy of the materials (b), the current-voltage curves of capacitor-like
devices (inset is the structure of the device) (c), and the J-V curves of the single-carrier device (d).
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Figure 4
the hole transport and injection processes of PVK without and with Agg NCs modifying (a), the

electrostatic potentials of the PVK and the Agg NCs (b), and the electronicstatic potentials of the mixed
model of the PVK and Agg NCs.
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the UPS spectra (a), current-voltage curves of capacitor-like devices (b) with the different contents of

ligands doping into PVK, the UPS spectra (c), and current-voltage curves of capacitor-like devices (d) with
the different contents of Ag NPs doping into PVK.
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