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Materials and methods

Materials

Dimethyl sulfoxide (DMSO, 99.99%) and chlorobenzene (CB, 99.99%) were 

purchased from Advanced Election Technology Co., Ltd. PEDOT: PSS (AI 4083) 

aqueous solution, 2,2’,2”-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) 

(TPBi, 99.9%), Lead(II) bromide (PbBr2, 99.99%), Phenylbutylamine bromide (PBABr, 

99.9%), poly [9,9-dioctylfluoreneco-N-[4-(3-methylpropyl)]diphenylamine] (TFB), 

Poly(9-vinylcarbazole) (PVK), and (8-Quinolinolato)lithium (Liq, 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 (CH3CN, 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-1) 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 ml-1) 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 Ag6 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 48 hours. Then the 

Ag nanocluster naturally dries and dissolves in CB with stirring for more than 4 hours 

to accelerate dissolution. The doping concentration ratio of Ag6 NCs is based on the 

concentration of PVK. The Ag nanoparticles were synthesized based on the method 

reported by Long Lin et al..1
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The perovskite solution was fabricated by mixing the PbBr2 (0.1 mmol), CsBr (0.1 

mmol), PBABr (0.1 mmol), NaSCN (0.005 mmol), ZnBr2 (0.005 mmol) and crown 

(0.005 mmol) in 1mL 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 3000 rpm for 120 s, and after 

spin coating for 70 s, 100 μL 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, Liq, and Al electrode layers were 

sequentially deposited by thermal evaporation (1×10-5 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 9 kw. Cyclic voltammetry (CV) 

experiments were measured using the three-electrode system in chromatographic grade 

acetonitrile, and Tetrabutylammonium hexafluorophosphate (0.1 mol/L) was used as a 

supporting electrolyte. The three-electrode cell contained an Ag wire reference 

electrode (Chenhua, China), a Pt (platinum) wire counter electrode (Chenhua, China) 

and a glass-carbon working electrode (3 mm diameter, Chenhua, China). The surface 

area of the glass-carbon working electrode was polished with 0.3 and 0.5 aluminas 

(Chenhua, China), and then followed by ultrasonic cleaning three times in deionized 

water. All the cyclic voltammetry data were calibrated by ferrocene.2 Time-resolved 

PL measurements were performed with a time-correlated single-photon counting 

system of the FLS920P Edinburgh spectrometer. The absolute PLQYs of the quasi-2D 

perovskite films were measured on a fluorescence spectrometer (FLS920P, Edinburgh 

Instruments) equipped with an integrating sphere. The current density- voltage and 

luminance- voltage curves and the EL spectra of the LEDs were collected on a Keithley 
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2400 source meter and an integrating sphere (OceanOptics) coupled to a 

spectrophotometer in the darkroom, respectively. 

Density functional theory

The structure of Ag6PL6 was taken from the crystal structure in the literature, and 

the structure of PVK was constructed in which n = 5. The dipoles (i.e., Ag6PL6 mixed 

with PVK) formed between Ag6PL6 and PVK was also constructed. Then the geometry 

optimizations of Ag6PL6, PVK, and PVK with Ag6 NCs were carried out by density 

functional theory (DFT) calculations using the Dmol3 module3 in the Materials Studio 

software package.4 The Perdew-Burke-Ernzerh of (PBE)5 modification of the 

generalized gradient approximation (GGA)6 with the Grimme7,8 custom method for 

DFT-D correction together with the doubled numerical basis set (DN) was used. The 

core electrons were treated by all electrons, and a global orbital cutoff of 3.4 Å 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10-4 Ha per atom, a maximum 

force tolerance of 0.004 Ha Å-1, an energy tolerance of 2.010-5 Ha per atom, and a 

maximum displacement tolerance of 0.005 Å were employed.

To understand the intermolecular interaction between Ag6PL6 and PVK in the 

dipoles (Ag6PL6 and PVK), the noncovalent interaction (NCI)9,10 analysis was used to 

elaborate the intermolecular interaction appearing between Ag6PL6 and PVK which 

was plotted by the Multiwfn software.11

Calculations of the surface potential from the KPFM

The contact potential difference (CPD) between the tip and sample can be obtained 

by KPFM from equation (1)12:

                    (1)∆𝐶𝑃𝐷 = (∅𝑡𝑖𝑝 ― ∅𝑠𝑎𝑚𝑝𝑙𝑒)/𝑒

where e is the electronic charge and the  and  are the work function ∅𝑡𝑖𝑝 𝜙𝑠𝑎𝑚𝑝𝑙𝑒

of the tip and the film, respectively.

Calculations of the electrical conductivity (σ) from the current-voltage curves of 

capacitor-like devices
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The electrical conductivity (σ) of the PVK and modified PVK films can be 
investigated by the current-voltage curves of capacitor-like devices from equation 
(2)13: 

                                  (2)𝜎 =
𝐿𝐼
𝐴𝑉

where the L, I, A, and V are the thickness of the films, current, device area, and 
voltage, respectively. 
Calculations of the hole mobility from the space-charge-limited-current region 

(SCLC) 
The hole mobility can be calculated by the current density-voltage curves of the single 
carrier device from equation (3)13:

                                (3)𝐽 =
9𝜀𝜀0𝜇𝑉2

8𝐿3

where the L is the thickness of the film,  and V are the mobility, current 𝜇, 𝐽, 𝜀, 𝜀0
density, relative dielectric constant, vacuum permittivity, and voltage, respectively.
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Figure S1. The TEM of the Ag6 NCs in CB, and the inset image show the size 
distribution.
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Figure S2. The Tauc-plot of the Ag6 NCs and the inset picture is the PVK with the 

different concentrations of the Ag6 NCs in CB solvent.
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Figure S3. The SEM and mapping images of the PVK film with the 20% Ag6 NCs 
doped. 
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Figure S4. The XPS spectra of the PVK films with and without Ag6 NCs.
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Figure S5. The transmissivity of the PVK and the different concentrations of Ag6 
NCs doping into PVK films.
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Figure S6. The evolution of EL spectra under increasing bias voltage from 4 V to 7 V 
of the control device.
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Figure S7. The J-V-L curves (a) and the EQE-J curves (b) of the device with different 
concentrations of Ag6 NCs doping into PVK as the HTL.
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Figure S8. The PLQY (a) and TRPL (b) of the perovskite films on the PVK films with 
different concentrations of Ag6 NCs doping. The PLQY of the perovskite films on PVK 
and 10%, 20%, and 30% of the Ag6 NCs doped PVK films is 33.9%, 34.3%, 36%, and 
35.8%, and the corresponding average lifetimes are 7.3, 8.6, 9.3, and 9.1 ns, 
respectively.
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Figure S9. The absorption spectra of the Ag6 NCs in different solvents (CB and DMSO).
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Figure S10. The AFM images of the 0- 30% Ag6 NCs doping into PVK films (a-d) and 
the perovskite films on different HTLs (e-h).
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Figure S11. The SEM images of the perovskite on the PVK (a) and 30% Ag6 NCs 
modified PVK (b).
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Figure S12. The Tauc-plots of the PVK and different concentrations of Ag6 NCs 
doping into PVK films
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Figure R13. The CV curves of the PVK and PVK with different concentrations of Ag6 
NCs doped. The HOMO energy of the pure PVK, 10%, 20%, and 30% Ag6 NCs doing 
into PVK samples are -5.79, -5.87, -5.95, and -6.01 eV, respectively.
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Figure S14. The absorbance intensity spectrum (a), Tauc-plot (c), and UPS spectra of 
the perovskite films (c).
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Figure S15. The J-V curves of the hole-only and electron-only devices with the 
structure of ITO/PEDOT: PSS/TFB/pure PVK and PVK with different concentrations 
of Ag6 NCs doping/perovskite/4,4’,4”-tris(carbazol-9-yl)-triphenylamine 
(TCTa)/MoO3/Au (hole-only device) and ITO/ZnO/polyethyleneimine 
(PEI)/perovskite/TPBi/Liq/Al (electron-only device).
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Figure S16. The operation stability of the control (PVK) and optimized devices (20% 
Ag6 NCs).
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Figure S17. The non-covalent interaction (NCI) analyses of the dipoles (i.e., Ag6 NCs 
and PVK), where the small green clouds were highlighted by the pink-dotted grids.
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Figure S18. The mechanism of energy level alignment tuning from dipoles (i.e., Ag6 
NCs and PVK). The WF difference between the Ag6 NCs and PVK (a), the Evac shift of 
the mixed samples.
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Figure S19. The surface potential images of PVK film and the 0- 30% Ag6 NCs doping 
into PVK films (a-d). With the increased doping concentration of Ag6 NCs, theΔCPD 
decreased from around 0.30 mV to ~ 0.03 mV.
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Figure S20. The GI-XRD of the PVK and 20%Ag6 NCs modified PVK films.
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Figure S21. The J-V-L curves (a) and the EQE-J curves (b) of the device with different 
concentrations of ligands doping into PVK as the HTL.



27

Figure S22. The J-V-L curves (a) and the EQE-J curves (b) of the device with different 
concentrations of Ag NPs doping into PVK as the HTL.
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Figure S23. The AFM of the PVK with the 0- 30% Ag NPs modified films.
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