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The incorporation of 1H-indole-3-carbohydrazide (1H-CBH) as a
multifunctional additive enables synergistic defect passivation in
perovskite solar cells through dual coordination with uncoordinated
Pb* ions and hydrogen bonding with uncoordinated I/FA* species.
This strategy suppresses nonradiative recombination, enhances charge
transport, and improves the interfacial compatibility, achieving a
power conversion efficiency of 23.59% in mixed-cation perovskite
solar cells. The modified devices also exhibit exceptional stability,
retaining 80% of their initial power conversion efficiency after 600 h
under an inert N, atmosphere, with preservation of their morphology
for 8 months under ambient conditions.
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ABSTRACT

Perovskite solar cells (PSCs) have attracted considerable attention as next-generation photovoltaic technologies owing to
their solution processability, low weight, and mechanical flexibility. Despite rapid progress, defect-induced nonradiative
recombination remains a major obstacle, hindering further improvements in the device efficiency and operational stability.
In this study, we introduce 1H-indole-3-carbohydrazide (1H-CBH) as a multifunctional molecular additive that effectively
mitigates these issues through synergistic defect passivation. Specifically, 1H-CBH simultaneously coordinates with unco-
ordinated Pb? ions and forms hydrogen bonds with uncoordinated I- ions and formamidinium cations. This dual interac-
tion strategy promotes the growth of larger grains, reduces the density of grain boundary defects, and enhances the inter-
facial compatibility with the electron-transport layer, thereby enabling improved charge transport. Consequently, the incor-
poration of 1H-CBH into mixed-cation PSCs yields a remarkable enhancement in the power conversion efficiency from
21.18% to 23.59%. Moreover, the 1H-CBH-modified devices demonstrated exceptional environmental stability, retaining
their initial morphology after 8 months under ambient conditions (25°C, 50%—-80% relative humidity), whereas their unpas-
sivated counterparts underwent complete degradation. Under inert N, atmosphere, PSCs incorporating 1H-CBH main-
tained >80% of their initial power conversion efficiency after 600 h continuous storage. These results highlight the critical
role of multifunctional additive engineering in achieving highly efficient and durable perovskite solar cells, paving the way
toward scalable and reliable photovoltaic technologies.

KEYWORDS
perovskite solar cell, additive engineering, defect passivation, power conversion efficiency, stability enhancement

short-circuit current density (J,.) of 26.34 mA cm, and fill
factor (FF) of 85.4%. Despite these significant advance-
ments, the performance of existing PSCs still falls short of
the Shockley—Queisser (S—Q) limit of 30.14% for an ideal
1.6 eV bandgap'”. Bridging this efficiency gap is essential

1 Introduction

Perovskite solar cells (PSCs) have rapidly emerged as a
leading next-generation photovoltaic technology owing to
their outstanding solution processability, low weight, and

mechanical flexibility. These unique advantages not only
enable the seamless integration of PSCs into visible and
functional surfaces, including building facades, vehicles,
and consumer electronics, but also support their deploy-
ment across diverse application domains such as indoor
photovoltaics, Internet of Things devices, and residential
energy systems!'*. Recently, a certified power conversion
efficiency (PCE) of 27% was achieved by the
Soochow/UNSW/BaimaLake collaboration, setting a new
benchmark on the National Renewable Energy Laboratory
(NREL) chart, with an open-circuit voltage (V,.) of 1.20 V,

for realizing the full photovoltaic potential of perovskite
materials and pushing the efficiency beyond 27%"-"". For
example, a record V. of 1.255 V was achieved in wide-
bandgap (1.67 eV) perovskites through nucleation and
crystallization control using mixed, green antisolvents,
approaching the S—-Q limit V. of 1.309 Vi, Among the
remaining challenges, defect-induced nonradiative recom-
bination represents a major bottleneck that severely limits
further improvements in the efficiency. Defects within the
bulk and interfacial regions of perovskites create trap
states that act as nonradiative recombination centers,
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resulting in V. losses and an overall lower PCE!,
Compared to single-crystal perovskites, polycrystalline
thin films prepared via scalable deposition techniques typi-
cally exhibit a higher trap density, further exacerbating
recombination losses!®. Both shallow traps originating
from intrinsic point defects and deep traps associated with
surface or grain boundary imperfections contribute to the
degradation of the V. and FF, thereby compromising the
efficiency and stability of devices®*?!. Furthermore, nonra-
diative recombination reduces quasi-Fermi level splitting
(QFLS), causing charge-carrier losses and inherent V.
deficits®24.  Therefore, suppressing defect-mediated
recombination through effective defect passivation strate-
gies is essential for pushing the performance of PSCs
toward the theoretical limit*-2,

To address these issues, additive engineering by intro-
ducing functional molecules into the formulations of
perovskite precursors has emerged as one of the most
effective strategies for mitigating voltage losses and
enhancing the V.2, Common defect sources, including
the evaporation of A-site cations, presence of uncoordi-
nated Pb*/Pb° clusters, and halide-ion migration, often
compromise the long-term stability of PSCs®-*. Conven-
tional solvent additives, such as dimethyl sulfoxide
(DMSO) and N-methyl-2-pyrrolidone (NMP), can
temporarily coordinate with Pbl, to modulate its crystal-
lization; however, these solvents evaporate during anneal-
ing, providing no lasting defect passivation®-*\. Similarly,
small organic molecules such as thiophene and pyridine
have been used for surface treatments, but weak interac-
tion with the perovskite lattice and volatility limit their
long-term effectiveness®. Consequently, recent efforts
have focused on developing robust additives with strong
coordination capabilities that can regulate crystal growth,
reduce grain boundary defects, and suppress nonradiative
recombination by interacting with uncoordinated Pb*
SiteS[M,-ﬂﬂH].

Herein, we introduce 1H-indole-3-carbohydrazide (1H-
CBH) as a multifunctional additive capable of simultane-
ously modulating the crystallization of perovskites and
suppressing defect formation. The molecule features
carbonyl and indole moieties strategically distributed
across its conjugated structure*). Notably, 1H-CBH is a
pharmaceutical-grade compound widely used in anti-
cancer therapies, characterized by high chemical stability
and strong coordination ability'*”. Distinct from conven-
tional volatile additives, 1H-CBH remains embedded
within the perovskite matrix after film formation. Its
carbonyl oxygen atoms coordinate with uncoordinated
Pb* ions via lone-pair donation, while the —-NH, groups
form hydrogen bonds with the nitrogen atoms of
formamidinium (FA*) cations. Moreover, the N-H groups
in the indole ring establish N-H~I hydrogen bonds with
uncoordinated I~ ions. This multimodal passivation mech-
anism effectively suppresses deep trap states, reinforces
grain boundary passivation, and enhances the interfacial
compatibility with the electron transport layer. Conse-
quently, the incorporation of 1H-CBH into FA-based
perovskite devices significantly improved the PV perfor-
mance, increasing the PCE from 18.88% to 20.62% and V.
from 1.03 to 1.10 V. For mixed-cation systems (formami-
dinium/methylammonium, FAMA), the PCE was
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enhanced from 21.18% to 23.59%, accompanied by
elevated V. (1.15 to 1.18 V) and FF (71.3% to 76.7%).
Importantly, large-area (1 cm?) devices incorporating 1H-
CBH achieved a remarkable PCE enhancement from
13.33% to 15.60%, with improved V. (1.04 to 1.10 V) and
FF (60.53% to 67.08%), validating the scalability and prac-
tical applicability of incorporating additives into
perovskites. The results presented herein demonstrate that
1H-CBH represents a powerful multifunctional additive
capable of simultaneously passivating defects, regulating
film formation, and enhancing the charge dynamics at the
interface, offering a promising pathway toward highly efti-
cient and stable PSCs.

2 Materials and methods

2.1 Materials

Reagents: 1H-indole-3-carbohydrazide (1H-CBH, 97%)
was supplied by Shenzhen Yibaishun Technology Co., Ltd.
Poly(triarylamine) (PTAA, 99.5%), [6,6]-phenyl-Cq,-
butyric acid methyl ester (PC4,BM, 99%), bathocuproine
(BCP, 99%), cesium iodide (CsI, 99.5%), lead(II) iodide
(Pbl,, 99.8%), and formamidine iodide (FAI, 99%) were
purchased from Xi’an Yuri Solar Co., Ltd. Methylammo-
nium iodide (MAI, 99%) was sourced from Greatcell Solar;
and silver (Ag, 99.99%) was acquired from Zhongnuo New
Materials (Beijing) Technology Co., Ltd.

Solvents: Dimethylformamide (DMF, 99.8%), dmethyl
sulfoxide (DMSO, 99.9%), tin(IV) oxide (SnO,, 99.9%),
and chlorobenzene (CB, 99.9%) were supplied by Sigma-
Aldrich. Isopropanol (IPA, 99.8%) was purchased from
Macklin. Ethanol (C,H;OH, 99%) and acetone (C;HO,
98%) were purchased from Shenzhen Chemical Technol-
ogy Co., Ltd. Toluene (TL, 99%) was obtained from
Guangzhou Brand Co., Ltd.

2.2 Preparation of precursor

The precursor solution for Cs,;sFA¢;Pbl; was prepared
by dissolving Pbl,, CsI, and FAI in 1 mL of a mixture
comprising DMF and DMSO (4:1, volume/volume). The
reaction mixture was stirred overnight at 60°C and filtered
after cooling to room temperature. IH-CBH was added to
the precursor solution at respective concentrations of 0.5,
1.0, 1.5, and 2.0 mg mL. As evidenced by the full-width-at-
half-maximum (FWHM) of the (110) diffraction peak
(Fig. S5 in the Electronic Supplementary Material [ESM]),
incorporation of the additive at a concentration of 1.0 mg
mL"! yielded the narrowest FWHM and largest crystallite
size, whereas higher concentrations (21.5 mg mL?)
induced significant FWHM broadening, indicating
reduced crystallinity. Consequently, 1.0 mg mL™' was
selected as the optimal concentration for subsequent
incorporation into all films and devices (labeled 1H-CBH);
controls were prepared without the additive.

Similarly, the precursor solution for
Csg.15(FAgsMA,),55Pbl; was prepared by dissolving MAI,
Pbl,, Csl, and FAI in 1 mL of a DMF and DMSO mixture
(4:1, volume/volume), followed by stirring overnight at
60°C and filtration after cooling to room temperature. The
precursor solution was prepared by incorporating 1H-
CBH at 1.0 mg mL" (designated as the target sample, 1H-
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CBH); the identical solution without 1H-CBH served as
the control.

2.3 Device fabrication

The architecture of the inverted (p-i-n) perovskite solar
cell studied herein comprises ITO/PTAA/Perovskite/
PC4BM/BCP/Ag. The ITO glass substrate was completely
cleaned with ethanol, deionized water, and acetone under
sonication for 20 min each. After drying in an electric
thermostatic drying oven, the substrate was treated with
oxygen-plasma for 120 s to confer hydrophilicity to the
surface. PTAA solution (2 mg mL", dissolved in toluene)
was spin-coated onto ITO substrate at 5,000 rpm for 20 s,
followed by annealing at 110°C for 10 min in a glove-box
under nitrogen atmosphere. After cooling to room
temperature, the perovskite precursor solution was spin-
coated onto the PTAA substrate at a speed of 1,000 rpm
for 8 s and 5,000 rpm for 30 s. After 20 s of spin-coating at
5,000 rpm, 100 pL of CB was deposited onto the substrate
and then annealed at 100°C for 30 min. After cooling,
PC4BM solution (20 mg mL™) was deposited onto the
perovskite film via spin-coating at 2,000 rpm for 30 s.
Afterward, 0.5 mg BCP in 1 mL IPA solution was
deposited on the PC,BM film at 2,000 rpm for 30 s.
Finally, the device was transferred into a vacuum chamber
for deposition of the Ag (100 nm) electrode under a base
pressure of 4.0 x 10 Pa.

2.4 Characterizations of films

Scanning electron microscope (SEM) observations were
performed using a Hitachi S4800 (Hitachi, Japan) instru-
ment. X-ray diffraction (XRD) analyses were conducted at
room temperature in reflection mode (D8 FOCUS, Cu Ka
radiation, A = 0.154056 nm). Ultraviolet-visible absorp-
tion (UV-Vis) spectra of the thin films were acquired
using a HP 8453 spectrophotometer. As light passes
through a substance, its degree of absorption varies with
the wavelength of the light. By measuring the absorbance
of the substance at different wavelengths and plotting the
relationship between the absorbance and wavelength, the
absorption spectrum of the substance can be obtained.
Photoluminescence (PL) spectra of the thin film were
collected using a HORIBA Jobin Yvon Lab RAM HR800
instrument with a 532 mm laser source. Ultraviolet photo-
electron spectroscopy (UPS) data for the thin films were
recorded using a ThermoFisher Escalab Xi+ instrument.
Atomic force microscopy (AFM) data were acquired using
a Bruker Mutimode8 (Bruker, Germany) instrument.
Density functional theory (DFT) calculations were
performed using Gaussian 6 software at the B3LYP/6-
31G(d,p) level. Visualization of the molecular orbitals and
surface electrostatic potential (ESP) distribution was
performed using GaussView 9. Time-resolved photolumi-
nescence (TRPL) spectra were collected using a 365 nm
Nanosecond pulsed diode laser (Edinburgh instruments,
Spectrofluorometer FS5). Contact angle measurements
were performed using a DSA30 (Kruss) instrument.
Fourier-transform infrared (FTIR) spectra were acquired
using a Nicolet iS50 (Thermo Scientific) instrument. X-ray
photoelectron spectroscopy (XPS) analyses of the
perovskite films were performed using Thermo Fisher
ESCALAB 250 Practice equipment. Grazing-incidence
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wide-angle X-ray scattering (GIWAXS) measurements
were implemented using SAXS Focus 3.0. This measure-
ment system features a Cu X-ray source (8.05 keV, 1.54 A)
coupled with an EIGER 2R 500K detector for signal
collection.

2.5 Characterization of the devices

Current density-voltage (J-V) curves of the PSCs were
obtained using a 2400 Series Source Meter (Keithley
Instruments) measurement unit (Newport, Oriel AM
1.5 G, 100 mW cm™); the accuracy was calibrated using an
NREL standard Si cell. The measurements were performed
by voltage scanning from —0.2 to 1.2 V (forward). The
external quantum efficiency (EQE) was quantified using a
QE Measurement System (SCS1011-QZU) from Zolix
Instrument Co., Ltd. Electrochemical impedance spec-
troscopy (EIS) analyses were performed using an electro-
chemical ~ workstation  (SP-300, Bio-Logic).  The
current-voltage (I-V) characteristics of the PSCs were
determined under dark conditions using an I-V testing
system (YSL SCpro7, Zolix). The system consisted of opti-
cal and electrical parts. The space-charge-limited current
(SCLC) method was adopted to confirm the decrease in
the trap density within the perovskite film. For the experi-
ment, electron-only devices were constructed, and their
configuration was designed as ITO/SnO,/Perovskite/
PC4 BM/BCP/Ag. The defect density in the semiconduc-
tor was determined by analyzing the I-V curve in the
region corresponding to space-charge-injected current.
The capacitance-voltage (C-V) curves can be directly
compared to the built-in potential (V,;) of the devices
determined using the Mott-Schottky equation. Stability
testing was conducted under ambient conditions (25°C,
25% RH). The device performance was continuously
monitored at the maximum power point under simulated
AM 1.5G solar irradiation equivalent to one-sun intensity.

3 Results and discussion

DFT calculations were performed at the B3LYP/6-
31G(d,p) level to investigate the frontier orbital distribu-
tion and ESP of the 1H-CBH molecule (Fig. Sla in the
ESM). As shown in Fig. Slb in the ESM, the carbonyl
oxygen atom and amino nitrogen exhibit strong elec-
tronegativity, whereas the indole moiety presents rela-
tively positive electrostatic potentials. This distinct charge
distribution suggests that the carbonyl oxygen in 1H-CBH
readily donates electron density to uncoordinated Pb*,
forming C=O--Pb coordination interactions. Simultane-
ously, the N-H group within the indole unit can form
N-H--I hydrogen bonds with uncoordinated I- in the
perovskite lattice. Moreover, the amino nitrogen (-NH,)
can donate electron density to the hydrogen atoms of the
FA* cations, forming H-N---H hydrogen bonds. The calcu-
lated highest occupied molecular orbital and lowest unoc-
cupied molecular orbital energy levels of 1H-CBH are
—-6.06 eV and —0.57 eV, respectively (Fig. S2 in the ESM).
Collectively, these multi-site interactions anchor 1H-CBH
at the grain boundaries and surface regions, enhancing
defect passivation and improving the interfacial contact
between the perovskite absorber and electron-transport
layer. The detailed interaction mechanisms are illustrated
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in Figs. S3 and S4 in the ESM.

The influence of 1H-CBH on the morphology of the
perovskite film was evaluated via SEM and AFM analyses.
The top-view SEM images (Figs. 1a and 1b) reveal that the
pristine Cs,;sFA(4Pbl; films display pronounced grain
boundaries and numerous pinholes, whereas the IH-CBH-
modified films exhibit significantly enlarged grain sizes
(Fig. 1c). Table S1 in the ESM presents the particle-size
distribution derived from top-view SEM images of the
perovskite thin films. Upon incorporation of the 1H-CBH
additive, the average grain size increased from 221.3 to
235.3 nm, with a notable improvement in the minimum
grain size (from 139.8 to 170.2 nm). The narrowing of the
grain-size distribution directly reflects a more homoge-
neous perovskite microstructure, yielding a denser film
with a lower density of morphological defects and
enhanced structural continuity. AFM imaging further
confirmed this improvement, with the root-mean-square
roughness decreasing from 16.9 nm for the pristine film to
10.9 nm upon incorporation of 1.0 mg mL"' 1H-CBH
(Figs. 1d and 1le). The smoother film surface enhances
physical contact with the electron-transport layer, thereby
facilitating more efficient charge separation and electron
transport. The crystallinity of the modified films was eval-
uated using XRD (Fig. 1f). No notable peak shifts were
observed, indicating that 1H-CBH is not incorporated into
the perovskite lattice. This behavior is attributed to the
relatively large molecular size of 1H-CBH, which prevents

a

Control

40.0 nm

-40.0 nm

1H-CBH

Control

i 47° i 350

lattice integration and allows localization of the molecule
at the grain boundaries via interactions with uncoordi-
nated Pb* and uncoordinated I'*. To further quantify
crystallite size evolution, the FWHM of the (110) diffrac-
tion peak was analyzed using the Scherrer equation (Eq. 1).

KA

b= Bcosf 0

Here, D denotes the average crystallite size, K is the
shape factor (typically 0.9), A is the X-ray wavelength
(1.5406 A for Cu-Ka radiation), p is the FWHM after
correction for instrumental broadening, and 0 is the Bragg
diffraction angle. According to the Scherrer equation,
smaller crystallite sizes inherently produce broader diffrac-
tion peaks (i.e., larger FWHM values), reflecting the
inverse relationship between the crystallite size and peak
broadening. As shown in Fig. S5 in the ESM, the
perovskite film treated with 1.0 mg mL~' 1H-CBH exhib-
ited the narrowest FWHM for the (110) reflection, corre-
sponding to the largest calculated crystallite size. This
observation indicates that optimal crystallinity and grain
growth are achieved at this additive concentration.
However, further increasing the additive concentration to
1.5 mg mL" resulted in a noticeable increase in the
FWHM, suggesting a reduction in the crystallite size and
partial deterioration of the crystal quality. This trend
suggests that excessive additive loading disrupts the crys-
tallization process, plausibly owing to competitive coordi-
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Figure1 Improved perovskite crystallization with 1H-CBH. (a-b) Top-view SEM images of control (a) and 1H-CBH-treated (b)
perovskite films. (c) Grain-size distribution of perovskite films with and without 1H-CBH. (d-e) AFM height maps of control (d) and
1H-CBH-treated (e) films. (f) XRD patterns of perovskite films with varying 1H-CBH concentrations. (g-h) Contact angles of control
(g) and 1H-CBH-modified (h) perovskite films with HTL (PTAA). (i) GIXRD patterns at different incident angles for control (left) and

1H-CBH-treated (right) samples.
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nation or accumulation of residual stress within the
perovskite lattice. Based on these results, 1.0 mg mL" was
identified as the optimal 1H-CBH loading level; therefore,
all target films and devices in this study were fabricated
using this concentration and are denoted simply as 1H-
CBH. Control samples were prepared without the additive.
GIWAXS was used to further elucidate the structural
evolution induced by 1H-CBH. As shown in Figs. S6a and
S6b in the ESM, the control sample displayed dominant
diffraction features at ¢ = 0.01 nm™ and g = 1.39 nm™,
corresponding to the (110) and (220) perovskite phases,
respectively. Remarkably, the incorporation of 1H-CBH
significantly enhanced the intensity of all characteristic
peaks, providing direct evidence of improved crystallinity
and higher phase-purity. This enhancement suggests a
more complete transformation of nonideal phases into the
thermodynamically favored a-phase perovskite, a struc-
tural configuration well correlated with superior photo-
voltaic performance®¥). The interfacial wettability and
surface characteristics were evaluated through contact
angle measurements, revealing a pronounced decrease in
the contact angle on the PTAA hole-transport layer upon
the addition of 1H-CBH (Figs. 1g and 1h). This change
indicates improved wettability of the HTL surface by the
perovskite precursor. This enhanced interfacial compati-
bility is particularly beneficial for achieving uniform film
deposition over large areas””. The residual strain charac-
teristics were further probed using GIXRD at varying
angles (w), as shown in Fig. 1i. The control films exhibited
obvious peak shifts toward lower diffraction angles with
increasing w, indicating substantial tensile stress within the
lattice!*®. In contrast, the lattice spacing of the 1H-CBH-
modified films showed negligible variation across the
probing depths, confirming effective dissipation of the
residual strain through structural reconfiguration. This

suppresses defect formation, and contributes to the
enhanced PCE and improved operational stability of the
resulting PSCs.

FTIR spectroscopy was employed to clarify the interfa-
cial interactions between 1H-CBH and the perovskite
lattice. As shown in Fig. 2a, both the pristine and 1H-CBH-
modified perovskite films exhibit characteristic vibra-
tional features consistent with previous reports*). A
distinct blue-shift of the C=0 stretching vibration from
1,613 to 1,621 cm™ was observed after introducing 1H-
CBH into the perovskite system. This shift signifies strong
chemical coupling between the carbonyl groups of 1H-
CBH and Pbl, species, in line with the proposed defect-
passivation mechanism. Additional insight into the coor-
dination behavior of Pb* was obtained through XPS. The
Pb 4f spectra (Fig. 2b) show Pb 4f;,, and Pb 4f;,, peaks at
143.12 and 138.24 eV, respectively, for which noticeable
binding-energy shifts were observed with the incorpora-
tion of 1H-CBH, indicating a modified electronic environ-
ment surrounding the lead ions. The O 1s spectra (Fig. 2¢)
further support this observation, with the C=O-related
signal moving from 532.15 eV in the spectrum of the pris-
tine film to 532.78 eV in that of the 1H-CBH-treated
sample. This 0.63 eV upshift provides direct evidence of
coordination between the carbonyl oxygen atoms and
uncoordinated Pb* ions. Changes in the I 3d spectra
(Fig. 2d) reveal additional interactions. The I 3d;;, and I
3ds, peaks at 630.54 and 619.09 eV shifted upon the intro-
duction of 1H-CBH, reflecting modifications in the local
electronic environment of uncoordinated I~ within the
perovskite lattice. The complementary changes in the
N Is region (Fig. 2e), with the N-H signal occurring at
400.56 eV for the 1H-CBH/perovskite system compared to
400.41 eV for the pristine sample, confirm the formation
of H-N~H hydrogen bonds between the -NH, moieties

strain-relief mechanism mitigates lattice distortion, and the hydrogen atoms of FA*. The C 1s spectra of the
a b c
3 Target| -
2 3 3
g X s 8
5§ [1621cm™ 2 £
T 2 2
[
2 £ £
[
~ [1613cm™
Cc=0 Control|
1 " 1 " 1 " 1 " 1 " 1 1 1 1 1 "
1500 1250 1000 750 500 144 142 138 136 540 535 530 525
Wavenumber (cm™) Binding Energy (eV) Binding Energy (eV)
d e f
d3.34 oy i* HN-CH=NH,
d a b
~ - - | | c4%2 ¥—c  Pbl+1H-CBH
3 3 ] L
G s s d3.31 b FAI+1H-CBH
> > > L | cazs h
7 s G d3.36
g $ §
£ £ E
el . 1H-CBH
d3.37 b g
1 1 L |l I T nl JAl n FAI
635 630 625 620 615 610 404 402 400 398 0 3 6 9 12

Binding Energy (eV)

Binding Energy (eV)

Chemical Shift (ppm)

Figure 2 Molecular interactions between 1H-CBH and perovskite. (a) FTIR spectra of pure 1H-CBH, 1H-CBH + perovskite, and
perovskite. (b-e) Pb 4f (b), O 1s (¢c), I 3d (d), and N 1s (e) XPS profiles of unpassivated and 1H-CBH-passivated perovskite films. (f) 'H
NMR spectra of pure FAI, pure 1H-CBH, 1H-CBH + Pbl,, and 1H-CBH + FAL

9370088 (5 of 13)

7w | Sci@pen

~; Tsinghua University



https://doi.org/10.26599/EMD.2026.9370088

control and treated samples (Fig. S7 in the ESM) remained
unchanged, confirming that the carbon centers do not
participate in coordination. These spectroscopic results
collectively indicate that the interfacial interactions mainly
involve the coordination of carbonyl oxygen atoms with
Pb** and hydrogen bonding between the indole moiety and
I ions. 'H nuclear magnetic resonance (NMR) spec-
troscopy was further used to examine the interactions
among FAI, 1H-CBH, and Pbl, in DMSO-d; solution. As
illustrated in Fig. 2f, the proton signals of the —CH (a) and
—-NH, (b) groups in FAI remained unaffected by the incor-
poration of 1H-CBH. In contrast, the signal of the -NH,
protons (d) of FAI shifted upfield by 0.06 ppm (d changed
from 3.37 to 3.31 ppm), providing clear evidence of hydro-
gen bonding between the amino nitrogen of 1H-CBH and
the FA* cations. The N-H signal (c) of the indole unit in
1H-CBH also underwent substantial changes, exhibiting a
prominent downfield shift of 0.21 ppm (& changed from
4.31 to 4.52 ppm) after Pbl, addition, whereas a slight
upfield shift of 0.03 ppm (& changed from 4.31 to
4.28 ppm) was observed with FAI These observed changes
verify direct chemical interactions between the indazole
ring of 1H-CBH and Pbl,, as well as hydrogen bonding
with the amino group and FA*, in excellent agreement

a b

with the previous XPS findings.

To assess the influence of 1H-CBH on the device perfor-
mance, inverted-structure PSCs (Fig. 3a) were fabricated
using Cs, ;sFA¢sPbl; as the absorber layer; 1H-CBH was
incorporated at a concentration of 1.0 mg mL™". The
resulting J-V curves are displayed in Fig. 3b. The devices
treated with 1H-CBH showed a pronounced performance
enhancement, with an increase in the V. from 1.03 to
1.10 V and the PCE from 18.88% to 20.62%. These
enhancements originate from the substantial reduction of
nonradiative recombination losses. In the control devices,
the high defect density provides recombination centers,
thereby accelerating trap-mediated carrier loss, limiting
the achievable V. When 1H-CBH is incorporated, its
carbonyl oxygen atoms form strong coordination bonds
with uncoordinated Pb* ions, whereas the hydrogen atoms
of the indazole ring engage in hydrogen bonding with
uncoordinated I~ ions. These dual interactions suppress
defect formation, minimize trap-assisted recombination,
and promote more efficient charge extraction. Conse-
quently, nonradiative energy losses are significantly
reduced, leading to a larger QFLS and ultimately higher
Vo and PCE. The integrated ], derived from the EQE
spectrum corresponds precisely to the ] value obtained

c
25 FA-Based 100 — 2
b R —
£ 20 420 %
BCP S 75 L . e
5 _ K4 <
PCBM <15 IS p d415 E
) ] J%c Ve FF PCE ) 50 V2 <5
Perovskite o 10 | (mAcm?) (V) (%) (%) o . 4103
a Control 2377 1.03 77.1 18.88 / ®
PTAA S 1H-CBH _ 24.31 1.10 77.1 20.62 25 . =3
£ 5 c /7 45 ;E
3 ontrol N £
ITO © —— 1H-CBH N
0 1 Il 0 Pt IR R I SR | 0
0.0 3 0.6 0.9 1.2 300 400 500 600 700 800
Voltage (V) Wavelength (nm)
d e f
22 25
FA-Based FA-Based Area=1 cm? Control
12 | :E~ —— 1H-CBH
2t —— s
11 T o <
£
— Y s I g
s %0 = 2
1.0 w18 | i
o ° ° c
N N e | a0, 210 -
0.9 | Xy o € Jse Voo FF PCE
L ° 16 - o 2. (mAcm?) (V) (%) (%)
| 3 Control 2118 1.04 60.5 13.33
0.8 - 1H-CBH__21.19  1.10 67.1 15.60
1 1 14 1 1 0 1 1 1 1 1
Control 1H-CBH Control 1H-CBH 00 02 04 06 08 10 12
Voltage (V)
g h i
28 26
FAMA-Based 120 FAMA-Based FAMA-Based
I<E-‘ 21 24 | A
g 118 % N L l;_‘l? S
£ L ° 0% —_ %
> s F ) g 22 |- M
® 14 - Jeo Vo FF PCE 1.16 3
< mACm?) (V) (%) (%) $ ° S 20
=] I Control 2583 1.15 71.3 21.18 r 8 o0 a0
€ 1H-CBH _ 26.06  1.18 76.7 23.59 1.14 RIS r
[ A
5 |— 1HcBH I y '
© I 112 |
1 1

Conﬁrol )

0.9 1.2

0

0.0 Control Control

0.6
Voltage (V)

Figure 3 Photovoltaic performance of perovskite solar cells. (a) Schematic of the device structure. (b) J-V characteristics of FA-based
perovskite solar cells without and with 1H-CBH. (c) EQE spectrum and integrated J,. values for IH-CBH-treated device. (d-e) V. (d)
and PCE (e) distributions of FA-based PSC without and with 1H-CBH additive. (f) J-V characteristics of 1 x 1 cm? perovskite solar cells
without and with 1H-CBH. (g) J-V characteristics of FAMA-based PSCs without and with 1H-CBH. (h-i) V. (h) and PCE (i) distribu-
tions of FAMA-based PSC without and with 1H-CBH additive.

) if% % 4wt | Sci@pen

9370088 (6 of 13)


https://doi.org/10.26599/EMD.2026.9370088

Energy Mater. Devices 2026, 4(1), 9370088

from J-V characterization of the device employing 1H-
CBH (Fig. 3c). The statistics for the parameters from 15
devices (Figs. 3d and 3e, Figs. S8a and S8b in the ESM)
further demonstrate the consistent enhancement achieved
through 1H-CBH incorporation, particularly in the V.

Contact angle measurements reveal that 1H-CBH
markedly improves the wettability of the PTAA surface
toward the perovskite precursor solution. Better interfa-
cial compatibility facilitates the deposition of uniform
films, which is especially important for the fabrication of
large-area devices. Motivated by this advantage, PSCs with
an active area of 1 cm? were fabricated. The J-V curves in
Fig. 3f show that 1H-CBH again provides clear benefits.
The V., FF, and PCE increased from 1.04 to 1.10 V,
60.53% to 67.08%, and 13.33% to 15.60%, respectively.
These results underscore the strong potential of 1H-CBH
as a robust additive for achieving high-performance, large-
area PSCs and highlight its relevance for scalable manufac-
turing. Incorporating 1H-CBH markedly enhanced the FF
of large-area PSCs, an improvement attributed to the FF’s
heightened sensitivity to interfacial defects. The FF is criti-
cally governed by the charge-transport efficiency and
recombination dynamics within the device. Notably, the
1H-CBH additive effectively mitigates deep trap states,
thereby enhancing the charge-carrier mobility, as substan-
tiated by subsequent SCLC measurements. Concurrently,
the introduction of 1H-CBH suppresses trap-assisted
nonradiative recombination in the perovskite layer, a find-
ing strongly corroborated by the PL and TRPL analyses.
These systematic investigations collectively establish 1H-
CBH as a promising candidate for optimizing charge-
transport pathways and minimizing recombination losses
in high-performance PSCs. Furthermore, the compatibil-
ity of this additive with scalable, large-area device fabrica-
tion processes underscores its significant potential for
industrial-level applications in next-generation photo-
voltaic technologies.

The general applicability of 1H-CBH was further exam-
ined using mixed-cation FAMA perovskite devices
(Csp15(FAsMA,,)055Pbl5), in which MA* was introduced
alongside FA* and Cs*. The control devices delivered a
champion PCE, V., J. and FF of 21.18%, 1.15 V,
25.83 mA cm?, and 71.3%, respectively (Fig. 3g). After
incorporating 1H-CBH, the champion PCE increased to
23.59%, accompanied by an improvement in the V,  to
1.18 V and a rise in the FF to 76.7%. The statistical data
from 15 devices (Figs. 3h and 3i, Figs. S9a and S9b in the
ESM) confirm that the performance enhancement is
highly reproducible. The simultaneous improvements in
the V,. and FF align well with the mechanistic understand-
ing established earlier. Additive-induced suppression of
ion migration, reduction of the trap density, and the passi-
vation of uncoordinated Pb* and I defects contribute to
mitigating nonradiative recombination, thereby enabling
higher photovoltaic efficiency.

The SCLC technique was utilized to systematically
quantify variations in the trap density of the perovskite
films with and without 1H-CBH modification, demon-
strating a direct correlation between defect passivation and
enhancements in the device performance®". The trap-filled
limit voltage (V) was determined from the intersection
of the Ohmic and trap-filled limit regions in the I-V
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curves. Electron-dominated devices with the ITO/SnO,/
Perovskite/PCBM/BCP/Ag (Fig. 4a) architecture were
fabricated and their I-V characteristics were measured at
applied voltages in the range of 0-1 V. As shown in
Fig. 4b, the Vip of the pristine perovskite device was
0.21 V but decreased dramatically to 0.11 V for the 1H-
CBH-passivated device. This reduction indicates a
substantial decrease in the defect density within the
perovskite layer. Nyepcs and pejeciron Were calculated using
Eqgs. 2 and 3, respectively.

2e&, Vg
Nacteas = el (2)
8K )

Meleclmn - 9880

Here, ¢, and ¢ denote the vacuum permittivity and
dielectric constant of the perovskite, respectively; e and L
represent the electron charge and thickness of the
perovskite film, respectively; and K denotes the slope of
the Child regime. For Cs;;5sFA(4;Pbls, € = 235 and L =
110 nm®. The trap density of the pristine perovskite film
(442 x 10 cm™®) was significantly reduced to 2.31 x
10 cm™ upon 1H-CBH incorporation, as summarized in
Table S2 in the ESM. Concurrently, the electron mobility
increased from 3.89 x 10 to 6.16 x 10* cm? V7! s7,
confirming enhanced charge transport. These results align
with the observed suppression of nonradiative recombina-
tion, leading to improved photovoltaic performance.

UPS was used to confirm the improved band alignment
in PSCs, induced by incorporation of the 1H-CBH addi-
tive. The results are presented in Figs. S10a and S10b in the
ESM. The valence band maximum shifted from —5.99 eV
for the pristine film to —5.89 eV after 1H-CBH treatment.
Combined with the bandgap (~1.53 eV, Fig. S11 in the
ESM) derived from the UV-Vis absorption spectra
(Fig. 4c), the conduction band minimum energies were
calculated as —4.46 and —4.36 eV for the control and 1H-
CBH-modified films, respectively. Notably, although the
absorption onset remained unaltered, the light-absorption
intensity was significantly enhanced, demonstrating that
1H-CBH does not modify the intrinsic bandgap but
improves the light-harvesting efficiency, thereby promot-
ing higher photocurrent generation. The corresponding
energy level diagram is illustrated in Fig. S12 in the ESM,
revealing that the 1H-CBH-treated perovskite film exhibits
more n-type-like electronic character. This favorable band
alignment facilitates efficient electron extraction at the
interface, aligning closely with the earlier discussion on the
enhanced device performance. PL spectroscopy analysis of
the perovskite films deposited on glass substrates (Fig. 4d)
showed a pronounced increase in the PL intensity for the
1H-CBH-modified film, indicating effective suppression of
defect-mediated nonradiative recombination through 1H-
CBH passivation®!. The PL spectra of the 1H-CBH-modi-
fied films display a minimal red-shift of 2 nm relative to
that of the control, consistent with the negligible spectral
shifts observed in the UV-Vis absorption. This minor shift
is insignificant in the context of device performance
metrics. Additionally, the excitonic behavior of the 1H-
CBH-modified perovskite films was evaluated using TRPL
spectroscopy (Fig. 4e). The TRPL decay curves were fitted
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Figure 4 Role of 1H-CBH in structure-property relationships. (a) Schematic of electron-only device structure. (b) SCLC curves of
perovskite solar cells without and with 1H-CBH. (c) UV-Vis absorption spectra of perovskite films without and with 1H-CBH. (d) PL
spectra of perovskite films without and with 1H-CBH. (e) TRPL spectra of perovskite films without and with 1H-CBH. (f) d-Spacing as a
function of grazing incidence angle for control and 1H-CBH-modified perovskite films. (g) Dark I-V curves for PSCs without and with
1H-CBH. (h) M-S curves for PSCs without and with 1H-CBH. (i) EIS profiles of PSCs without and with 1H-CBH.

to a biexponential decay function. The extracted parame-
ters are summarized in Table S3 in the ESM. The fast
decay time (7,), which represents trap-assisted nonradia-
tive charge recombination, and the slow decay time (1,),
which is associated with radiative charge recombination,
were obtained™. For the pristine CsysFAgsPbl;
perovskite, 7, = 2.70 us and 7, = 75.75 ps, whereas the life-
times were longer for the 1H-CBH-modified perovskite,
where 7, = 2.87 us and 7, = 80.43 ps. The average carrier
lifetime (7,,.) was calculated using Eq. 4.

AT
= % - @

The increase in 7,,, from 74.07 us to 77.81 us confirms
effective suppression of nonradiative recombination. This
enhancement directly contributes to the increase in the V.
and overall device efficiency. The residual strain in the
perovskite films was quantified by linear regression of 26
as a function of sin’p, where the slope of the fitted line
directly reflects the magnitude of the residual strain
(Fig. 4f). A positive slope indicates compressive stress,
whereas a negative slope corresponds to tensile strain. For
the pristine perovskite films, the linear fit yielded a distinct
negative slope, confirming the presence of intrinsic tensile

T
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strain. In contrast, the slope was markedly reduced for the
1H-CBH-modified films, demonstrating substantial strain
relaxation in the films®. This observation aligns closely
with the GIXRD patterns of the control and 1H-CBH-
treated films recorded at varying incident angles, collec-
tively validating that 1H-CBH incorporation effectively
mitigates lattice strain in the films and enhances the struc-
tural stability.

A deeper understanding of the influence of 1H-CBH on
the charge-transport behavior was obtained through
systematic analysis of the dark I-V characteristics of the
PSCs. This measurement provides direct insight into the
carrier recombination and defect-assisted transport
processes under nonilluminated conditions. By compar-
ing the dark-current responses of the control and 1H-CBH-
modified devices, changes in the diode quality, leakage
current, and trap-assisted recombination pathways can be
clearly resolved, enabling more comprehensive assess-
ment of how the additive regulates the charge dynamics
within the device structure (Fig. 4g). Notably, the dark-
current density was significantly reduced from 5.45 X
107 mA cm™ in the control device to 1.35 x 10° mA cm
after modification with 1H-CBH, indicating -effective
suppression of the leakage currents and enhanced interfa-
cial charge transport. This observation strongly suggests
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that the passivation of interfacial defects induced by 1H-
CBH plays a critical role in improving the charge-extrac-
tion efficiency®. M-S analysis was also performed to
determine the built-in potential (V};) of the PSCs (Fig. 4h).
The built-in potential was estimated using Eq. 5.

A 2(V,—V)

5
C qee,N )

Here, A, C, V, g, &, &, and N represent the active area,
capacitance, applied voltage, electric charge, perovskite
dielectric constant, vacuum permittivity, and charge-
carrier density, respectively. The extracted Vy; values for
pristine Csg;sFA ssPbl; and the 1H-CBH-modified
perovskite are 0.71 and 0.84 V, respectively. This notable
increase in the built-in potential confirms strengthening of
the internal electric field, which facilitates more efficient
charge separation and collection, contributing to the
observed enhancement in the V.. EIS was used to investi-
gate the charge-transfer kinetics in the PSCs (Fig. 4i, and
Table S4 in the ESM). The experimental and fitting results
revealed that after 1H-CBH modification, the series resis-
tance (R,) decreased from 33.42 to 27.57 Q, which directly
contributed to the improved J ***, while the recombina-
tion resistance (R,..) increased from 38.05 Q to 131.00 Q.
This significant enhancement in R, indicates that nonra-
diative recombination is effectively suppressed upon intro-
ducing the 1H-CBH additive. These observations align

consistently with the earlier analysis of the defect passiva-
tion and reduced nonradiative recombination mechanisms.

Systematic evaluation of the impact of 1H-CBH on the
device stability was conducted under humid air environ-
ment (25°C, 50%-80% relative humidity) and dry N,
atmosphere without encapsulation of the devices. XRD
analyses after 8 months of ambient storage revealed a
dramatic increase in Pbl, phase within unpassivated
perovskite films, whereas Pbl, formation was significantly
suppressed in the 1H-CBH-passivated films (Figs. 5a and
5b). This observation indicates that surface passivation by
1H-CBH effectively mitigates decomposition of the crys-
talline structure in perovskites. Furthermore, the XRD
patterns of the 1H-CBH-treated films retained the charac-
teristic diffraction peaks of the stable hexagonal phase,
whereas the pristine films underwent a phase transition to
the unstable B-phase®. Visual inspection of the perovskite
films after 8 months under ambient conditions revealed
severe degradation of the unpassivated samples, with
complete transparency (Fig. S13 in the ESM), whereas the
initial morphology and structural integrity were main-
tained in the passivated films, consistent with the XRD
data. In the stability test under controlled N, atmosphere,
PSCs incorporating 1H-CBH retained over 80% of their
initial PCE after 600 h of continuous storage. In contrast,
the pristine devices exhibited 20% PCE degradation within
150 h under identical conditions (Fig. 5c). These results
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Figure 5 Stability test. (a-b) XRD patterns of the perovskite films without (a) and with (b) 1H-CBH additive after 24 h, 48 h and 8
months of aging at 25°C and 50%-80% relative humidity under ambient atmosphere. (c) Stability of the corresponding perovskite solar
cells without encapsulation in a N,-filled environment with 25% relative humidity at 25°C.
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demonstrate that 1H-CBH passivation not only enhances
the intrinsic stability of the material through defect passi-
vation but also improves the resistance to the environ-
ment, thereby significantly prolonging the operational
lifespan of the device.

To further investigate the impact of continuous illumi-
nation on the device stability, the perovskite films were
systematically characterized at 10 min intervals under a
light intensity of 1,000 mW cm? (10 suns) (Figs.
S14a-S14d in the ESM). The film incorporating 1H-CBH
additive demonstrated superior stability after 1 h of illumi-
nation, in stark contrast to the control sample, which
exhibited significant degradation. Notably, the (110)
diffraction peak of the control film shifted markedly
toward lower diffraction angles, whereas that of the 1H-
CBH-modified film displayed a substantially smaller shift.
The observed leftward shift of the diffraction peaks under
illumination is attributed to halide migration, wherein the
perovskite phase separates into iodide-rich (I-rich) and
iodide-vacancy domains upon exposure to light'*!l. Given
the large ionic radius of iodide, the formation of I-rich
regions likely induces lattice expansion, resulting in a shift
of the diffraction peak to lower angles. Such lattice expan-
sion is closely linked to severe degradation in the device
stability. However, the lattice expansion observed in the
1H-CBH-passivated film was significantly suppressed,
providing direct evidence that the -NH group of the indole
moiety in 1H-CBH forms hydrogen-bonding interactions
with I in the perovskite lattice. This interaction effectively
mitigates halide migration under illumination, preventing
the formation of I-rich domains and enhancing the overall
device stability. Previous studies have reported simultane-
ous broadening of the Bragg peaks and the emergence of
additional low-angle peaks in the XRD patterns during
halide segregation, confirming the generation of I-rich
perovskite domains®. In our experiments, broadening of
the Bragg peak was observed for both the control and 1H-
CBH-modified films. However, the extent of broadening
was markedly reduced in the case of the 1H-CBH-treated
sample, further supporting the conclusion that 1H-CBH
suppresses light-induced halide segregation and the associ-
ated formation of I-rich regions. These findings highlight
the broader significance of additive engineering in mitigat-
ing halide-segregation-induced lattice distortions, where
synergistic passivation through coordination bonds and
hydrogen-bond interactions plays a pivotal role in stabiliz-
ing perovskites under operational conditions. By strategi-
cally designing additives capable of forming both coordi-
nation and hydrogen bonds, this multi-passivation strat-
egy effectively suppresses ion migration, phase separation,
and crystallinity degradation.

4 Conclusion

This study demonstrates the use of 1H-indole-3-carbohy-
drazide as a multifunctional additive for defect passivation
and performance optimization in PSCs. Through compre-
hensive morphological, spectroscopic, and electrical char-
acterization, we unveil a multi-passivation mechanism in
perovskite systems. First, coordination bonding between
the carbonyl oxygen atoms and uncoordinated Pb* ions
effectively passivates metal-related defects. Second, hydro-
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gen bonding interactions between the -NH group of the
indole moiety and uncoordinated I- suppress halide-
related trap states. Finally, the -NH, groups form H-N---H
hydrogen bonds with hydrogen atoms in the FA cation of
the perovskite lattice, further stabilizing the crystal struc-
ture. This synergistic passivation strategy systematically
eliminates deep trap states, minimizes nonradiative
recombination losses, and enhances the interfacial
compatibility with the electron-transport layer. Conse-
quently, this multifunctional additive engineering
approach significantly improves the charge extraction effi-
ciency and optimizes the energy level alignment, establish-
ing a robust framework for high-performance perovskite
optoelectronics.  The incorporation of 1H-CBH
(1.0 mg mL™") into FA-based perovskite devices results in a
significant increase in the PCE from 18.88% to 20.62%,
attributable mainly to the enhancement of the V. from
1.03 to 1.10 V. The multi-passivation mechanism demon-
strates broad applicability, as evidenced by the enhance-
ment of the PCE of FAMA-based perovskite devices. Upon
incorporating 1H-CBH, the PCE is enhanced from 21.18%
to 23.59%, driven by a notable increase in the V. from
1.15 V to 1.18 V, accompanied by significantly improved
device reproducibility. Notable stability improvements are
achieved through 1H-CBH passivation. The unencapsu-
lated PSCs retain over 80% of their initial PCE after 600 h
of storage under nitrogen atmosphere, whereas the control
devices lose 20% of their efficiency within 150 h. This
study introduces a transformative approach to additive
engineering in PSCs, showing that rationally designed
molecules capable of forming both coordination and
hydrogen bonds can simultaneously constrain multiple
degradation pathways. The multi-passivation strategy
effectively mitigates ion migration, phase segregation, and
crystallinity degradation, thereby enhancing both the
photovoltaic efficiency and operational stability of the
resulting devices. By incorporating 1H-CBH, we achieve a
critical balance between high performance and long-term
durability, advancing the commercial viability of
perovskite solar technology.
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