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All-inorganic CsPbBrs; perovskite solar cells (PSCs) suffer from efficiency losses due to their interfacial
energy level mismatch. Herein, we propose a synergistic dual-interface modification strategy to improve
the photoelectrical performance of C/CsPbBrs/SnO,-structure PSCs. At the CsPbBrs/carbon interface,
N,N'-dicyclohexylcarbodiimide (DCC) could elevate the CsPbBrsz Fermi level to suppress the interfacial
non-radiative recombination to increase the open-circuit voltage (Voc). At the SnO,/CsPbBrs interface,
NH4F could upshift the SnO, Fermi level to enhance the crystallinity of CsPbBrs to markedly improve the

R 4 8th Aoril 2026 fill factor (FF). The optimized device could achieve a power conversion efficiency of 9.59% with a V¢ of
eceived 8th Apri o ) . . . . .
Accepted 13th May 2026 153 V and an FF of 82.4%. To elucidate the underlying mechanism, we established a dual-diode series

model (DDSM), which revealed that the Voc was governed by the CsPbBrz/carbon barrier and the FF was

DOI: 10.1035/d6ra02943d controlled by the SnO,/CsPbBrs barrier. The theoretical predictions were consistent with the
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1. Introduction

The all-inorganic perovskite CsPbBr; has attracted considerable
attention for photovoltaic applications owing to its wide
bandgap (~2.3 eV), excellent thermal stability, and oxidation
resistance.'”® Conventional CsPbBr; perovskite solar cells (PSCs)
consist of an electron transport layer (ETL), a CsPbBr; light-
absorbing layer, a hole transport layer (HTL) and a carbon
electrode (Fig. 1).

However, compared with MAPbI;-based devices, CsPbBr;-
based devices suffer from significantly higher Vo losses of up
to 0.6 V, which severely limits their efficiency.* Early studies
attributed this loss to halogen phase separation.” However,
subsequent work has shown that the loss persists even without
pronounced phase separation and is primarily caused by deep-
level defects that induce non-radiative recombination.® There-
fore, defect passivation is a key strategy for improving device
performance. Some significant progress has been achieved
through crystallization control,” additive engineering,'** and
interface modification.”®*** Notably, a recent study by Shahriar
et al. demonstrated that LiTFSI treatment could effectively
passivate interfacial defects by reducing oxygen vacancies. It
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experimental results, providing a robust framework for designing high-performance all-inorganic PSCs.

could also optimize the energy level alignment between the
perovskite active layer and the ETL, thereby enhancing both the
conductivity and the efficiency of charge carrier extraction.'®

In addition to defect-induced recombination, the energy
level mismatch between CsPbBr; and its adjacent charge
transport layers also significantly contributes to Voc loss.
Various energy level modulation strategies have been devel-
oped, including interface modification at the CsPbBrs/carbon
contact*® and doping strategies for adjusting Fermi levels.”***
However, these strategies typically focus on a single interface
due to the lack of a systematic understanding of how to
decouple the contributions of each interface to the V¢ and fill
factor (FF).

FF is another critical parameter affecting device perfor-
mance. In wide-bandgap perovskite cells with a well-passivated
interface, FF is primarily limited by carrier recombination.*
Further investigations have revealed that FF loss is strongly
correlated with interfacial recombination, particularly at the
perovskite/hole transport layer interface,” where hole extrac-
tion is the rate-limiting step. Consequently, some studies have

Electrode

Fig.1 Diagram of the structure of a CsPbBrz solar cell.
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employed dual hole transport layers to enhance hole mobility**
or optimized energy level alignment to improve hole extraction
efficiency.” Rong-Ho Lee et al. introduced CPAM as an inter-
facial modification layer at the NiO,/MAPDI; interface to
improve both the interfacial contact and the energy level
alignment. Compared with pristine samples, the PVSCs fabri-
cated with a CPAM-modified NiO, layer had significantly
enhanced performance.”® Currently, research on carbon-based
CsPbBr; solar cells is mainly focused on suppressing non-
radiative recombination through interface and doping engi-
neering. However, the precise mechanism by which interfacial
contact can govern distinct photovoltaic parameters, and
specifically, the decoupling of the effects on open-circuit voltage
and fill factor, remains unclear. This ambiguity hinders the
rational design of high-performance devices.

In this study, we propose a synergistic interfacial modifica-
tion strategy based on the introduction of N,N-di-
cyclohexylcarbodiimide (DCC) at the CsPbBrs/carbon interface
and NH,F at the SnO,/CsPbBr; interface to improve the pho-
toelectrical performance of CsPbBr; PSCs. To fundamentally
understand how these interfaces dictate device performance, we
innovatively established a dual-diode series model (DDSM)
based on carrier transport theory. By deriving the current-
voltage (J-V) characteristic equations, we quantitatively eluci-
dated the relationship between key performance metrics and
their corresponding interfacial barriers, providing a theoretical
foundation for optimizing energy level alignment in all-
inorganic PSCs.

2. Results and discussion

Details regarding the device fabrication and characterization
methods are provided in Note S2.

2.1 Influence of DCC at the CsPbBr;/carbon interface

As shown in Fig. 2(a and b), the cutoff energy and onset binding
energy of CsPbBr; are shifted after interfacial modification with
DCC. The Fermi level of CsPbBr; increases by approximately
0.18 eV, which is attributed to an interfacial dipole effect
between CsPbBr; and the DCC molecules.”” The origin of these
dipoles can be explained by the interaction of CsPbBr; with the
DCC molecules, which is shown in Fig. 2(c). Moreover, a charge
density difference is induced by DCC molecules adsorbed on
the CsPbBr; surface. The model was constructed on the basis of
monodentate coordination, as the adjacent Pb atoms are
separated by 8.244 A and 5.868 A along the crystallographic a-
and b-axes, respectively (Fig. S2(a)), rendering bridging coordi-
nation unfeasible. Accordingly, a monodentate coordination
model was adopted (Fig. S2(b)); the DFT calculation parameters
are provided in Fig. S3 and S4. The charge density difference
map in Fig. 2(c) reveals electron transfer from the vicinity of the
nitrogen atoms toward the Pb dangling bonds (indicated by
purple arrows), confirming the formation of coordination
bonds. Concomitant with this charge transfer, a dipole pointing
from the DCC molecule toward the CsPbBr; interface is
established.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2(d) shows that after DCC modification, the PL peak
intensity increases significantly, indicating effective suppres-
sion of non-radiative recombination due to the coordination
between DCC and Pb dangling bonds at the CsPbBr; interface.
However, when the DCC concentration reaches 30 mg mL ™", the
PL intensity decreases slightly, likely because the presence of
excessive DCC, an insulating material, hinders efficient exciton
recombination. The highest PL intensity is achieved at
a concentration of 20 mg mL .

A clearly negative electrostatic potential picture is presented
in Fig. 2(e), which is observed around the nitrogen atoms (red
region), attributed to the presence of lone-pair electrons. In the
carbodiimide (N=C=N) backbone, each nitrogen atom adopts
sp” hybridization: two hybrid orbitals form ¢ bonds with
carbon, the third accommodates a lone pair, and one p orbital
participates in mw-bonding. The presence of these nitrogen lone-
pair electrons results in both the coordination between DCC
and Pb dangling bonds and the formation of the dipole,
consistent with the observations in Fig. 2(c). The DCC mole-
cules show dual interactions. Firstly, DCC upshifts the energy
level of CsPbBr; via the dipole effect. Moreover, it also reduces
non-radiative recombination via the coordination of DCC and
Pb dangling bonds. Fig. 2(f) shows how the dipole effect influ-
ences the interfacial energy levels.

As shown in Table 1, the Vy¢ increases with the DCC
concentration up to 20 mg mL ™", and then declines. This result
is attributed to the elevated CsPbBr; Fermi level, which
increases the interface barrier to facilitate the hole transport.
The performance degradation at 30 mg mL ™' stems from the
increased defect density caused by excessive DCC. Js. and FF
show no significant changes after the introduction of DCC,
except for a slight decrease at 30 mg mL ™" due to the hindered
exciton recombination by the excessive insulating DCC.

2.2 Influence of NH,F at the SnO,/CsPbBr; interface

When NH,F is used to modify the SnO, interface, F atoms are
incorporated into the SnO, lattice. Owing to the similar ionic
radii of F and O, F undergoes a substitutional doping process by
occupying O sites. In this study, first-principles simulations of F
doping were performed at concentrations of 0%, 0.93%, 4.17%,
and 12.5% (the model was constructed as shown in Fig. S5). The
relevant calculation parameters and results are provided in
Fig. S6-S9 and Table S1. This work mainly focuses on the effects
of F doping on the electronic structure of SnO, at concentra-
tions of 0%, 0.93%, and 4.17%.

As shown in Fig. 3(a-c), as the F doping concentration is
increased, the Fermi level of SnO, gradually shifts from the
valence band maximum (Fig. 3(a)) toward the conduction band
minimum (Fig. 3(c)), indicating an increase in electron
concentration. The upward shift of the Fermi level relative to
the valence band maximum reflects a transition from semi-
conducting to metallic behavior.

As shown in Fig. 3(d-f), the occupied state density of Sn near
the Fermi level increases with increasing F doping concentra-
tion, primarily contributed by Sn 5s orbitals along with a minor
contribution from Sn 5p orbitals.

RSC Adv, 2026, 16, 28768-28776 | 28769
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(a) Cutoff energy of DCC-modified and unmodified CsPbBrs. (b) Onset binding energy of DCC-modified and unmodified CsPbBrs. (c)

Differential charge density of a DCC molecule adsorbed on the CsPbBr3 surface. (d) Photoluminescence (PL) spectra of CsPbBrz with different
concentrations of DCC molecules. (e) Electrostatic potential distribution of DCC molecules simulated using first-principles calculations. (f)
Adsorption configuration and schematic diagram of the energy level changes induced by DCC modification. Note: DCC solutions (10, 20, and
30 mg mL~tin dichloromethane) are labeled as 10-DCC, 20-DCC, and 30-DCC. Ve, Jsc, FF, and PCE denote open-circuit voltage, short-circuit

current density, fill factor, and power conversion efficiency, respectively.

Table 1 Photovoltaic parameters of pristine and DCC-modified
CsPbBr3 PSCs

Device Jse (MA cm™?) Voc (V) FF (%) PCE (%)
Pristine 7.54 1.37 68.9 7.11
10-DCC 7.55 1.45 70.1 7.57
20-DCC 7.58 1.53 71.5 8.29
30-DCC 7.57 1.51 70.3 8.03

The distribution of O states remains largely unchanged with
increasing F doping concentration (Fig. 4(a-c)), while the F
states are predominantly located around —10 eV, with no
notable density at the Fermi level (Fig. 4(d-f)). These results
indicate that neither O nor F contributes directly to the DOS

28770 | RSC Adv, 2026, 16, 28768-28776

near the Fermi level; the observed increase in this region is
primarily attributed to Sn. Thus, the Fermi level rise is attrib-
uted to F substitutional doping at O sites. Owing to its higher
electronegativity, F exists as F, introducing excess electrons
that preferentially occupy Sn 5s and 5p orbitals (the primary
components of the SnO, conduction band minimum). Conse-
quently, increased F doping raises the electron concentration in
the conduction band, shifting the Fermi level upward. The F 2p
states appear around —10 eV (Fig. 4(d-f)), which further
confirms F~ formation.

The electrostatic potential distribution of NH,F (Fig. 5(a))
reveals a negative potential around the F atom, consistent with
the strong electronegativity of fluorine. Based on the optimal
crystallinity at 0.06 M L', SnO, modified with this

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a—c) Total DOS of F-doped SnO,. (d—f) Partial DOS of Sn.

concentration was selected for UPS characterization (Fig. 5(b
and c)). After NH,F modification, the secondary electron cutoff
increases from 17.15 eV to 17.23 eV, corresponding to a 0.08 eV
upward shift of the Fermi level, consistent with the first-
principles predictions.

The EIS results (Fig. 5(d)) show that NH,F modification can
increase the arc radius, indicating higher shunt resistance due
to the improved CsPbBr; crystallinity and reduced leakage
current. At 0.08 M L™, the arc radius decreases, consistent with
pinhole-induced leakage. Thus, NH,F modification elevates the
Fermi level of SnO, (ref. 28) and improves the crystalline quality
of the CsPbBr; film.

The SEM images (Fig. 5(e-h)) show that the unmodified film
exhibits uneven grain distribution (Fig. 5(e)). As the NH,F
concentration increases, the crystallinity improves, reaching
a maximum at 0.06 M L~ " (Fig. 5(g)). At 0.08 M L, pinholes
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appear (Fig. 5(h)), indicating degraded film quality. This
behavior is attributed to the F~ ions introduced on the SnO,
surface upon NH,F treatment. These F~ ions act as Lewis base
sites, forming weak coordination with Pb*>" and increasing
heterogeneous nucleation density during CsPbBr; crystalliza-
tion. According to classical nucleation theory, higher nucleation
density reduces the critical nucleation radius, promoting
denser films with improved grain uniformity. However, exces-
sive NH,F leads to over-substitution of the surface -OH groups
with Sn-F, rendering the SnO, surface overly hydrophobic and
causing dewetting, which results in pinhole formation.

As shown in Table 2, the FF increases with NH,F concentra-
tion up to 0.06 M L™ and then decreases, while V,. and J,. show
no significant changes. The FF improvement is attributed to the
upshifted SnO, Fermi level, which optimizes energy level align-
ment with CsPbBr; and facilitates electron transport. The decline
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Fig. 4 (a—f) Partial density of states of O and F.
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NH4F modification. (d) EIS characterization of the ITO/SnO,/NH4F/CsPbBrs/C device after NH4F modification. (e—h) SEM images of CsPbBrs

deposited on SnO, substrates with different NH4F concentrations.

at higher concentrations is derived from the excessive NH,F
introducing additional non-radiative recombination centers.

2.3 Synergistic modification of CsPbBr; with NH,F and DCC

Fig. 6(a) shows that the dark current is significantly reduced
after the modification, which is attributed to the improved

Table2 Photovoltaic parameters of pristine and NH4F-modified SnO,
PSCs®

Device Jse (MA cm™2) Voo (V) FF (%) PCE (%)
Pristine 7.54 1.37 68.9 7.11
0.04-NH,F 7.56 1.37 76.0 7.87
0.06-NH,F 7.60 1.38 80.2 8.41
0.08-NH,F 7.59 1.36 78.0 8.05

“ NH,F solutions in deionized water at concentrations of 0.04, 0.06, and
0.08 M are labeled as 0.04-NH,F, 0.06-NH,F, and 0.08-NH,F.

28772 | RSC Adv, 2026, 16, 28768-28776

crystalline quality of CsPbBrj, consistent with the results
shown in Fig. 5(e) and (g). The device stability is markedly
enhanced after synergistic modification (Fig. 6(b)). This is
mainly due to the DCC modification layer, which partially
suppresses erosion by moisture and oxygen. Fig. 6(c) presents
a J-V curve closer to ideal diode behavior, with noticeably
increased Voc and FF; the corresponding parameters are
summarized in Table 3. The underlying physical mechanisms
will be discussed in detail in the following section. As shown in
Fig. 6(d), the majority of the sample data lie within the boxes,
and the number of invalid data points is minimal, satisfying
the statistical criteria.

3. A simplified explanation

Based on these results, we constructed a theoretical model to
elucidate the mechanisms by which the different interfaces
influence key device parameters.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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measured from 15 pristine and 15 synergistically modified samples.

Table 3 Photovoltaic parameters of pristine and NH4F- and DCC-
modified SnO, PSCs

Device JeeMACcm™)  Voc (V) FF (%)  PCE (%)
Pristine 7.54 1.37 68.9 7.11
0.06-NH,F/20-DCC  7.61 1.53 82.4 9.59

3.1 Establishment of the dual-diode series model (DDSM)

In carbon-based CsPbBr; PSCs, charge transport interfaces are
primarily formed between CsPbBr; and the carbon electrode,
and between CsPbBr; and the SnO, electron transport layer
(Fig. 7(a)). The CsPbBr;/C interface has a higher barrier than the
SnO,/CsPbBr; interface (Fig. 7(b)). We define the high-barrier
CsPbBr;/C interface as diode D1 and the low-barrier SnO,/
CsPbBr; interface as diode D2. As they are both Schottky
contacts, the structure can be modeled as a dual-diode series
model (DDSM) (Fig. 7(c)). Based on this model, the current-
voltage characteristics can be derived. Parameters are defined in
Note S3.

I = Ig[e""5D — 1 (1)
b= Io[l — D] ©)
V: V] + V2 (3)

(ﬂan)
KT
I ce I

) S.

() 0

© 2026 The Author(s). Published by the Royal Society of Chemistry

From the equation for series current (I; = I,), we can obtain the
following (Note S1).

'l
1 —ekT

- (5)
Isl + 152 eKT

ISIISZ
I =

3.2 Relationship between the CsPbBr;/C interface barrier
(eVDl) and Voc

Since eVp; > eVp,, under an applied voltage V, V; > V,, and
V = V;. Combining eqn (2) and (5) gives:

©
I:II: SICKT -1 (6)

qv

kT
) >>1, the I-V relationship is satisfied.

I=1I e<%) (7)

Under open-circuit conditions, the current satisfies I = I,

When e(

quc)
and e( ) >1 Combining eqn (4) and (7) gives:

(ﬂ’ﬁn) (thoc>
KT KT
I, =Ce e (8)
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(a) SNO,/CsPbBrs/C heterojunction. (b) Energy level alignment of SnO,/CsPbBr3z/C heterojunction. (c) Dual-diode series model (DDSM).
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(a) Variation of the Vo and FF of the device under different eVp; at the CsPbBr3/C interface. (b) J-V curves corresponding to different

Fig. 8 shows the results of the SCAPS-1D simulation for the
Voc and J-V curves under varying eVpq; relevant details are
provided in Table S2. The SCAPS-1D simulations (Fig. 8(a))
confirm a linear relationship: as eVp, increases, Voc increases
linearly while the fill factor (FF) remains approximately 90%,
indicating that eVp; primarily influences Voc with minimal
impact on FF. Fig. 8(b) also shows that the V¢ increases linearly
with eVp,, as indicated by the intersection of the curve with the
horizontal axis. These results are consistent with the data in
Tables 1, 3, and Fig. 2(a). After DCC modification, the Voc
increases from 1.37 V to 1.53 V, corresponding to an increment
of 0.16 V. This value closely aligns with the increase of 0.18 eV in
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Fig. 9 (a) Variation of the open-circuit voltage and fill factor of the device under different barrier heights eVp, at the SnO,/CsPbBr5 interface. (b)
J-V curves corresponding to different barrier heights eVp, at the SnO,/CsPbBrs interface.
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the Fermi level. The slight discrepancy of 0.02 V is mainly
attributed to non-radiative recombination. Therefore, the
experimental results are in strong agreement with the model
conclusions.

3.3 Relationship between the SnO,/CsPbBr; interface barrier
(eVpy) and FF

In the actual system, the SnO,/CsPbBr; interface can induce
a voltage V,, causing deviation from ideal diode behavior via
eqn (5). This deviation is a key factor in FF reduction. When the
SnO, Fermi level is shifted relative to CsPbBr;, eVp, is
decreased, and I, is increased (eqn (4)). In this series configu-
ration, V; increases while V, decreases, increasing the FF (Note
S5). At large eVp, values, I, becomes extremely small, leading to
an S-shaped J-V distortion and a sharp FF drop.

SCAPS-1D simulations (Fig. 9) showed that as eV, increases
from 0 eV to 0.38 eV, the FF first decreases gradually and then
drops sharply beyond a threshold of 0.28 eV, while the Voc
remains relatively stable. As shown in Fig. 9(b), when eVp,
reaches 0.38 eV, the J-V curve exhibits a pronounced S-shaped
distortion (orange curve). These results indicate that eVp,
primarily governs the FF, with a negligible influence on the Vqc.
Combined with the data in Fig. 5(b), Tables 2 and 3, after
modifying SnO, with NH,F, the Fermi level increases by 0.08 eV,
and the fill factor improves from 68.9% to 82.4%. This trend is
consistent with the model and simulation results.

4. Conclusion

We demonstrated a synergistic dual-interface modification
strategy that decouples the enhancement of Voc and FF in
CsPbBr; PSCs by independently targeting the CsPbBrz/carbon
and SnO,/CsPbBr; interfaces. More importantly, we established
a dual-diode series model (DDSM) that quantitatively correlates
Voc with the CsPbBr;/C barrier in a linear manner. These results
revealed that a larger barrier at the SnO,/CsPbBr; interface would
lead to more pronounced degradation of the FF. The excellent
agreement among the theoretical model, SCAPS-1D simulations,
and experimental results validated the DDSM as a powerful
analytical tool for decoupling interfacial contributions. This
work will provide a rational framework for interface design in all-
inorganic PSCs and could be extended to other wide-bandgap
perovskite systems facing similar interfacial challenges.
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