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Supplementary Note 1

The CsPbBr3(001) surface was modeled using a (4x3x1) supercell, with a slab thickness of 20 A

and a vacuum layer of 20 A. The bottom three atomic layers were fixed, and the surface was

terminated with PbBr..
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Fig. S4 Parameter settings for Energy of DCC adsorbed on CsPbBr3

For the key parameter settings of structure optimization in Fig. S3, the GGA-PBE functional is



adopted. Considering computational performance, ultrasoft pseudopotentials are selected. The self-
consistent field (SCF) convergence threshold is set to 10~ 5, with the key point being the activation
of the DFT-D dispersion correction. CsPbBrs is a “soft” lattice material, and the stability of its
crystal structure largely depends on nonlocal dispersion interactions between Pb** and Br~ ions, as
well as between different octahedral layers. With the inclusion of the dispersion correction, the
lattice constants become more consistent with experimental values. For the single-point energy

calculation in Fig. S4, the parameter settings are the same as those for structure optimization, except

that the SCF precision is increased by a factor of 10 to 10~ 6.
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Fig. S5 Construction of SnO:-F doping models with different concentrations

Table S1 DFT (CASTEP) parameter settings for SnO2/SnO.-F

Geometry Optimization/Energy

Supercell | (1x1x1) (2x1x1) (3x2x1) (3x3x3)

F-doped(0.0at.%) | F-doped(12.5at.%) | F-doped(4.17at.%) | F-doped(0.93at.%)

Quality | fine fine fine fine

Cutoff 571.4 571.4 571.4 571.4

Pseudop | OTfG ultrasoft OTH{G ultrasoft OTHG ultrasoft OTHG ultrasoft
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Supplementary Note 2
Experiment
Materials

The chemicals and reagents used in this experiment include: PbBr, (99%), CsBr (99%),
ammonium fluoride (NH4F), SnO; (99%), N,N'-Dicyclohexylcarbodiimide (DCC) (see Fig. S1),
N,N-dimethylformamide (DMF, 99.9%), carbon tetrachloride (CCly, 99.9%), ethanol (99%), and
isopropanol (=99%). All reagents were purchased from Shanghai Macklin Biochemical

Technology Co., Ltd. and were used without further purification.
Synthesis of SnO, Quantum Dots

0.8532 g anhydrous tin(II) chloride (SnCl,) and 0.284 g thiourea were added together into a
conical flask containing of 30 mL deionized water. The mixture was stirred continuously at room
temperature for 36 hours until a pale yellow clear solution formed (see Fig. S2), and then allowed

to stand for another 36 hours before further use.
Fabrication of HTMs-free carbon-based CsPbBr; PSCs

ITO glass substrates were sequentially ultrasonically cleaned in deionized water, ethanol, and

isopropanol for 5 minutes each. They were then dried in an oven and treated with ozone for 10



minutes before use.

The electron transport layer (ETL) was fabricated via a spin-coating method. A SnO, quantum dot
precursor solution was spin-coated onto the surface of a cleaned ITO substrate at 3000 rpm for 30

seconds, followed by annealing on a hotplate at 200 °C for 60 minutes to form the SnO, ETL layer.

The SnO,/CsPbBr; interface modification layer was prepared as follows!!l. NH4F solutions with
different concentrations (0, 0.04, 0.06, and 0.08 M/L in deionized water) were spin-coated on the
surface of SnO, film at 5000 rpm for 30 seconds, followed by annealing at 150 °C for 30 minutes.
The corresponding samples were labeled as the control parameters 0.04-NH.4F, 0.06-NH4F, and
0.08-NHu4F, respectively.

The CsPbBr; perovskite layer was prepared using a two-step method. First, a 1 M/L PbBr,

solution (in DMF) was spin-coated on the surface of SnO, at 2000 rpm for 30 seconds onto the
above ETL and then was heated at 90 °C for 30 minutes for Removing DMF solvent.
Subsequently, a CsBr solution (2.5 g CsBr dissolved in 10 mL of a mixed solvent with V(water):
V(isopropanol) = 9.5:0.5) was spin-coated on the surface of PbBr;, film at 2500 rpm for 30 seconds,
followed by final annealing at 250 °C for 5 minutes to obtain a dense and uniform CsPbBr;

perovskite film.

The CsPbBr3/C interface modification layer was prepared as follows[?,Solutions of DCC at
different concentrations (0, 10, 20, and 30 mg/mL in dichloromethane) were spin-coated on the
surface of CsPbBrj; layer at 5000 rpm for 30 seconds, followed by annealing at 100 °C for

10 minutes to remove dichloromethane solvent. The corresponding samples were labeled as the

control samples, 10-DCC, 20-DCC, and 30-DCC, respectively.

Finally, the conductive carbon paste was coated onto the surface of DCC modifying layer using a
doctor-blade coating method. The electrode area was defined as 0.12 cm? through a shadow mask,
and the device was heated at 100 °C for 15 minutes to complete the fabrication of the CsPbBr;

perovskite solar cell.
Characterization Methods for Perovskite Solar Cells

Ultraviolet photoelectron spectroscopy (UPS) measurements were conducted under a bias voltage
of 10 V. The J-V characteristics of the devices were tested using a xenon lamp light source to
simulate AM 1.5G irradiation (100 mW-cm™), with the effective testing area calibrated to

0.12 cm? using a mask. The voltage scanning range was set from 0.1 V to 1.7 V with a step size of
0.01 V, and a delay time of 0.04 s was applied. Electrochemical impedance spectroscopy (EIS)
was performed on a AUTOLAB electrochemical workstation with a frequency range from 0.1 Hz
to 3.92 MHz and an AC amplitude of 5 mV. The photoluminescence (PL) spectra of perovskite
films were recorded with a fiber optic spectrometer (QE6500, Ocean Optics) using a 355 nm
wavelength laser (0355-05-01-0020-700, Cobolt Zouk) as the excitation source.



Supplementary Note 3

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

( The parameters are defined as follows: V; and I; represent the voltage across diode D1 and the
current flowing through it, respectively. V- and /> denote the voltage across diode D2 and the
current flowing through it, respectively. /;; and I, are the saturation currents of diodes D1 and D2,

respectively; Vp; and Vp, correspond to the barrier heights of diodes D1 and D2, respectively.

V and I indicate the applied voltage and current in the series circuit, respectively. )

qu
C Yer
Ii=Igle -1 (1)
_qu
C 2
I =1I,[1-e ] (2)
V:V1+V2 (3)
~4Vpq -4V,
( ) ( )
KT KT
I, xe ,,xe (4)

From the equation for series current (/; = I2), we can obtain.
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Supplementary Note4

The relationship between the CsPbBr;/C interface barrier (eVp;) and Vgc.

eVpy > eVDZ, under an applied voltage V, the interfacial voltage

Since the interfacial barrier
satisfied V1> V2. In other words, the applied voltage V was primarily distributed across diode D1

(interface CsPbBr3/C) and was approximately equal to Vi, Combining equations (2) and (10), the

-V relationship satisfies.
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P
I=l~Igle™ -1] (11)

qV’
kT .
When € ( ) > 1 the I-V relationship satisfied.

i
N KT
[~ Isle ( 12)

quc)
Under open-circuit conditions, the current satisfies / = I, and € > 1 (where V,, was the

open-circuit voltage, and /. is the photogenerated current.). Combining equations (4) and (12), the

open-circuit voltage V,. and the barrier height eV, satisfied the following relationship.
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The relationship between the barrier height eVp; (q=e) and the Fermi level satisfied.

_ Ef(CstBrB) _Ef (c)
q (16)

VDI

Combining equations (15) and (16), we could obtain.

KT Isc Eef(CstBr3) - Eef c)
Vye=—In—+
q C q (17)

Under the condition that the photogenerated current Isc and the Fermi level of carbon was

unchanged, equation (17) simplifies to.

B AVp, B AE ¢ (cspora)

AV =
* q q (18)

According to Equations (17) and (18), the Yoc was increased linearly with the increase of the eVp;.

Supplementary Note 5
The relationship between the SnO,/CsPbBr; interface barrier(e}p;) and FF.

Under ideal conditions, when V: > V2, the total voltage V' = V;, and the current -voltage
characteristics of the device can be described by Equation (11).
In the actual system, however, the SnO,/CsPbBrj; interface induced a voltage V2, so the current —

voltage relationship was followed Equation (110).

151152(1 —e qV/kT)

-qV/kT

151+ISZe

thereby deviating from the ideal diode behavior. This deviation constituted a key factor

responsible for the reduction in the FF of the device.

In the DDSM based on the C/ SnO,/CsPbBr; structure, since the series currents were equal (I =

I2), the interfacial voltage V: and V- satisfy the following relationship.

qu qu

Iqle*” -1] = 152[1-e lv=v,+V,

When the Fermi level of SnO, was shifted relative to that of CsPbBr;, according to the barrier

E f.CsPbBrs E £,8n0,
. Vp;e= . . eV .
relation q , the SnO2/CsPbBrs interface barrier = D2 increases

correspondingly, leading to a decrease in the reverse saturation current Is2 (Equation (4)). In this

series configuration, voltage V1 was decreased while V2 increasing, thereby reducing the FF.



When the eVp, was small, the increase in V2 was limited, and the FF was declined gradually.

However, when the eV, was large, Is2 became extremely small, causing the current to

approximately satisfy the saturation condition.

vy

Vi
Isl[e r _1] ~ 152

Consequently, the [-V curve exhibited a pronounced “plateau” characteristic, manifesting as an

“S-shaped” distortion that severely deviated from ideal diode behavior, leading to a sharp drop in

the FF.

Table S2 SCAPS-1D parameter settings (original)i3 4]

parameter ITO Sn0O2 CsPbBr3 C
thickness(nm) 500 450 800

Eglevy 3.5 3.6 23

X[eV] 4 4.0 3.6

& 9 9 6.5

Nelem?3] 2.2x 108 436 x 1018 494 x 10Y7

Ny [em™] 1.8 x 10" 2.52 x 10° 8.47 x 1018
ta[em2/Vs)] 20 20 4500

wp[cm2/Vs)] 10 10 4500

NA[cm?3]

Np[em?] 2.0 x 10%° 1.0 x 10%°
Workfunction(eV 5
)

Table S3 Simulation of CsPbBr3/C barrier (Set the electron affinity (X) of CsPbBr3 to the
parameters in the following table, with other parameters remaining the same as in the original table

data)

X 4.0ev | 3.9ev 3.8ev 3.7ev 3.6ev 3.5ev 3.4ev

CsPbBr3/C | 0.8396eV 0.939eV | 1.039eV | 1.139eV | 1.239eV | 1.339eV | 1.439¢eV




Table S4 Simulation of SnO,/CsPbBrj; barrier (Set the electron affinity (X) of SnO, to the

parameters in the following table, with other parameters remaining the same as in the original

table data)
X 3.8ev 3.9ev 4.0ev 4.lev 4.2ev
SnO,/CsPbBr; (eVp;) 0eV 0.08¢V | 0.18eV 0.28eV 0.38eV
Table S5 Voltage division at the SnO,/CsPbBr; interface.
eVp, 0 0.08187557 0.18167470 0.28153164 0.38141575
eV, 0 0.08187741 0.18171391 0.2831724 0.41718307
V, 0 0.00000184 0.00003921 0.00164076 0.03576732

Table 4 shows the interface voltage division ¥, at the SnO2/CsPbBr3 interface when the applied
voltage is 1.34V (the open-circuit voltage value). The V; values in the table are derived from the

following relationship:

V., =
2 e

(In the formula, €V p2and eVDZrepresent the SnO2/CsPbBr3 interface barrier potentials when the

applied voltage V is 0 and 1.34, respectively.)
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