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Perovskite solar cells (PSCs) have achieved significant success in power conversion efficiency (PCE) and stability.
However, interfacial recombination and film defects still hinder the improvement of PSCs efficiency. In this
study, we propose a novel interfacial buffer layer material called Ethyl p-nitrobenzoate (EPN) to enhance device
performance and stability. Our results demonstrate that introducing EPN improves the film’s quality, reduces
defect density, relieves interfacial stress, and significantly suppresses nonradiative recombination at the inter-
face. Density functional theory (DFT) calculations confirm that EPN can effectively passivate defects in the

perovskite and SnOx, films due to its multifunctionality. Finally, we achieved a high PCE of 23.16% for the target
device while significantly enhancing device stability compared to the control. This work provides new insights
into the development of multifunctional multi-site interfacial buffer layers for high-performance PSCs.

1. Introduction

As the most promising third-generation photovoltaic device, perov-
skite solar cells (PSCs) have achieved a certified efficiency of 25.7%
since they were first reported in 2009, comparable to silicon-based solar
cells, a treasure in the photovoltaic market [1,2]. However, poor film
quality, severe interfacial nonradiative recombination, and interfacial
stress hinder further device efficiency breakthroughs [3-6]. At the same
time, these problems also bring about the loss of device stability [4,7,8].
Therefore, how to solve the above issues is the key to realizing the
commercialization of PSCs.

Tin dioxide (SnO) has demonstrated its superior performance as a
promising electron transport material (ETL), and most of the current
high-efficiency PSCs are based on SnO; as ETL [1,9-14]. The prepara-
tion of the SnOj, layer is generally made by a spin-coating process, which
causes defects in the film, especially oxygen vacancy defects that can
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become nonradiative recombination sites [15-18]. Therefore, how to
reduce oxygen vacancy defects and further improve the quality of SnO2
film is very important. The more common strategies to improve the
quality of SnO, film are additive strategy and interface modification
strategy [19-21]. For example, Sun and his group used biguanide hy-
drochloride as a buffer layer to modify the buried interface [22]. The
results show that the buffer layer significantly improves the electron
extraction at the interface and helps to obtain better-quality perovskite
films. At the same time, the energy levels are more matched, the open
circuit voltage of the final device is as high as 1.19 V, and the device
efficiency of more than 24% is obtained simultaneously. We tried to use
Girard’s Reagent T as an additive of SnO; to improve the performance of
the device by improving the properties of SnO,. We found that the SnO,
solution introduced with the additive improves the stability and makes
obtaining high-quality perovskite films easier [23]. The final device
achieved an efficiency of over 21%. In addition, while considering the
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reduction of nonradiative recombination sites, we also expect to
improve the energy level arrangement, which will also benefit the
transport of carriers [24-26].

Perovskite film quality is another factor that affects device efficiency
and stability [27]. As reported, water and oxygen accelerate device
failure by attacking defect sites in the film [28,29]. Some strategies have
been proposed to improve perovskite film quality, such as additive en-
gineering, solution addition, interface engineering, and antisolvent en-
gineer [30-33]. Interface engineering is an effective strategy. On the one
hand, by changing the substrate’s properties, the film’s quality can be
significantly improved [34-36]. On the other hand, substrate changes
can release the stress of the film, thereby delaying the device’s failure
[37,38]. Moreover, interface engineering strengthens the connection
between functional layers, thereby preventing device failure. Based on
the above, it is urgent to find suitable interface modification materials to
improve the performance and stability of devices.

Here, we developed a novel interfacial buffer material named Ethyl
p-nitrobenzoate (EPN) to improve the interfacial connection between
the electron transport and perovskite layers. Experiments and theoret-
ical calculations prove that EPN can simultaneously generate a strong
chemical interaction between the electron transport layer and the
perovskite, which can effectively passivate the film defects and enhance
the interfacial link. Meanwhile, the flexible EPN can also effectively
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release interfacial stress. In addition, interfacial nonradiative recombi-
nation is also significantly suppressed due to the addition of EPN.
Finally, the PSCs introduced into the buffer layer achieved an efficiency
of 23.16%. Furthermore, the stability of the device (Light, humidity, and
temperature conditions) has been improved.

2. Results and discussion

The structure of the device used in this work is shown in Fig. 1a. In
order to improve the performance of the device with the SnO, as ETL,
Ethyl p-nitrobenzoate (EPN) was introduced to modify the interface
between SnO, and perovskite (Rbg.02(FA¢.95Cs0.05)0.98P-
bl 91Brg.03Clo.06), as presented in Fig. 1b. The molecule structure shows
in Fig. S1. First, the carbonyl group (-C = O) is expected to coordinate
with Pb?* or Sn** through the electrostatic attraction between -C = O
and Pb%* or Sn**, thereby passivating cation defects at the SnOy/
perovskite interface (such as undercoordinated Pb%* (from perovskite
thin film) or under-coordinated Sn**t (from SnO, film)), thereby
improving the quality of each functional layer. Secondly, nitro (-NO3),
although rarely noticed as a typical electron-withdrawing solid group, is
also expected to interact with undercoordinated Pb** through a coor-
dination reaction [39-42]. Gao and his coauthor reported a simple
passivating molecule, 4-nitrophthalonitrile (4NPN), with c-n accepting

é ! Sn 3d|
did )
'O 9%
= 213 13
[+
& | SnC; . H é
g -
I
8 i 2
E SnogEPNg L §8

(d) (e)

480 485 490 495 500
Binding energy (eV)

SnO,/EPN I |

Intensity (a.u.)
Intensity (a.u.)

O1s 0.44

SOvOr Ouon /(SOL+SOVOI' Ocn-)

282 284 286 288 290
Binding energy (eV)

(@) (h)

perovskite
——— EPN/perovskite

”'\’M_,./'

Intensity (a.u.)
Time (

129 133 137 141 145 149 153
Binding energy (eV)

Binding energy (eV)

528 530 532 534 536 538
Binding energy (eV)

. - ?400.
1200 1000 800 600 400 200 O

SnO,/EPN

0.34
0.24
0.1
0.0
SnO,
0)
3880
%89 600 3531
3531
- 3182 3182
- 2833 <833
2484 2400 - 2484
2135 2135
1786 1786
1437 200 1437
1088 e
e 739.0
390.0 390.0

129 133 137 141 145 149 153
Binding energy (eV)

Time (s)

Fig. 1. (a) Schematic illustration of the device structure of the PSCs used in this work. (b) Schematic illustration of the formation of EPN on the SnO, layer. XPS (c) Sn
3d (d) C1 sand (e) O 1 s core-level spectra of SnO,, EPN, or SnO,/EPN films. (f) Oxygen vacancy ratio. (g) Full XPS spectra of the perovskite and EPN/perovskite
films. Depth-depended of the XPS Pb 4f of the (h) ITO/SnO,/perovskite and (i) ITO/SnO,/EPN/perovskite. Y axis represents etching time.
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nitro (-NO3) and cyano groups (-CN), was employed to passivate the
charged defects in perovskites. The addition of electron-deficient 4ANPN
into the perovskite layer of PSCs could enhance V¢ and the FF, leading
to high PCE over 22% and improved environmental stability. These
improvements were attributed to the effective passivation of the defects
in the perovskite film by the strongly polarized nitro/cyano groups [43].
Third, long alkyl chains have also been beneficial in relieving interfacial
stress, and improving the growth quality of perovskite films [44-47]. As
interfacial modifiers, organic compounds have been widely demon-
strated to passivate the quality of perovskite films while enhancing
interfacial connectivity. EDS was used to uncover the EPN indeed exis-
tence on the SnO; layer. As shown in Fig. S2, the N element, as a
characteristic element of EPN, can be detected on the surface of SnO-,
which proves that EPN exists at the SnO interface. X-ray photoelectron
spectroscopy (XPS) was first used to uncover the chemical interaction
between SnO; and EPN. As exhibited in Fig. S3 and Fig. 1c, the binding
energies of Sn 3ds,2 (495.22 eV) and Sn 3ds,, (486.77 eV) peaks of SnOy
were shifted to the lower binding energy of 494.88 and 486.43 eV after
EPN modification, respectively, indicating that the electron cloud den-
sity around Sn increases [22]. This increasing electron cloud density can
lead to a decrease in the valence state of Sn, and the extra electrons
originate from the -X = O (X = N or C) of EPN, a typical electron donor,
which suggest that the strong chemical interaction between EPN and
SnO,. Fig. 1d shows the C 1 s orbital binding energies of EPN and SnOy/
EPN, respectively. The apparent shift occurs while EPN is deposited on
SnO,, indicating a chemical interaction between SnO; and EPN. In
addition, an asymmetric spectrum profile can be observed in both bare
SnO, and EPN-modified SnO; films of the O 1 s core-level spectrum
(Fig. 1e). The O 1 s peak of both samples deconvoluted into two peaks.
Among them, the lower binding energy peak can attribute to the Sn-O-Sn
(lattice oxygen, Op) in SnO, and the higher binding energy peak is
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assigned to oxygen vacancies (Oy) or surface-absorbed hydroxyl (O.og)
[27]. The peak area ratio of Oy or _on (Sov or —on) Was estimated by the
formula of Sov or o1 = Sov or -oH /(SoL + Sov or -on), Where Sov or —oH
and Soy, stand for the peak area of Oy o _oy and Oy, respectively. The Soy
or —oH of Sn0O, modified with EPN was calculated to be 0.24, which was
lower than 0.38 of the bare SnO; film (Fig. 1f). This result suggests that
the oxygen vacancies of the SnO5 can be effectively filled by EPN, which
is expected to improve the performance of the device. The depth-
dependent XPS of Pb 4f was also carried out to prove the chemical
interaction between EPN and perovskite. As presented in Fig. 1g-i, the
binding energies of bare perovskite at 138.6 eV and 143.5 correspond to
Pb 4f;,2 and Pb 4fs o, respectively. While the peaks shift by 150 meV to
the lower binding energy after EPN is modified, which proves that the
Pb2* got the electrons from EPN and the undercoordinated Pb*" can be
effectively passivated [22]. Besides, two binding energy peaks at 137.12
eV and 142.3 eV were observed for the control sample correspond to
metallic Pb [48]. Noticeably the metallic Pb peaks were associated with
cation and iodide vacancies in the perovskite film, while the EPN
treatment could significantly suppress them. In a word, there is a strong
chemical interaction between EPN and both SnO, and perovskite, which
can effectively passivate the vacancies and defects existing in the film,
thereby improving the film quality.

First-principles density functional theory (DFT) calculations were
performed further to investigate the interaction between EPN and SnO,
or perovskite. The most stable termination of the SnO, (110) surface
was chosen according to the previous study [49,50]. A charge density
difference map was carried out and displayed in Fig. 2a and 2b. Here,
two different contact modes of EPN (-C = O or -N = Q) are constructed to
contact the SnO, surface with oxygen vacancies. It is obvious that sig-
nificant charge transfer occurs at the interface with both contact modes,
indicating that EPN can strongly chemically interact with SnO2 at
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Fig. 2. The differential charge densities of (a) SnO,/EPN linked with -NOO, (b) SnO»/EPN linked with -C = O and C-O-C. (c) and (d) show the differential charge
densities of EPN/perovskite with -NOO and -C = O/C-O-C linked, respectively. Z on the y-axis in (a)-(d) represents the length of the vacuum slab and an example of
SnO,/EPN or EPN/perovskite slab is shown to indicate the corresponding position in the Z direction. (e) the binding energy between the SnO,/EPN and EPN/
perovskite, where EPN1 stands for the -NOO linked and the EPN2 stands for the -C = O/C-O-C linked.
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multiple sites. The charge density map mapped on the Z-axis makes this
chemical transfer more apparent (right of Fig. 2a and 2b). Noticeable
charge density fluctuations can be seen at the interface (SnO,/EPN)
through both contact modes, which shows that this charge transfer is
very clear at the interface. Furthermore, the chemical interaction be-
tween EPN and perovskite has also been studied. As shown in Fig. 2c and
2d, we still construct two different contact models for evaluating the
chemical interaction between EPN and perovskite. There is a substantial
charge transfer at the interface of EPN and perovskite, which makes the
chemical interaction between EPN and perovskite occur. In a word, the
charge density difference maps reveal the strong chemical interaction
between EPN (multiple sites) and SnO; or perovskite, corresponding to
the result of XPS.

Furthermore, the binding energy (Ep) of the EPN (different contact
mode) and SnO; or perovskite were calculated via the formula of Ej, = E
(EPN) + E(SnO; or perovskite) - E(SnO2/EPN or EPN/perovskite), where
E(EPN), E(SnO, or perovskite) and E(SnOy/EPN or EPN/perovskite)
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stand for the total energies of EPN, SnO5 or perovskite surface and their
heterojunction systems, respectively [51]. As shown in Fig. 2e, the Ep
between SnO, and EPN are 1.040 eV and 0.688 eV, respectively, and
1.614 eV and 0.450 eV between EPN and perovskite. This result proves
that all EPN (EPN1 or EPN2) contact modes can form a stable system
with SnO» and perovskite.

Such a strong chemical interaction encourages us to uncover the
effect of EPN on the perovskite film. UV-Vis absorption spectra of the
perovskite film with or without EPN modification were measured and
exhibited in Fig. S4. It can be observed that the target film exhibits a
slight increase in absorbance compared to the control one. In addition,
the bandgap (Eg) of the perovskite film was also calculated via the Tauc
plot (Fig. S5). All samples show Eg = 1.55 eV. In addition, the perovskite
solution contact angle was further carried out. As shown in Fig. S6, after
EPN was introduced, the contact angle was decreased from 16° (ITO/
Sn0y) to 9° (ITO/SnO,/EPN), which is expected to improve the perov-
skite film morphology. Then, the morphology of the perovskite film
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Fig. 3. Top-view SEM images of the (a) control and (b) target perovskite films. Cross-section SEM of the (c) control and (d) target perovskite films. Dark I-V curves of
the device with the structure of (e) ITO/SnO,/perovskite/PCBM/BCP/Ag and (f) ITO/SnO5/EPN/perovskite/PCBM/BCP/Ag. Depth-dependent GIXRD patterns of the
perovskite films with the structure of (g) ITO/SnO,/perovskite and (h) ITO/SnO,/EPN/perovskite.
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deposited on ITO/SnO, or ITO/SnO5/EPN was studied by scanning
electron microscopy (SEM), shown in Fig. 3a and 3b. It is obvious that a
larger grain size was obtained with EPN modified compared with the
control sample (Fig. S7). As revealed by cross-sectional SEM images in
Fig. 3c and 3d, clear pinholes can be observed in the perovskite film
deposited on unmodified SnO; film. We investigated the crystallization
process for the perovskite films without and with EPN during annealing
by UV-vis absorption spectra. The stronger absorption was found at the
same annealing time for the perovskite film with EPN compared to the
control film (Fig. S8). Meanwhile, during the initial annealing, the
control device showed a strong UV absorption signal, while the target
device did not. This result indicated that EPN would delay the crystal-
lization, which is beneficial to increase the grain size.
Photoluminescence (PL) and time-resolved PL (TRPL) spectra were
employed first. As shown in Fig. S9, the target perovskite film (glass/
EPN/perovskite) shows a higher PL intensity than the control perovskite
film (glass/perovskite). Perovskite film carrier lifetime was further
assessed by the TRPL (Fig. S10) with the structure of glass/with or
without EPN/perovskite. TRPL curve can be fitted by the double expo-
nential decay equation of I(t) = Iy + A1exp(-t/71) + Azexp(-t/r3), where
A; and A, represent the decay amplitude of fast and slow decay process,
respectively. 77 and 7, are the fast and slow decay time constants,
respectively [27]. The average carrier lifetime (z,y.) was calculated by
using the equation of 7aye = (A173 + Axt3)/(A17t1 + Aoz). The corre-
sponding fitted data are given in Table S1. The target perovskite film
exhibited significantly enhanced carrier lifetimes (zaye = 228.10 ns) than
the control (zaye = 122.59 ns). Space charge limited current (SCLC)
technology was further employed to calculate the defect densities of
perovskite films quantitatively. Fig. 3e-f exhibit the typical dark cur-
rent-voltage (I-V) curves of the electron-only devices with ITO/SnOy/
perovskite/PCBM/BCP/Ag structure and ITO/SnO,/EPN/perovskite/
PCBM/BCP/Ag. The trap density calculates by the equation of ny =

Chemical Engineering Journal 472 (2023) 145077

(2ee9VTEL)/ (eLz), [52] where ¢ is the vacuum dielectric constant, ¢ is the
dielectric constant of the perovskite, Vg, is the trap-filled limit voltage
obtained by fitting dark I-V curves, e is the elementary charge, and L is
the thickness film of the perovskite. The defect density of the control
perovskite film was estimated to be 5.81 x 10*° cm ™3, much higher than
the 1.70 x 10> cm™ of the target perovskite film.

To better understand the mechanisms of the significant optimized
film quality by simple interface modification, depth-dependent grazing
incident X-ray diffraction (GIXRD) was employed to study the stress
situation at the interface (SnO,/perovskite) [22,27]. It is well known
that the existence of interfacial stress can result in film cracking and
increase the probability of pinholes. Simultaneously, the interfacial
stress also affects the crystallization properties of the film, thereby
increasing the defects. Different incident angles (w) were carried out
according to our previous work [27]. With the increase of ®, deeper thin-
film signals can be collected. As shown in Fig. S11, and 3 g-h, the control
film’s peak position significantly shifts with the o increasing while the
negligible shifted peak position in EPN passivated perovskite films was
observed. According to Bragg’s Law, we evaluated the interplanar
spacing (d-spacing) in the vertical direction of the perovskite film. Here,
we selected high-angle diffraction peaks according to reports [53-55].
As shown in Fig. S12, for the control perovskite film, as ® increases,
d also increases, while for the target device, d does not significantly
increase as o increases. This result indicates residual tensile stress in the
control film, and the stress of the target film is almost released. Our
previous work has proved that the passivation of undercoordinated Pb%*
can effectively release stress [26,27]. Moreover, long chains on EPN are
also beneficial for stress release [46,56,57].

Then, some effective characterization techniques were used to
investigate deep insights into the interfacial carrier transport with or
without EPN modification. PL and TRPL were first performed and shown
in Fig. 4a and S13. The PL intensity of the control film with an ITO/
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Fig. 4. (a) PL of the device with ITO/SnO,/perovskite structure and ITO/SnO,/EPN/perovskite. (b) TPC curves of the device with or without EPN modification (ITO/
SnO,/(EPN)/perovskite/Spiro-OMeTAD/Ag). (c) Energy level diagram of device components in this study. (d) TPV curves of the device with or without EPN
modification (ITO/ SnO,/(EPN)/perovskite/Spiro-OMeTAD/Ag). (e) Voc depends on light intensity for the devices with or without EPN modification. (f) Nyquist
plots of the PSCs based on SnO, and SnO,/EPN were obtained with a bias of V¢ under the dark. The equivalent circuit used for fitting is illustrated in the inset.
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SnO,/perovskite structure was lower than that of the target film with an
ITO/SnO2/EPN/perovskite structure, which means that the carrier
transport improved while EPN was introduced. TRPL results (Table S2)
also indicate that the carrier transport of the target film (6.43 ns) is
improved compared to the control (10.80 ns). Transient current (TPC)
was further used to consider the charge transport with EPN modified. As
shown in Fig. 4b, the carrier lifetimes reduced from 1.89 ps to 1.56 ps
after EPN was introduced to the interface of SnO,/perovskite, which
proves that the carrier transfer at the interface indeed improved when
EPN acts as a buffer layer. Mott-Schottky curves of the control and target
devices were carried out to determine the source for carrier transport
improvement. Obviously, built-in potential (V4) significantly increased
after EPN treatment, as shown in Fig. S14. Due to the driving force of the
device carriers during working coming from the potential difference, a
larger Vy; is more conducive to transporting carriers. Meanwhile, a more
matchable energy level also benefits carrier transfer. Here, we evaluated
the energy level with or without EPN modification. As shown in Fig. S15
and Fig. 4c, the valence band maximum (VBM) values of SnO, and
SnO,/EPN were —8.64 eV and —8.49 eV, respectively. Furthermore, the
conductive band minimum (CBM) was —4.62 eV and —4.47 eV. The
bandgap of the SnO, was obtained from previous work [49]. As re-
ported, about 0.2-0.3 eV energy offset is more beneficial for facilitating
carrier transfer [58,59]. Intensity-modulated photocurrent spectroscopy
(IMPS) and intensity-modulated photovoltage spectroscopy (IMVS)
were conducted to calculate the charge-collection efficiency (1) with
the formula of n¢c = 1-7¢/7rec. Furthermore, the electron recombination
lifetime (zrec) and electron transport lifetime (7)) can be calculated by
the following equations: 7y = 1/(2*n*fivvs)and 7 = 1/(2*7*fimps)
(Fig. S16) [60]. Finally, the target device shows a higher .. of 83.0%
than the control device (54.4%). The conductivity of unmodified and
modified SnO; films was evaluated by measuring the Hall effect. As a
result, SnO, films modified with EPN (4.24 x 10~ S/cm) exhibit higher
conductivity than pure SnO; (3.37 x 1074 S/cm), which could be related
to the effective passivation of oxygen vacancy defects in SnO, films. In
conclusion, the device charge transfer and collection became better by
EPN modification due to the greater carrier migration driving force and
better matching of energy levels.

In addition, nonradiative interface recombination was studied.
Transient photovoltage (TPV) was carried out first to study nonradiative
recombination. As shown in Fig. 4d, the recombination time increased
from 15.83 ps for the control device to 26.17 ps for the target film.
Longer recombination time means nonradiative recombination is sup-
pressed when EPN is introduced into the interface. The ideality factor
(m) was also extensively proposed to evaluate the recombination in PSCs
reliably. As shown in Fig. 4e, the control device with an m of 1.66 while
the target is 1.29 indicates that EPN modification can effectively sup-
press nonradiative recombination, consistent with the TPV results
[61,62]. The dark electrochemical impedance spectroscopy (EIS) tech-
nique has been widely used to characterize interfacial recombination by
evaluating the recombination resistance (Ryeo). Fig. 4f exhibits the
Nyquist plots of the devices based on SnO5 and EPN-modified SnO,,
which was measured at a bias of open-circuit voltage (Voc) under dark
conditions. An obvious semicircle can be seen and assigned to the Ryec.
Table S3 shows a significant increase in semicircle radius for devices
with structure ITO/SnO2/EPN/perovskite/spiro-OMeTAD/Ag
compared with the structure without EPN, suggesting that the R of the
target device is larger than the control one. A larger R, means that
nonradiative recombination is more difficult to occur. The reduced
nonradiative recombination can be attributed to improved interface
contact, improved film quality, and more matching energy level
arrangement, which reduces defect-assisted nonradiative recombination
due to the lack of recombination sites.

Reduced film defect density, improved carrier transport, and sup-
pressed nonradiative recombination lead us to investigate further the
effect of the EPN modification on the device. Different concentrations of
EPN with the structure of ITO/SnO5/(EPN)/
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Rbo.o2(FAO.95CS().05)0_98P])12.91BI'().03C10,06/Spir0-0MeTAD/Ag was fabri-
cated to find the best concentration. Fig. 5a and Fig. S17 are the
photovoltaic performances with different concentrations of EPN modi-
fication. It is clear that all photovoltaic parameters increase with the
increasing concentration of EPN. And the champion photovoltaic pa-
rameters are obtained when the concentration of EPN is 0.5 mg/mL.
Compared with the control device, the target device (0.5 mg/mL) shows
a higher short-circuit current density (Jsc), which can own to the
reduced series resistance (as shown in the EIS) and slightly enhanced
UV-vis absorbance. In addition, improved fill factor (FF) and Vo of the
control device mainly due to optimized perovskite film quality, reduced
film defect density, and nonradiative recombination. Fig. 5b shows the
typical J-V curves of the best-performing control and target devices. The
champion control device has a Jsc of 23.52 and 23.97 rnA/cmz, a Voc of
1.075 and 1.085 V, an FF of 0.773 and 0.785, and a PCE of 19.54% and
20.42%, reverse scan (RS) and forward scan (FS), respectively. While the
target device shows a Jgc of 24.58 and 24.32 mA/cm?, a Voc of 1.152
and 1.125V, an FF of 0.818 and 0.814, and a PCE of 23.16 % and 22.27
%, reverse scan (RS) and forward scan (FS), respectively. Devices of
photovoltaic performance modified by different molecule modifications
(Fig. S18) were carried out to prove the EPN is more competitive
(whether multiple-active-site passivation or long chain release stress).
The results suggest that the EPN still shows the best performance
compared with other molecule-modified PSCs. As shown in Fig. S19 and
Fig. 520, the DFT result expresses that although all reference molecules
show the charge transfer after contact with SnO2 or perovskite, the NB
and 4NBL do not show an obvious multifunctional passivation effect.
Moreover, the binding energy of pDL contracts with SnO3 or perovskite
is also less than the EPN. This result again demonstrates the strength of
EPN in indiscriminate multi-site passivation and stress relief. Fig. 5c
shows the incident photon-current conversion efficiency (IPCE) spectra
of the control and target device. The integrated current density ac-
cording to the IPCE was estimated to be 23.68 mA/cm? for bare devices
and 24.21 mA/cm? for the target device, which were in excellent
agreement with the Jg¢ from J-V curves. It needs to be noted that the
peak shape of IPCE curves was changed after EPN modification. Since
the thickness of perovskite films is the same in our work, we inferred
that other factors also would affect the peak shape of IPCE curves except
for film thickness. We speculated from experimental results in this work
that improved carrier extraction and suppressed interfacial nonradiative
recombination should be mainly responsible for the changed peak shape
of IPCE curves. Finally, the hysteresis index (HI) was calculated by the
formula of HI=(PCEgs-PCEps)/PCEgs, where PCEgs and PCEgg represent
the PCE in the reverse scan and the forward scan, respectively. As shown
in Fig. S21, the average HI was substantially reduced after EPN
modification.

As one of the criteria for commercialization, the stability of the de-
vice is also essential. Here, the unencapsulated devices’ light, moisture,
and thermal without and with EPN modification were measured and
compared systematically. For the light stability test, we placed the de-
vice with or without EPN modification under standard one sunlight for
250 h. As shown in Fig. 5d, the device with EPN retained 99% of its
initial PCE, while 78% of the control device was under the same con-
dition. This result indicates that the device’s light stability improved
after EPN modification. Fig. 5e is the humidity stability test. We placed
the unencapsulated device in an environmental condition with 50-60%
relative humidity for tracking tests. The control device only maintained
20% of its initial PCE after aging for 1000 h, while the target device
retained 62% of its original PCE. Finally, thermal stability was tested by
placing the device on a hot stage at 75 °C in a nitrogen glove box. As
exhibited in Fig. 5f, after 1000 h of thermal aging, the control device
retained 50% of the original efficiency, while the target device main-
tained 78% of the original efficiency. In conclusion, the devices modi-
fied by EPN exhibited attractive stability. This improved stability can be
attributed to 1, improved film quality. It is reported that the improved
film quality can reduce the attack sites of water and oxygen [27,56],
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Fig. 5. (a) Statistical distribution diagram of PCE for different concentrations of EPN modification. (b) J-V curves and (c) IPCE of the champion device with or
without EPN modified. (d) Light stability, (e) Humidity stability, and (f) thermal stability test of the unencapsulated device without and with EPN modification.

thereby improving the stability of the device. EPN with multifunctional
groups (-C = O, -NOO, and -O-) can simultaneously passivate oxygen
vacancies in SnO2 and undercoordinated Pb in perovskite. 2, Released
interfacial stress due to the long chain length of EPN [56], which has
been widely proven that great stress causes cracks in the device, and this
crack can accelerate the failure of the device. 3, Enhanced interface
contact. Both the experimental and DFT results reveal that when EPN is
introduced at the interface, EPN can form a strong chemical interaction
with SnO, and perovskite film, which makes EPN act as a bridge to
tightly connect SnO, and perovskite film, thereby enhancing the inter-
face contact.

3. Conclusions

In conclusion, a new interface buffer layer (EPN) has successfully
modified the interface between SnO and the perovskite layer. The
experimental results show that after the introduction of EPN, the quality
of the film has significantly improved. In addition, the stress of the
perovskite film is released due to the change of the substrate. On the
other hand, introducing EPN reduces the interfacial nonradiative
recombination of the device and obtains a more reasonable energy level
arrangement. Finally, SnO,/EPN-based PSCs achieved a high PCE of
23.16%. Furthermore, the stability of the device has also been signifi-
cantly improved, and the unencapsulated PSCs exhibit attractive sta-
bility under light, humidity, and high-temperature conditions. This work
reveals a buried interface improvement mechanism with multi-site
molecules which can provide valuable guidance for designing more
effective molecules to passivate the film defects and reduce the inter-
facial nonradiative recombination to enhance the performance of PSCs
devices toward final commercial application.

4. Experimental section
Materials: Thermo Scientific (tin (IV) oxide, 15% in HyO colloidal

dispersion) provided the SnO colloid precursor. Advanced Election
Technology CO., Ltd. supplied Lead (II) bromide (PbBry, 99.9%),

Formamidine hydroiodide (FAI, 99.9%), bis(trifluoromethane) sulfoni-
mide lithium salt (Li-TFSI, 99%), Spiro-OMeTAD (99.86%), lead (II)
iodide (Pbl,, 99.99%), Cesium iodide (CsI, 99.99%), lead (II) chloride
(PbCly, 99.99%) and methylamine hydrochloride (MACI, 99.5%)and 4-
tert-butyl pyridine (tBP, 99%). Rubidium iodide (RbI) was obtained from
Aladdin. Sigma Aldrich provided N, N-dimethylformamide (DMF,
99.8%), dimethyl sulfoxide (DMSO, 99.9%), and chlorobenzene (CB,
99.8%). Ethyl p-nitrobenzoate was brought from Tokyo Chemical In-
dustry Co., Ltd. All chemical reagents were utilized as received without
further purification.

Device Fabrication: ITO glasses were ultrasonically cleaned for 15 min
with detergent water, water, and ethanol. After being blown dry by ni-
trogen, the ITO was treated for 25 min with ultraviolet ozone (UV-0O3).
The SnO, colloidal solution was prepared by combining the SnO; solu-
tion with deionized water at a volume ratio of 1:3. Diluted SnO,
colloidal solution was spin-coated on ITO substrates for 30 s at a speed of
3000 r/min, and the SnO,, film was annealed at 150 °C for 30 min. After
cooling to ambient temperature, it was subjected to a 20-minute UV-O3
treatment. For EPN-treated SnO, film, different concentrations of EPN
were dissolved in ethanol and stirred for 2 h. Then, the EPN solution was
spin-coated on the cooled SnO; films at 5000 rpm for 30 s and annealed
at 100 °C for 10 min. The substrates were then placed in an argon-filled
glovebox for perovskite deposition. Perovskite
(Rbo‘02(FAO.95CSO‘05)0,93Pb12.91Br0,03C10‘06) precursor solution was pre-
pared by dissolving PbI, (682.7 mg), PbBr; (8.5 mg), RbI (6.6 mg), PbCl,
(12.7 mg), CsI (19.7 mg), FAI (248.2 mg) and MACI (35 mg, additive)
into the DMSO/DMF (1/4, v/v) mixture. The perovskite film was
deposited using a sequential spin-coating method at 4000 rpm for 30 s,
with 100 pL of CB antisolvent dripped over perovskite films for 15 s
before the program was terminated, and the film was subsequently
annealed at 130 °C for 30 min. 72.3 mg Spiro-OMeTAD, 28.8 pL 4-tert-
butyl pyridine (tBP), and 17.5 pL lithium bis(trifluoromethane sulfonyl)
imide (Li-TFSI) stock solution (520 mg Li-TSFI in 1 mL acetonitrile) in 1
mL CB were combined to make the Spiro-OMeTAD solution. The hole
transport layer was then formed by spin-coating 20 pL of Spiro-OMeTAD
solution onto the perovskite films at 4000 rpm for 30 s. Finally, using a
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shadow mask, a 100 nm silver counter electrode was thermally evapo-
rated on the top of Spiro-OMeTAD under a vacuum of 1 X 104 Pa.

Characterization: Grazing incidence X-ray diffraction (GIXRD) pat-
terns were collected using a PANalytical Empyrean diffractometer
equipped with a Cu Ka radiation (A = 1.54056 A). J-V curves were
measured using solar simulator equipment with a 150 W Xenon lamp
and a Keithley 2400 source meter. The effective active area of the device
was defined to be 0.1 cm? by using a black metal mask. Incident photon-
to-current conversion efficiency (IPCE) spectra were recorded using a
monochromatic Xenon lamp (Bunkouki CEP-2000SRR). UV-vis ab-
sorption was measured on an Agilent 8453 UV-Vis G1103A spectro-
photometer. Film morphology observations were performed on SEM
(Quattro S). The FTIR spectra were recorded with a Nicolet iS50 Infrared
Fourier transform microscope. The photoluminescence (PL) and time-
resolved photoluminescence (TRPL) were measured with Jasco
FP6500 Spectrofluorometer. The X-ray photoelectron spectrometer
(Thermo Fischer, ESCALAB 250Xi) was used in this work. In the analysis
room, the vacuum is 8x10'10Pa, the excitation source is Al Ka ray (hv
=1486.6 eV), and the working voltage is 12.5 kV. The charge correction
was done according to the Energy standard of C 1 s = 284.80 eV. TPC,
TPV, IMPS, IMVS, and built-in potential were carried out via PAIOS in
the structure of ITO/SnOy/(EPN)/perovskite/Spiro-OMeTAD/Ag, and
the results were fitted using the companion software of PAIOS. Calcu-
lations were performed within the Density Functional (DFT) formalism
using the Perdew-Burke-Ernzerhof (PBE) GGA exchange-correlation
functional [63]. All calculations were performed utilizing the CP2K
package [64] within Gaussian-augmented plane waves (GAPW) dual
basis set using the molecularly optimized MOLOPT double ¢ -valence
polarized (mDZVP) basis set implemented in CP2K code which has a
very small Basis Set Superposition errors (BSSE) in gas and condensed
phases [65]. The grid cutoff was 450 Ry. The structural minimization
was performed with the help of the Broyden-Fletcher-Goldfarb-Shanno
algorithm (BFGS).
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