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Abstract

Surface passivation of the perovskite photo absorber is a key factor to improve photovoltaic performance. So

far robust passivation strategies have not yet been revealed. Here, we demonstrate a successful passivation

strategy which controls the Fermi-level of the perovskite surface by improving surface states. Such Fermi-level

control caused a band-bending between the surface and bulk of the perovskite, which enhanced the hole-

extraction from the absorber bulk to the HTM side. As an added benefit, inorganic passivation layer improved

the device stability, as well as remarkable waterproof protection. As a result, an enhancement of Voc and

conversion efficiency from 20.5% to 22.1% was achieved. We revealed these passivation mechanisms and used

perhydropoly(silazane) (PHPS) derived silica to control the perovskite surface state.



Introduction

Since the first report of the hybrid inorganic-organic perovskite solar cell'™, a new epoch of solar cell
research dawned>”, resulting in device efficiencies of 24.2%'. Metal halide perovskite semiconductors have
several significant characteristics of optoelectronic properties, such as large absorption coefficient'"'?, long
charge carrier diffusion length'>'°, and easily tunable bandgap'”"?. These unique semiconductor characteristics
could allow efficiency values to approach the Shockley—Queisser limit***. To further improve the photovoltaic
performance beyond the current state of the art, passivation strategies are still needed.

To yield surface passivation in perovskite solar cells, passivation materials such as poly(methyl
methacrylate) (PMMA)?, polyvinylpyrrolidone (PVP)***, phenylethylammonium iodide (PEAI)*, n-hexyl
trimethyl ammonium bromide (HTAB)*’, and choline chloride?** have been used. However, it is still not
thoroughly investigated why the passivation layer improves the carrier dynamics in perovskite devices. Thus, a
more in-depth understanding of passivation design strategy needs to be gained to improve further perovskite
solar cell efficiencies.

Band-bending is the shifting of energy band structure caused by difference of the fermi level. The main
principle underlying the band bending inside the semi-conductor is the local imbalance space charge®!. Such
band-bending could influence the carrier dynamics at semiconductor surface®>**. Therefore, passivation induced
by the band-bending can expect to reduce carrier recombination.

In this study, we demonstrate that the band-bending induced passivation can have a beneficial effect on the

photovoltaic performance of perovskite solar cells. The influence of the passivation layer on the band structure



was investigated by varying precursor concentration, herewith, we propose the novel passivation concept as

band-bending passivation. As an added benefit, inorganic passivation layer improved the device stability, and

remarkable waterproof protection. The experimental results provide a way towards the implementation of a

passivation design strategy for perovskite solar cells.



Material characteristics

Perhydropoly(silazane) (PHPS) is a saturated inorganic polymer consisting of alternating nitrogen-silicon
bonds, see Fig. 1a. The reaction of PHPS with oxygen or water generates amorphous silicon dioxide at room
temperature (Fig. 1b). The amino groups of PHPS interact with the perovskite surface, which affects the energy
band structure on the surface of the perovskite layer. Therefore, it is expected to function as an inorganic

passivation layer having a function on surface modification perovskite.
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Fig. 1 Representative chemical structures: a, Perhydropoly(silazane) (PHPS). b, Amorphous silicon oxide.

To confirm the presence of the PHPS-derived passivation materials, XPS measurements were performed
(Fig. 2). After depositing PHPS on a perovskite film, the binding energies of the characteristic Si 2p, O 1s, and
N Is peaks were measured. The PHPS solution concentration was varied in the range of 0.01—0.2 vol.%, and
a perovskite sample without PHPS deposition was also analyzed under the same conditions as a reference. In

the Si 2p spectra (Fig. 2a), the peak intensity of Si 2p increased with the increasing PHPS concentration. The
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observed Si 2p signal (Fig. 2a) consists of two contributions, which were identified as Si*" (103.3 eV) and Si-

O-N (102.5 eV), respectively’®*’. At low concentration (0.01 vol.%), the component of Si*" peak was

predominant, while the proportion of the Si-O-N component increased with increasing PHPS concentration. In

the O 1s spectra (Fig. 2b), a peak was identified as Si-O bond (532.8 eV). We reasoned that PHPS oxidation in

ambient air led to Si-O bond formation. In the N 1s spectrum (Fig. 2¢), signals corresponding to N-C (400.2

eV) and Si-O-N (398.4 eV) were correlated to perovskite and silicon oxynitride, respectively’’. These results

confirmed the presence of a PHPS derived material on the perovskite surface, which was identified as silicon

oxide and silicon oxynitride, forming a thin layer not detectable by the cross-sectional SEM image

(Supplementary Fig. 1). Furthermore, at low PHPS concentration, we could only detect silicon dioxide while

using higher PHPS concentrations yielded silicon dioxide/silicon oxynitride composites, probably due to the

incomplete reaction of the PHPS precursor. It is worth to note here that we also observed an apparent effect on

the perovskite signals after depositing the passivate (Supplementary Fig. 2). As observed in the Figure, a clear

shift in the Pb 4f binding energy takes place with increasing the silicon oxide signal (Si-O), while a shift in the

I 3d peak occurs simultaneously with the appearance of silicon oxynitride peak (Si-O-N). These results suggest

a strong change on the electronic state around the perovskite surface atoms, which can be due to the interaction

of Pb/SiOx or I/SiON, respectively.
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Fig. 2 Material characteristics for passivation layer. a-c, XPS spectra and fitting results of passivation materials on the perovskite layer

of Si 2p (a), O 1s (b), and N 1s (c) as a function of PHPS concentration.

To determine if the passivation layer affected the perovskite crystallinity and crystallite orientation, we

analyzed the perovskite with and without PHPS treatment by Two-dimensional Wide-Angle X-Ray Scattering

(2D-WAXS) (Fig. 3). The reciprocal lattice mapping data indicated random crystallite orientation for samples

with and without passivation layer as shown in Fig. 3a and b, respectively. Both perovskite layers exhibited an

identical cubic structure, which was confirmed through analyzing the integrated intensity profiles of the 2D-

WAXS at 100, 110, 111, 200, and 211 reflections (Fig. 3¢)***. It could, therefore, be confirmed that the

passivation layer did not affect the perovskite crystal orientation and structure. Furthermore, no silicon oxide

reflection was observed, probably due to an amorphous state of the material.
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Fig. 3 Crystallinity of the perovskite layer with and without passivation. a,b, 2D-WAXS patterns of perovskite layer with (a) and without

(b) passivation. ¢, Integrated intensity profiles from 2D-WAXS data with and without passivation. (PHPS concertation is 0.02 vol.%.)



Photovoltaic performance

We further investigated the influence of the passivation layer on the device efficiency (Fig. 4). Fig. 4a
shows the I-V curve for the champion cell with passivation compared to the reference sample without
passivation process. By applying the passivation layer, the Voc was increased from 1.052 Vup to 1.135 V (Fig.
4a), which lead to a photoconversion efficiency of 22.13% and superior photovoltaic properties (Supplementary
Fig. 3-4). The high efficiency of 21.73% certified data is shown in Supplementary Fig. 5. The Fig. 4b shows
Voc distribution as a function of the PHPS concentration. The average Voc value was increased to 1.117 V from
1.061 V without PHPS passivation when depositing a 0.02 vol.% solution of PHPS. With increasing PHPS
concentration (from 0.01 to 0.2%), the average Voc increased up to 1.135 V for 0.2 vol.% PHPS. Overall, these

results confirm the beneficial effect of PHPS-derived passivation on the Voc, and call for deeper investigations.
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Fig. 4 Photovoltaic performance. a, /-V curves and photovoltaic properties of best perovskite solar cell with (PHPS concentration 0.02

vol%) and without passivation. b, Voc distribution as a function of PHPS concentration.



To understand more in detail why the Voc was improved, steady-state PL spectra and PL decay
measurements were performed at varied PHPS concentration. Results obtained for Glass/Perovskite/Passivation
layer samples with varying PHPS concentration are shown in Fig. 5a and Supplementary Fig. 6 respectively.
Note that the perovskite thickness is the same for all the samples. The intensity of the observed emission peak
close to 800 nm increased with increasing PHPS concentration on the perovskite layer compared to the reference
sample without passivation, which suggests that the passivation layer reduces the nonradiative pathways. This
is in consistence with the enhanced emission lifetime shown in Supplementary Fig. 6 and in correspondence
with what has been reported before for passivation with PMMA, PVP, PEAL and choline chloride***26-%,

Glass/Perovskite/Passivation layer/Spiro-OMeTAD samples were also prepared to elucidate the hole-
transportation at Perovskite/Passivation layer/HTM interface (Fig. 5b, Supplementary Fig. 7). For
concentrations up to 0.1%, the PL dynamics are increased when comparing to the reference sample, indicating
that upon the addition of the passivation layer a new decay channel is opened. This can be related to hole transfer
enhancement from the perovskite to the HTM through the passivation layer. For concentrations beyond 0.1%,
however, the dynamics are slowed down possibly indicating that the hole transfer is prevented due to the
enhanced thickness of the passivation layer. Indeed, as Wolff et al.,*' have demonstrated, upon inserting an inert
interfacial layer, the PL decay is slowed down due to reduced back electron-hole recombination. This
phenomenon could explain our observations in the PL decay for PHPS > 0.1%. To verify this possibility, we
measured the series resistance as a function of PHPS concentration. We found that the series resistance increases
up to 45 Q (at 0.2 vol.%) from 10 Q (at 0.02 vol.%), as well as FF decrease to 0.738 (at 0.2 vol.%) from 0.799
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(at 0.02 vol.%). This indicates that hole transfer is hampered at increased PHPS concentration. Also, the

perovskite solar cell ideality factor improved to 1.58 with passivation from 1.64 without passivation

(PHPS=0.02 vol.%) (Supplementary Fig. 8)**, suggesting that PHPS passivation reduces Shockley-Read Hall

recombination.

To further investigate the origin of the improved hole-extraction, the energy band diagram with and without

passivation was analyzed by ultraviolet photoelectron spectroscopy (UPS) and angle-resolved hard X-ray

photoelectron spectroscopy®*° (AR-HAXPES) (Fig. 5¢). After passivation (PHPS=0.02 vol.%), the Fermi-level

of the perovskite surface was shifted to —4.68 eV from —4.56 eV as indicated in Supplementary Fig. 9,10.

Interestingly, we revealed that the Fermi level of the perovskite was gradually shifted to the intrinsic-side with

approaching to the surface from the bulk (Fig. 5d, Supplementary Fig. 11). This Fermi-level shift can be due to

the interaction of the lead with the silica passivation. Also, it was confirmed the that the passivation treatment

affect on only the perovskite surface because the 2D WAXS shows the inside of the perovskite (Fig. 3), which

is consistent with AR-HAXPES result. In other words, in the case of samples with passivation, there was a

noticeable difference between the surface and bulk Fermi-levels. Such Fermi-level differences can cause band-

bending, which is a driving force for the hole-extraction to the HTM (Fig. 5e). Therefore, PHPS derived

passivation layer could serve to increase the Voc and photoconversion efficiency in perovskite solar cells.
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Fig. 5 Effect of perovskite surface passivation with PHPS treatment. a,b, Photoluminescence spectroscopy of steady-state intensity

(a) and decay (b) as a function of PHPS solution concentration. ¢, Energy band diagram of the perovskite with and without passivation. d,
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Fermi level as a function of the detection depth from perovskite surface. Er was shifted from 0.92 eV at 9 nm to 0.1.08 eV at 34 nm. e, Effect

of band-bending induced passivation. PHPS concentration is 0.02 vol.% for the energy diagram.

To test how the inorganic passivation layer affected light stability, we measured the continuous performance

of perovskite solar cells with and without passivation by maximum power point (MPP) tracking (Fig. 6). After

1000 h, we observed that cells with passivation maintained 77% of the initial efficiency, which was considerably

higher than that for the cell without passivation (50% at 1000 h). In addition, devices stored in dry air and

measured periodically, the passivated solar cell maintained 99% efficiency after 3900 h (Supplementary Fig.

12). These results indicate that applying inorganic passivation resulted not only in enhanced hole extraction

from the bulk to the HTM but also in a more stable perovskite solar cell.
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Fig. 6 Light stability of perovskite solar cells with and without passivation. Light stability of perovskite solar cells with and without

passivation was measured by maximum power point tracking. PHPS concentration was 0.02 vol.%.
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Finally, it was tested whether protection layer using PHPS could also serve as a water repellant protection

layer for perovskite solar cells (Fig. 7). In this experiment, the device structure was changed to FTO/c-TiO»/mp-

TiO»/c-SnO,/Perovsktie/Spiro-OMeTAD/Au/Protection layer. After measuring the device efficiency, a thick

protection layer (500 nm) was deposited on the perovskite solar cell by spin-coating (3000 rpm, 20 vol.%).

Water (15 mL) was then dropped on the devices by spin-coating, and the efficiency of the solar cell was

measured. Without the protection layer, dripping water on the device resulted in a 74% efficiency decrease and

a marked difference in the solar cell appearance (Fig. 7b). However, the normalized efficiency of devices with

protection layer was identical to the initial value (Fig. 7a, Supplementary Table 1). Furthermore, the perovskite

layer was not degraded (Fig. 7b), as confirmed by X-ray Diffraction (XRD) measurements (Supplementary Fig.

13). We reasoned, therefore, that the hydrophobic protection layer can also act as a water repellent

(Supplementary Fig. 14).
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Fig. 7 Perovskite device waterproofing. a, Normalized efficiency before and after water dripping on the device compared with and without

protection layer using PHPS. Water was dropped on the device during spin-coating. b, Device images after water dripping comparing with

and without protection layer. PHPS solution was deposited on the completed device. PHPS concentration is 20 vol.%.
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Conclusion

In this manuscript, we have demonstrated that PHPS derived silicon oxide can serve as an effective

passivation layer for high-performance perovskite solar cells and elucidated the mechanism of the passivation.

It was found that the passivation layer shifts the energy of the Fermi-level of the perovskite surface by improving

surface states. Such Fermi-level differences between the perovskite surface and the bulk cause beneficial band-

bending at the interface, which acts as a driving force to enhance hole-extraction from the perovskite absorber

layer. Consequently, the passivation design strategy we present here can improve the device Voc to >1.1 V and

the photoconversion efficiency to 22.13%. As an added benefit, inorganic passivation layer can further improve

the device stability compared with the non-treated cells, as well as behaving as remarkable waterproof protection

when encapsulating perovskite solar cells.
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Methods
Materials

Perhydropolysilazane (PHPS, 20 vol.%) was purchased from AZ Electronic Materials Co., Ltd. O-xylene
(99%, extra dry, Across) was purchased from Fisher Sienctific Inc. to dilute the PHPS. For fabrication of
perovskite layer, lead iodide and lead bromide were purchased from TCI Co. Ltd. Methylammonium bromide
and formamidinium iodide were purchased from GreatCell Solar Ltd. Cesium iodide was obtained from abcr
GmbH. All of the purchased chemicals were used as received without further purification. FTO glass (TEC-
9AX) was purchased from NSG group. Titanium diisopropoxide bis(acetylacetonate) was purchased from
Sigma-Aldrich. Titanium oxide nanoparticle was purchased from PST30NRD from GreatCell Solar. Tin
chloride (IV) was purchased Acros Organics. Bis(trifluoromethane)sulfonimide lithium salt and cobalt-complex

(FK209) were purchased from Sigma-Aldrich.

Device fabrication

A blocking TiO, layer was deposited on cleaned FTO glass by spray pyrolysis deposition of precursor
solution (1 mL of titanium diisopropoxide bis(acetylacetonate) in 15 mL ethanol) at 500 °C. Then, mesoporous
titanium oxide layer was deposited by spin-coating using a dispersed nanoparticle solution (1 g of in 11.8 g of
ethanol) at 5000 rpm for 30 s, followed by annealing at 500 °C for 30 min. Subsequently, the tin-oxide layer
was deposited by spin-coating with precursor solution (0.1 M of tin chloride (IV) in deionized water) and
annealed at 100 °C for 10 min and 190 °C for 1 h in air.*® After that, UV/Os treatment (PSD series digital UV
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ozone system, Novascan Technologies, Inc.) was performed for 15 min. To form the perovskite layer, a

perovskite precursor solution was prepared with lead excess (FAPbI3)o.s7s(MAPbBr3)0.125(CsPbls)o.1 by mixing

lead iodide (1.2 M), lead bromide (0.15 M), formamidinium iodide (1.0 M), methylammonium bromide (0.15

M), and cesium iodide (0.13 M) in DMF:DMSO=4:1 (volume ratio). The perovskite solution was spun on the

substrate with two-step spin-coating program set as 2000 and 5000 rpm for 10 and 30 s, respectively. During

spin-coating, 100 pL of chlorobenzene was dripped on the substrate before 10 s from termination time of the

spin-coating. Then, the substrate was annealed at 100 °C for 1 h to crystallize the perovskite layer. After that,

solution of PHPS diluted in o-xylene (0.01 —0.2 vol.%) was spun-on the substrate at 4000 rpm for 30 s followed

by keeping in dry air (5% relative humidity) for 30 min. To deposit hole-transport material (HTM), 80 mg of

Spiro-OMeTAD solution was diluted in 1023 pL of chlorobenzene, followed by adding 32 pL of 4-tert-

butylpyridine, 19 pL of Bis(trifluoromethane)sulfonimide lithium salt solution (517 mg mL™") in acetonitrile,

and 14 pL of cobalt-complex solution (376 mg mL™") in acetonitrile. The prepared Spiro-OMeTAD solution was

spun-on the substrate at 4000 rpm for 30 s. At last, 70 nm of Au layer was deposited on the HTM as a counter

electrode.

Characterizations and measurements

1-V was measured by using an Oriel VeraSol solar simulator (Newport Corporation) calibrated by LCE-50

(Centronics). The /-V measurement was performed from 1.2 to 0 V as a reverse scan and from 0 to 1.2 V as

forward scan with a mask of 3x3 mm?. Scanning step and speed was 10 mV and 50 mV/s, respectively. UV/VIS
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spectroscopy was measured using a Lambda 950S (PerkinElmer, Inc.). Photoluminescence emission spectra

were measured using LS-55 fluorescence spectrometer (PerkinElmer, Inc.). Time-resolved photoluminescence

was measured by a time-correlated single photon counting system (Nanofinder 30.). The wavelength for

excitation was 480 nm. The wavelength for the detector was 791 —797 nm. Morphology was assessed by a cold

field emission scanning electron microscope (SU8200, Hitachi high-tech. Co.) One dimensional X-ray

diffraction (XRD) analysis was carried out using a D8 Advance diffractometer (Bruker Corporation) with Cu

Ka radiation (ke = 1.5418 A). Two-dimensional Wide-Angle X-ray Scattering (2D-WAXS) patterns

represented in reciprocal lattice space were conducted at Spring-8 on beamline BL19B2. The sample was

irradiated with X-ray energy of 12.39 keV (A = 1 A) at a fixed incident angle on the order of 6.0° through a

Huber diffractometer. The 2D-WAXS patterns were recorded with a two-dimensional image detector (Pilatus

300K). UPS equipped with He-I source (hv=21.22 ¢V) (AXIS Nova, Kratos Analytical Ltd., UK) was used to

determine the valence band energy and Fermi level. The Fermi level of the samples was referred to that of Au

which was in electrical contact with a sample in UPS measurements. Angle-Resolved Hard X-ray

Photoemission Spectroscopy (AR-HAXPES) at 8000eV was measured by the system of Scienta R4000 with

BL46XU beamline in Spring-8. The XPS measurements were carried out on a VersaProbe II (Physical

Electronics Inc) with a monochromator and source of Al-Ka 1486.6KeV. The spectrum was referenced using

the C-C bound component of the adventitious carbon. The stability test was measured as maximum power

tracking under 100 mW cm? illumination with LED power source encapsulating samples into the measurement

box purging argon gas with 0% of humidity kept at 25 °C by the cooling system.
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