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Organic–inorganic hybrid perovskite solar cells (PSCs) have attracted enormous research attention due to

their high efficiency and low cost. However, most of the PSCs with high efficiencies still need expensive

organic materials as their hole-transport layer (HTL). Obviously, the highly expensive materials go against

the low-cost concept of advanced PSCs. In this regard, inorganic NiOx was considered as an idea HTL

due to its good transmittance in the visible region and outstanding chemical stability. But for most of the

PSCs with a NiOx HTL, the hole-extraction efficiency was limited by the unmatched valence band and

too many surface defects of the NiOx layer, especially for the vacuum-deposited NiOx and perovskite.

Herein, we developed a facile strategy to overcome this issue by using self-assembled glycine molecules

to treat the NiOx surface. With glycine on the surface, the NiOx exhibited a deeper valence band

maximum and a faster charge-extraction at the NiOx/perovskite interface. What's more, the vacuum-

deposited perovskite showed a better crystallinity on the NiOx + glycine substrate. As a result, the PSCs

with a glycine interfacial layer achieved a champion PCE of 17.96% with negligible hysteresis. This facile

approach is expected to be further developed for fabricating high-efficiency PSCs on textured silicon

solar cells.
Introduction

In the past decade, perovskite solar cells (PSCs) have experi-
enced a rapid development with their power conversion effi-
ciency (PCE) soaring from 3.8% to 25.7%.1,2 The high PCE
together with the low-cost raw materials make PSCs the most
promising photovoltaic (PV) technique among the third-
generation PV technologies. Currently, most of the PSCs with
high PCEs generally employ highly expensive organic materials
such as 2,20,7,70-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,90-
spirobiuorene (Spiro-OMeTAD)3 and poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA)4 as their hole transport layer
(HTL). Clearly, the use of highly expensive materials goes
against the low-cost concept for advanced PV techniques.
What's more, these organic materials suffer from instability
issues when operated for longer times at elevated tempera-
tures.5 In particular, the Spiro-OMeTAD is known to cause
major device degradation if exposed to moisture6 or tempera-
tures above 60 �C,7 which is a typical operating temperature of
solar modules. Additionally, the hydrophilic dopant-ions in
hnologies for Materials Synthesis and

gy, 122 Luoshi Road, Wuhan 430070,

whut.edu.cn; zyfu@whut.edu.cn

nced Energy Science and Technology

angdong Province, China

tion (ESI) available. See DOI:

the Royal Society of Chemistry
Spiro-OMeTAD and metal atoms of the electrode can easily
penetrate through the Spiro-OMeTAD layer and diffuse into the
perovskite layer, causing PCE decay of the device. Hence,
developing a low-cost and stable inorganic HTL layer is critical
for the industrial application of PSCs. So far, several inorganic
oxides including copper oxide (CuOx),8 nickel oxide (NiOx),9

vanadium pentoxide (V2O5)10 and molybdenum oxide (MoOx)11

have been used as HTL in PSCs. Among these metal oxides,
NiOx has drawn most attention due to its good transmittance in
visible region and outstanding chemical stability. Generally,
NiOx thin-lms can be prepared by solution-based chemical
process and vacuum-based physical deposition. As early in
2014, Zhu and co-authors reported a sol–gel method to
synthesis NiOx nanocrystals and used them as HTLs in PSCs.12

Aer that, server other chemical deposition methods including
solution combustion,13 electrochemical deposition,14 chemical
bath deposition,15 atomic layered deposition16 and spray-
pyrolysis deposition17 have been developed to prepared NiOx

thin lms for PSCs. Chen and co-authors employed contrivable
molecules to tailor the conductivity and energy level of NiOx

nanoparticles and achieved 22.1% of PCE in PSCs, which is
a record PCE for NiOx-based PSCs to date.18 Apart from the
chemical deposition processes, physical vacuum deposition
techniques such as pulsed laser deposition,19 electron beam
evaporation20 and sputtering21 are also be employed to deposit
NiOx thin lms with highly controllable thickness and nano-
structured morphology. Note that, these vacuum-based
RSC Adv., 2022, 12, 10863–10869 | 10863
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deposition techniques, which have been widely used in thin-
lm industry, are mature enough for promoting the commer-
cial development of PSCs. Especially for the silicon/perovskite
tandem devices, vacuum-based deposition techniques possess
unique advantages in depositing conformal thin lm on the
textured silicon solar cell surface. However, most of the PSCs
with vacuum deposited NiOx still need solution-processed
perovskite to achieve high PCE. Tobias and co-authors
compared the PSCs with perovskite layer deposited by co-
evaporation, spin coating and inkjet printing.22 They found
that the device with inkjet-printed perovskite exhibited high
PCE up to 19.5%, whereas the device with spin-coated perov-
skite showed signicant lower PCE of 17.3%. And with co-
evaporated perovskite, the device PCE further reduced to
15.1%. This is mainly due to the poor charge-extraction effi-
ciency at the perovskite and NiOx interface. Caleb C. and co-
authors revealed that Ni$3+ metal cation sites in the NiOx thin
lms act both as Brønsted proton acceptors and Lewis electron
acceptors, deprotonating cationic amines and oxidizing iodide
species, forming PbI2-rich hole extraction barriers at the
perovskite-NiOx interface.23 They also developed a facile
approach to eliminate the barriers, which achieved by reacting
Ni$3+ with excess formamidinium iodide (FAI) during perov-
skite active layer deposition. Obviously, this electrochemical
reduction of Ni$3+ defects can be facilitated by the perovskite
solution which is rich in FA+ and I� ions. But for the perovskites
deposited by vacuum-based techniques, the Ni$3+ surface states
can't be eliminated effectively, causing low device perfor-
mance.22 Thus, seeking new surface treatment to enhance the
charge-extraction efficiency between the vacuum-deposited
NiOx and perovskite thin lms is of great signicance for
large-area and low-cost PSCs with high efficiency. Recently,
Zhang et al. introduced tris(2-methyl-1-aziridinepropionate) as
a barrier layer at the interface between perovskite and NiOx,
successfully inhibited the reaction of Ni$3+ with MAI and
improved the device voltage to 1.12 V.24 NiOOH is a typical Ni$3+

compound that exists on the surface of NiOx and is prepared by
the combination of the surface hydroxyl group with Ni. Zhao
et al., coated NiOx surface with pyridine carboxylic acid to
anchor hydroxyl on the surface, thereby eliminating hydroxyl.25

In addition, Zheng et al. demonstrated that such surface treat-
ment is also feasible in tandem devices.26 To overcome the poor
scaling-up ability of spin-coating, Phung et al. immersed the
NiOx substrates into MeO-2PACz solution, and assembled MeO-
2PACz monolayer on the surface of NiOx.27 Clearly, in compar-
ison with spin-coating, such soaking process in solution is more
in favor of assembling monolayer on large-area substrate.

Inspired by the above works, herein, we employed vacuum
and vapor-based techniques to prepare all the functional layers
of PSCs, aiming at fabricating silicon/perovskite tandem solar
cell with textured silicon substrate. The NiOx thin lms were
deposited by electron beam evaporation and used as the HTL
layers. PbI2/CsBr inorganic frameworks were deposited by
thermal evaporation and then be treated in FAI vapor to obtain
Cs0.14FA0.86Pb(BrxI1�x)3 perovskite. Both the electron transport
layer (ETL) and Ag electrode were deposited by thermal evapo-
ration. As mentioned above, this all-vacuum deposited PSCs
10864 | RSC Adv., 2022, 12, 10863–10869
suffer from low PCE due to the poor hole-extraction ability of
NiOx lm. To address this issue, we herein employed glycine
(NH2CH2COOH), self-assembly molecule, as an interfacial
modier between the as-prepared NiOx and perovskite lm to
passivate the surface defect and enhance the hole-extraction.
Glycine is amphoteric molecule which has one amino group
and one carboxyl group. The carboxyl group can be anchored
with the exposed hydroxy group on the NiOx surface,28 and
carboxyl group is a typical electron withdrawing group29 can
increasing the work function of NiOx. It's noteworthy that
although various organic molecules30–33 have been used to
modify NiOx HTL in PSCs, there have been very few attempts to
use amphoteric molecules in all-vacuum deposited PSCs. By
optimizing the chemisorption time, we fabricated planar PSCs
with NiOx/glycine/perovskite/ETL/Ag inverted structure. The
champion device exhibited a champion PCE of 17.96% with the
open circuit voltage (Voc) improved from 0.995 V to 1.040 V and
ll factor (FF) improved from 0.72 to 0.77, indicating a signi-
cant faster hole-extraction at the NiOx/glycine/perovskite
interface.

Results and discussion

The NiOx lms with thickness of 35 nm were deposited by
electron beam evaporation on uorine doped tin oxide (FTO)
glasses. Glycine monolayer was self-assembled on NiOx surface
by immersing the NiOx lms into glycine/H2O solution. To
ensure the fully chemisorption of glycine on NiOx, we per-
formed the immersion with different time length andmeasured
the contact angles of the samples. As presented in Table S1,†
aer 90 min of immersion, the contact angle of the samples
increased from 23.75� to 69.61� (Fig. 1a), and maintained at
around 69� with another 60 min of immersion, indicating the
chemisorption of glycine was saturated at 90 min. Thus, 90 min
was selected as the suitable duration for glycine self-
assembling. The optical transmittance spectra of the NiOx

lm with and without glycine were measured by UV-vis spec-
troscopy (Fig. 1b). With glycine on the surface, the FTO/NiOx +
glycine sample showed a slightly higher transmittance than that
of the FTO/NiOx control sample over a broad spectral range
(400 nm to 800 nm). To further investigate the interaction of
glycine with the NiOx, X-ray photoelectron spectroscopy (XPS)
was performed on the NiOx with and without glycine. The
spectra of the N 1s peak of samples are shown in Fig. S1.†
Compared with pristine NiOx, the N 1s peak around 400 eV in
the NiOx + glycine sample can be clearly observed, which
belonging to the –NH2 group.31 Fig. 1c and d shows XPS spectra
of Ni 2p3/2 core level for the pristine NiOx lm and the NiOx +
glycine lm. For the pristine NiOx, the two peaks at binding
energy of 854.09 eV and 855.74 eV correspond to Ni2+ and Ni3+.34

Aer glycine treatment, both the two peaks have reduced and
located at lower binding energy of 853.76 eV and 855.42 eV,
respectively, which indicates that the electronic environment
near the Ni atom has changed. In the O 1s XPS spectra of
Fig. S2,† In the pristine NiOx, the ratio of adsorbed oxygen
(originating from the chemisorbed oxygen atoms or hydroxyl
groups on the NiOx lm) to lattice oxygen was 0.82. Aer being
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Contact angle measurements in (a), transmission spectra in (b) and XPS spectra in (c) and (d) of the NiOx and NiOx + glycine films.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 7

/2
2/

20
25

 2
:4

6:
38

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
treated with glycine, this ratio increased to 0.91, indicating the
adsorbed oxygen on the NiOx surface increased.

These results suggest that the interaction between glycine
and NiOx is realized by the anchoring between –COOH and –OH
groups rather than by the hydrogen bond of –NH2 on NiOx

(–NH3+).35 Thus, we can deduce that the carboxyl group of
glycine reacts with the hydroxyl group on the surface of NiOx to
form a self-assembled monolayer (Fig. 2a). Ultraviolet photo-
electron spectrometer (UPS) measurement was employed to
investigate the work function and valence band changes of the
NiOx + glycine lm. The UPS results for the secondary electron
cutoff (Ecutoff) region and HOMO region (EHomo) are shown in
Fig. 2b. The valence band (EVB) can be obtained by using the
equation EVB ¼ hn� (Ecutoff� EHomo) (hn¼ 21.22 eV), WF¼ hn�
Ecutoff.36 The work function is calculated to be 4.52 eV for pris-
tine NiOx lm while that of the NiOx + glycine lm increased to
it 4.72 eV. Accordingly, the EVB of NiOx + glycine was �5.43 eV,
Fig. 2 Diagram of glycine interlayer between NiOx HTL and perovskite
diagram of corresponding materials used in the solar device (c).

© 2022 The Author(s). Published by the Royal Society of Chemistry
which has a downward shi by 0.22 eV in comparison with the
pristine NiOx (�5.21 eV). As a result, there is a favorable energy
level alignment for extraction of holes from perovskite to NiOx

due to lower EVB of glycine-modied NiOx (Fig. 2c).
Cs0.14FA0.86Pb(BrxI1�3)3 perovskite lms were prepared by

vapor–solid reaction method,37 which combines a thermal
evaporation process and a vapor sublimation process. X-ray
diffraction (XRD) characterization was employed to identify
the crystal structure of the as-prepared perovskite lms. As
shown in Fig. S3,† the perovskite lm on NiOx substrate
exhibited a series diffraction peaks at 2q ¼ 14.0�, 28.2� and
31.6�, which should attribute to the (001), (002) and (012) crystal
planes of the cubic a-FAPbI3,38 respectively. And a small peak at
2q ¼ 12.7� can also be observed, indicating the residual PbI2 in
the perovskite. For the perovskite lm on NiOx + glycine
substrate, the diffraction peaks of perovskite showed stronger
intensities, indicating a better crystallinity of perovskite.
(a), UPS spectra of NiOx and NiOx + glycine films (b) and energy band

RSC Adv., 2022, 12, 10863–10869 | 10865
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Moreover, no obvious residual PbI2 can be observed in the
pattern. We deduced that the exposed –NH2 group of glycine
can affect the crystallization of perovskite and promote the
transformation of PbI2 into perovskite. Scanning electron
microscopy (SEM) measurements were performed on the
samples to investigate the microstructure of perovskite lms.
From Fig. 3a and b, we can observe that the perovskite lm on
NiOx substrate exhibited a compact morphology and grain sizes
varying from 200–700 nm. With glycine on the substrate, the
perovskite became more uniform with larger grain sizes, man-
ifesting an improved crystallinity. To conrm this, we fabricated
hole-only devices with structure of FTO/NiOx(+glycine)/
perovskite/PTAA/Ag and employed space charge limited
current (SCLC) method to evaluated the trap densities in the two
perovskite lms. As showed in Fig. 3c and d, the defects
density(Nt) was calculated from the SCLC plot by using the
Mott–Gurney equation:39 VTFL ¼ eNtL

2/2330, where e is the
elementary charge, Nt is the defect density, L is the thickness of
the perovskite lm, 3 is the relative dielectric constant of
perovskite material, the 30 is the vacuum permittivity. The VTFL
of the devices without and with glycine treatment are tted as
1.12 V and 0.61 V, respectively. Accordingly, the defect density
decreased from 1.58 � 10�16 cm�3 (NiOx) to 8.63 � 10�15 cm�3

(NiOx + glycine).
Steady-state photoluminescence (PL) and time-resolved

photoluminescence (TRPL) measurements were performed on
the FTO/NiOx/perovskite and FTO/NiOx + glycine/perovskite
samples to further understand the non-radiative recombina-
tion process. From Fig. 4a, we can clearly see that, with NiOx +
glycine quenching layer, the PL intensity is signicantly lower
Fig. 3 SEM images in (a) and (b), dark J–V curves of the hole-only devic

10866 | RSC Adv., 2022, 12, 10863–10869
than that of the sample with pristine NiOx, which represents
more efficient charge extraction and a superior transportation
capacity at the glycine-treated NiOx and perovskite interface.
The TRPL results (Fig. 4b) were tted by using a bi-exponential
decay function: Y ¼ A1 exp(�t/s1) + A2 exp(�t/s2) + y0, where A1
and A2 are relative amplitudes and s1 and s2 are the lifetimes for
fast and slow recombination, respectively. The s1 is typically
associated with surface recombination, and the s2 is mainly due
to recombination in the body of perovskite.40 As summarized in
Table S2,† the NiOx + glycine/perovskite lm possessed
a smaller s1 (37 ns) than that of the sample without glycine (58
ns), indicating faster charge extraction at the interface of the
NiOx + glycine/perovskite. Meanwhile, the longer s2 of NiOx +
glycine/perovskite lm conrms the lower trap density in the
perovskite deposited on NiOx + glycine substrate. We fabricated
PSCs with an inverted architecture of FTO/NiOx/perovskite/C60/
BCP/Ag. Fig. 4c presents the current density–voltage (J–V) curves
of the PSCs measured under AM 1.5G illustration. The device
without glycine treatment yielded a champion PCE of 15.27%
form reverse scan with an open-circuit voltage (Voc) of 995 mV,
a short-circuit current density (Jsc) of 21.31 mA cm�2 and a ll
factor (FF) of 0.72. With glycine interfacial layer, the device
exhibited an improved Voc of 1040 mV and FF of 0.77, rendering
a champion PCE of 17.96% with negligible hysteresis. Although
such PCE is a big progress for the all-vacuum processed inverted
PSCs, in comparison with other state-of-the-art inverted PSCs
(see Table S3†) with NiOx HTL, our devices need further
improvements. Incident-photon-to-current efficiency (IPCE)
spectra was employed to identify the current density of the
champion devices. As shown in Fig. 4d, the glycine-modied
es in (c) and (d) based on the NiOx and NiOx + glycine films.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The PL spectra (a), TRPL spectra (b), J–V curves (c) and IPCE spectra (d) of the devices based on the NiOx and NiOx + glycine films.
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device exhibited a higher IPCE value at the wavelength range of
420–770 nm. As a result, the integrated current density of the
glycine-modied device reached 21.97 mA cm�2 and the control
device was 20.94 mA cm�2, which was quite in agreement with
the Jsc derived from the J–V curve.
Conclusions

In summary, we fabricated perovskite solar cells by using all-
vacuum processing methods, aiming at their further applica-
tions in perovskite/silicon tandem solar cells. Glycine was
employed as a self-assemble monolayer to modify the electron-
beam evaporated NiOx HTL layer. We found that the –COOH
group in glycine can anchor with the –OH groups on NiOx

surface, and lower the energy level of NiOx lm. Moreover, the
exposed –NH2 groups of glycine molecules can also improve the
crystallinity of the vacuum/vapor-deposited perovskite lms. As
a results, the devices with glycine interfacial layer achieved
a champion PCE of 17.96%, which is signicantly higher than
that of the device without glycine. We believe such a facile
surface treatment can provides ideas for fabricating high-
efficiency PSCs based on NiOx HTL and merits future work.
Experimental
Materials

All the reagents and chemicals were used as received, including
formamidinium halide (FAI, purity > 99%, Suzhou Xurou
© 2022 The Author(s). Published by the Royal Society of Chemistry
Optoelectronics Technology Corp.), lead iodide (PbI2, purity >
99.99%), cesium iodide (CsI, purity > 99.9%) and glycine were
purchased from Xi'an Polymer Light Technology Corp. All the
other materials were purchased from Sigma or Aldrich without
any purication.
Preparation of NiOx and NiOx + glycine substrates

FTO glasses were rst etched by employing a femtosecond laser
(Universal Laser Systems, VLS2.30), and the glasses were ultra-
sonically cleaned with detergent, deionized water, and anhy-
drous ethanol, respectively. And then the substrates were under
plasma clean treatment for 15 min before evaporation. The
NiOx lms were prepared by electron-beam evaporation at 9 �
10�4 Pa. The growth rate was controlled at 0.1 Å s�1, and the
thickness was 35 nm. For glycine surface passivation, the as-
prepared NiOx lms were dipped for different times in the
glycine/H2O solution with a concentration of 0.75 mg ml�1 and
then rinsed by deionized water. Aer being dried with
compressed air, the substrates were heated on the hotplate at
100 �C for 15 min in N2.
Preparation of perovskite, ETL and electrode

CsBr (about 0.3–0.5 Å s�1,30 nm) and PbI2 (about 3–5 Å s�1,300
nm) were deposited by thermal evaporation on the NiOx

(+glycine) substrates in sequence. Then, the lms were trans-
ferred into a CVD furnace and reacted with FAI/FACl vapor,
which generated by heating the pre-deposited (ultrasonic
RSC Adv., 2022, 12, 10863–10869 | 10867
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spraying) FAI/FACl lm on glass substrate. The temperature and
pressure of the vapor–solid reaction were controlled at 160 �C
and 50 Pa, respectively. Aer 30 min of reaction, we obtained
the Cs0.14FA0.86Pb(BrxI1�x)3 perovskite. Then, C60 (25 nm) and
BCP (8 nm) were thermally evaporated onto the perovskite lm
under high vacuum (<10�4 Pa). Finally, a 100 nm-thick layer of
Ag was evaporated on the top of BCP as electrode.
Characterization

X-ray photoelectron spectroscopy (XPS) were obtained using an
X-ray photoelectron spectrometer (Thermo Scientic ESCALAB
Xi+). The X-ray diffraction (XRD) patterns of the samples were
recorded using an X-ray diffractometer (XRD, D8 Advance). The
UV-vis measurements were carried out using UV-vis (lambda
750S, PerkinElmer). The steady-state photoluminescence (PL)
and time-resolved photoluminescence (TRPL) spectra were ob-
tained on an FLS1000 Photoluminescence Spectrometer (Edin-
burgh Instruments Ltd) equipped with double
monochromators, a 450 W Xenon lamp, EPL-465 pulsed diode
laser. The morphology was observed using eld-emission
scanning electron microscopy (FE-SEM, Hitachi SU8010). The
dark I–V curves of the hole-only devices using a solar simulator.
The photocurrent density–voltage (J–V) curves of the perovskite
solar cells were measured using a solar simulator (Oriel 94023A,
300W) and a Keithley 2400 sourcemeter. The intensity (100mW
cm�2) was calibrated using a standard Si solar cell (Oriel, VLSI
standards). All the devices were tested under AM 1.5G sun light
(100 mW cm�2), and the active area of 0.147 cm2 was dened by
a metal mask. An external quantum efficiency (EQE) measure-
ment system (QEX10, PV Measurements, Inc.) was used to
measure the IPCE of the device across a wavelength range of
350–850 nm.
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