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heric-pressure plasma jet
treatment of nickel oxide with peak temperature of
�500 �C for fabricating p–i–n structure perovskite
solar cells†

Chieh-I. Lin,ab Jui-Hsuan Tsaiab and Jian-Zhang Chen *ab

Scanning atmospheric-pressure plasma jet (APPJ) treatment of nickel oxide with a peak temperature of

500 �C was performed for fabricating p–i–n structure perovskite solar cells (PSCs). APPJ post-treatment

increases the haze of NiO on FTO glass, leading to enhanced light scattering in PSCs that in turn

improves the cell efficiency. APPJ treatment on NiO also improves the wettability to facilitate the follow-

up deposition of CH3NH3PbI3. This also leads to better PSC performance. X-ray photoelectron

spectroscopy indicates that APPJ treatment results in fewer C–N bonds and reduced NiAc2 content,

suggesting more complete conversion of the liquid precursor into NiO. With three APPJ scans, the

average PCE improves from 11.91% to 13.47%, with the best-performing PSC achieving an efficiency of

15.67%.
1. Introduction

Recently, organic–inorganic hybrid perovskite solar cells (PSCs)
have been developed rapidly owing to their excellent proper-
ties.1–5 The power conversion efficiency (PCE) of PSCs has been
improved rapidly to 25.2%6–10 within a decade. In fact, their PCE
exceeds that of CIGS- and CdTe-based solar cells and is already
comparable to that of Si-based single-junction solar cells.11,12

The hole transport layer (HTL) plays important roles in hole
collection, hole transportation, and electron-blocking; there-
fore, optimizing the HTL for matching energy levels, enhancing
light transmittance, and improving interfacial compatibility is
essential for realizing good PSCs. NiO is a widely used HTL for
a p–i–n PSC. NiO has a high work function (�5.1 eV) and deep
valence band (�5.4 eV). Furthermore, it is chemically more
stable compared with poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS). Typical deposition tech-
niques used for NiO are sol–gel process,13,14 sputtering,15,16

pulsed laser deposition,17,18 and spray pyrolysis.19,20 The ll
factor (F.F.) and short circuit current (Jsc) of PSCs with an NiO
HTL were reported to be relatively low owing to the lower
conductivity of NiO and poor contact between NiO and the
perovskite layer. To overcome these problems, surface modi-
cation and doping are investigated to improve the performance
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of a PSC with an NiO HTL. Ag, Cu, Li, and Cs are the typical
dopants introduced to NiO for improving its p-type conductivity
and band alignment;21–26 interfacial modication is also applied
to improve PSC performance.27

Low-pressure plasma (LPP) has been widely applied in
industry for thin-lm deposition and etching. However, gener-
ating LPP requires vacuum chamber and vacuum pumps that
are costly and require routine maintenance. It is also disad-
vantageous to integrate with non-vacuum device fabrication
procedures and roll-to-roll processes. By contrast, atmospheric-
pressure plasma (APP) can be operated at a regular pressure and
has shown promise in applications such as clinical medication,
agriculture, and materials syntheses and surface modica-
tion.28–31 Typical APP technology includes gliding arc, corona
discharge, dielectric barrier discharge, and atmospheric pres-
sure plasma jet (APPJ). Recent developments have resolved
problems such as continuous arcing, high breakdown voltage,
and instability.32–34 APPJ with medium temperature (400–700
�C) has demonstrated rapid materials processing capability
owing to the synergetic effect of reactive plasma species and
heat.35–38

In this study, a scan-mode nitrogen DC-pulse APPJ is used to
treat NiO for PSCs. The peak temperature of the substrate
during APPJ operation is �500 �C. The optical transmittance,
haze spectra, surface morphology, chemical bonding congu-
ration, wettability, conductivity, and electrochemical properties
of scanning APPJ-treated NiO are characterized. PSCs with
scanning APPJ-treated NiO also show improved performance
compared to samples with only 10min hot plate treatment, with
This journal is © The Royal Society of Chemistry 2020
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PCE increasing from 11.91% to 13.47%; Jsc from 16.96 mA to
17.55 mA cm�2; and F.F. from 68.56% to 73.66%.
2. Experimental section
2.1. Fabrication of PSC

Deionized water, acetone, and isopropanol were used sequen-
tially to rinse the FTO glass substrate (TEC7, �8 U sq�1) with
ultrasonication for 15 min each. Next, the FTO substrate was
treated by UV–ozone for 15 min. The precursor solution for the
NiO lm was prepared with 0.5 M nickel acetate (99.998%, trace
metal basis, Sigma-Aldrich) and ethanolamine (99.5%, Sigma-
Aldrich) dissolved in ethanol; the solution was stirred over-
night at 60 �C.39 A liquid precursor lm was spin-coated on the
FTO glass substrate for 40 s at 6000 rpm, following which the
liquid-precursor-lm-coated sample was calcined at 325 �C for
10 min for APPJ-treated NiO samples. The thickness of the
resultant NiO was �30 nm. An NiO thin-lm-coated FTO glass
substrate was thus obtained. Aer natural cooing to room
temperature, the NiO lm was treated by a nitrogen APPJ in
scanning mode three times. The counterpart samples without
APPJ treatment on NiO lms were calcined at 325 �C on a hot
plate for 10 and 90 min. Next, we transferred the samples into
a nitrogen-lled glove box immediately for follow-up CH3NH3-
PbI3 depositions. The perovskite lm was deposited by a one-
step process. The CH3NH3PbI3 solution included 1.2 mM
CH3NH3I (MAI, 98%, Dyesol) and PbI2 (99.999%, trace metal
basis, Alfa Aesar) dissolved in dimethylformamide (DMF,
99.8%, Sigma-Aldrich). The resultant solution was spin-coated
on NiO at 5000 rpm for 30 s; during the spin-coating process,
200 ml of CB was dripped rapidly onto the sample aer starting
spinning for 7 s. Next, the sample was calcined at 100 �C for
10 min to form a dense perovskite lm (thickness: �350 nm).
PC61BM (nano-C, 20 mgml�1 in chlorobenzene) was doped with
2 ml of N,N-dimethyl-N-octadecyl(3-aminopropyl)trimethoxysilyl
chloride silane (DMOAP, Sigma-Aldrich, 42 wt% in methanol).
The DMOAP-doped PC61BM solution was spin-coated at
2000 rpm for 30 s.40 Then, bathocuproine (BCP, Alfa Aesar,
0.5 mgml�1 in 2-propanol) was spin-coated at 6000 rpm for 20 s,
following which it was dried at 85 �C for 15 min. Finally, 85 nm-
thick Ag with area of 0.09 cm2 was deposited on the sample
using an e-beam evaporator.
Fig. 1 Temperature evolution of substrate under APPJ operation.

This journal is © The Royal Society of Chemistry 2020
2.2. APPJ treatment on NiO

Fig. S1† shows the schematic of the APPJ equipment used in
this study. The NiO lm was rst annealed at 325 �C for 10 min,
following which it was treated by an APPJ in scanning mode
three times with a scanning speed of 0.2 cm s�1. The details of
the APPJ system are described elsewhere.41 A Pyrex™ tube with
4.8 cm length with 3 cm internal diameter was installed
downstream of the plasma jet; the end of this tube was �1 mm
Fig. 2 UV-vis spectra of NiO film on FTO glass: (a) total transmittance
spectra, (b) specular transmittance spectra, (c) haze spectra and (d)
Tauc plot.
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01434f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 2
/8

/2
02

6 
3:

44
:4

0 
PM

. 
 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
above the substrate. This tube is used for minimizing the
ambient air-quenching effect while allowing the high-rate gas to
ow out smoothly. APPJ operation was performed with N2 ow
rate of 46 slm to realize peak substrate temperature of 500 �C.
Fig. 1 shows the representative temperature evolution of the
FTO glass during three APPJ scans. The peak temperature is set
to be �500 �C by adjusting the tube length and ow rate. The
temperature was measured by a K-type thermocouple. The
counterpart samples without APPJ treatment on NiO lms were
calcined at 325 �C on a hot plate for 10 and 90 min.
2.3. Characterization of NiO lms and PSCs

The surface morphology of NiO was examined using scanning
electron microscopy (SEM, JOEL, JSM-7800Prime) and atomic
force microscopy (AFM, Bruker, BioScope Resolve). The
ultraviolet-visible (UV-vis) transmittance and reectance were
measured by a UV-vis spectrophotometer (JASCO, V-670), and the
through-plane (perpendicular to the lm surface) conductivity
was measured by an electrometer (Keithley 2636A). The sample
for conductivity measurement was FTO glass/NiO/Ni structure, in
which Ni was used for ohmic contact. A contact angle goniometer
(Sindatek, Model 100SB) was used to measure the water contact
angle. The surface chemical bonding status and elemental
composition were analyzed using X-ray photoelectron spectros-
copy (XPS, Thermo Fisher Scientic, ESCALAB Xi+). The Current
density–voltage (J–V) curves of the PSC were measured using
a sourcemeter (Agilent, B2902A) under illumination of simulated
AM1.5 light (ABET, Sun 2000 Solar Simulator). For J–V curves,
both forward and reverse scans were measured and forward scan
Fig. 3 AFM images of FTO/NiO structure (a–c) and SEM of FTO/NiO/
CH3NH3PbI3 structure (d–f) with NiO (a and d) 10 min hot plate treat-
ment, (b and e) 10 min hot plate plus three APPJ scans, and (c and f)
90 min hot plate treatment.

11168 | RSC Adv., 2020, 10, 11166–11172
was measured rst. Electrochemical impedance spectroscopy
was performed using an electrochemical workstation (EIS,
Metrohm-Autolab, PGSTAT204) from 1 MHz to 1 Hz.
3. Results and discussion

Fig. 2(a) shows the total transmittance spectra; the total trans-
mittance remains similar aer the APPJ treatment. Fig. 2(b) and
(c) show plots of the specular transmittance and haze spectra,
respectively. The specular transmittance reduced aer APPJ
treatment. The haze was calculated as42

Haze ¼ Tt � Ts

Tt

� 100% (1)

where Tt is the total transmittance and Ts, the specular trans-
mittance. The two total transmittance curves, for the samples
with bare 10 min hot plate calcination and 10min hot plate plus
three APPJ scans, almost overlap with only �1% difference.
APPJ treatment apparently increased the haze of the NiO coated
FTO. This could increase the forward light scattering as light
passes through the NiO-coated FTO. Fig. 2(d) shows the Tauc
bandgap that is calculated as43

(ahn)n ¼ A(hn � Eg) (2)
Fig. 4 XPS C 1s spectra of NiO film with different treatment.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Water contact angles of NiO films with (a) 10 min hot plate
treatment, (b) 10 min hot plate and three APPJ scans, and (c) 90 min
hot plate treatment.
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where a is the absorption coefficient; A, a constant; hn, the
photon energy; and Eg, the optical bandgap; further, n¼ 2 refers
to the direct bandgap of NiO. The measured band gap was
�4.37 eV; this agrees with the previously reported data.25,44

The surface coverage and crystallinity of the perovskite layer
have been reported to be pivotal for the device performance.45

Fig. 3(a)–(c) show the AFM measurement results for NiO-coated
FTO under different NiO treatment conditions and Fig. 3(d)–(f)
show the corresponding SEM measurement results of CH3-
NH3PbI3 coated NiO on FTO. Aer APPJ treatment, the rough-
ness increased from �23 nm to �25 nm. This could enhance
the forward light scattering to improve the cell efficiency,13,46

thus agreeing well with the haze spectra shown in Fig. 2(c).
Fig. 3(d)–(f) show SEM images of the CH3NH3PbI3 lms. The
CH3NH3PbI3 lms are dense and well-crystallized. Fig. S2†
shows SEM images of cross sections of the lms; the lms look
compact in these views.

Fig. 4 and 5 show the XPS C 1s and Ni 2p3/2 binding energy
spectra for NiO lms. The C–C bond peak was adjusted to
284.5 eV; the main peaks for C 1s are located at 284.5, 285.9,
286.5, 287.8, and 289.1, and they respectively correspond to C–C,
C–N, C–O, C]O, and C(O)O.47,48 The C–Nbond can be ascribed to
the ethanolamine residue (le from liquid precursor) aer
Fig. 5 XPS Ni 2p3/2 spectra of NiO film with different treatment.

This journal is © The Royal Society of Chemistry 2020
calcination. Table S1† shows the deconvoluted peak areal frac-
tions. Aer APPJ treatment, the C–N content decreased signi-
cantly; simultaneously, the C–O content increased. As for the Ni
Fig. 7 (a) Current–voltage curve (conductivity) measured through
NiO plane. (b) J–V curves of the best-achieving PSC. Statistical plots
for (c) Voc, (d) Jsc, (e) FF, and (f) PCE for six batches of PSCs. (g) Nyquist
plots for EIS measurement.

RSC Adv., 2020, 10, 11166–11172 | 11169
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Table 1 PV parameters of PSCs

Voc (V) Jsc (mA cm�2) FF PCE (%)

Hot plate 10 min 1.02 � 0.04 16.96 � 1.38 68.56 � 3.24 11.91 � 1.76
Hot plate 10 min + three APPJ scans 1.04 � 0.03 17.55 � 1.11 73.66 � 5 13.47 � 1.54
Hot plate 90 min 1.04 � 0.03 17.59 � 1.03 69.09 � 5.50 12.74 � 1.86

Table 2 EIS

R1 (U) R2 (U) CPE2-T (F) CPE2-P R3 (U) CPE3-T (F) CPE3-P

Hot plate 10 min 16.87 743.9 6.930 � 10�9 1 4930 3.6265 � 10�6 0.73
Hot plate 10 min + three APPJ scans 17.64 558.1 6.71 � 10�9 1 8052 1.4596 � 10�6 0.82
Hot plate 90 min 19.19 557.9 6.550 � 10�9 1 6864 1.1682 � 10�6 0.85
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2p3/2 spectra (Fig. 5), the main peaks at 852.2, 853.8, 855, 855.4,
855.8, and 856.8 respectively correspond to Ni, NiO, Ni(OH)2,
NiAc2, NiOOH and Ni2O3.10,49,50 Table S2† lists the areal fractions
of deconvoluted peaks. The sample subjected to 10 min hot plate
treatment shows relatively high NiAc2 content owing to the
incomplete transformation of the liquid precursor into the NiO
lm. Similar phenomena were also observed in other studies.13,39

Aer APPJ treatment, the NiO content increased and NiAc2
content apparently decreased, suggesting that APPJ treatment
can further convert precursor residue into NiO.

Fig. 6 shows the water contact measurement results. The
water contact angle of 10 min hot plate treated NiO was �29�.
Aer APPJ treatment, the water contact angle decreased to�18�.
In comparison, the water contact angle of 90 min hot plate
treated NiO was�21�. The wettability of NiO could inuence the
grain size and crystallinity of the follow-up deposited CH3-
NH3PbI3. These, in turn, will change the trap density of the
CH3NH3PbI3 lm.51–53

Fig. 7(a) shows the through-plane conductivity of the NiO
lms. APPJ treatment slightly increased the NiO conductivity
from 1.98 � 10�3 mS cm�1 to 2.10 � 10�3 mS cm�1. It is spec-
ulated that a higher amount of ethanolamine residue results in
reduced NiO lm conductivity, as evidenced in the XPS experi-
ment. Fig. 7(b) shows the J–V curves of the best-performing PSC
with 10 min hot plate treatment and three APPJ scans. The PSC
efficiency reached 15.67%. Fig. 7(c)–(f) shows statistical plots of
the photovoltaic parameters of six batches of PSCs and Table 1
lists the corresponding statistics of PV parameters for reverse
scans. As shown in Table 1, the PSC with NiO subjected to 10 min
hot plate and three APPJ scans exhibited the highest average Jsc,
F.F. and PCE; these parameters improved from 16.96 mA cm�2,
68.56%, and 11.91% to 17.55 mA cm�2, 73.66%, and 13.47%,
respectively. The increased F.F. and Jsc can be attributed to the
increased haze of NiO on FTO, improved wettability, and
increased through-plane conductivity. The PSC performance with
APPJ treatment also surpasses those with 90 min hot plate
treatment. This indicates that APPJ treatment can improve the
PSC performance with less processing time.

EIS measurements were also performed under illumination
to investigate the internal charge transporting and
11170 | RSC Adv., 2020, 10, 11166–11172
recombination through the devices.54 Fig. S3† shows the tting
model circuit.55 Fig. 7(g) shows the Nyquist plot with the tting
parameters listed in Table 2. R1, R2, and R3 represent the series
resistance, charge transporting resistance, and recombination
resistance, respectively. Clearly, R2 decreased (lower charge
transport resistance) aer APPJ treatment due to the higher
surface roughness and conductivity. Further, the enhanced
wettability of NiO with APPJ treatment may enhance the crys-
tallinity of the follow-up CH3NH3PbI3 with lower grain bound-
aries and trap densities, thereby inhibiting the non-radiative
recombination related to R3.
4. Summary

Scanning APPJ treatment on NiO with peak temperature of
500 �C can improve the performance of p–i–n PSCs. APPJ
treatment increases the haze of the NiO lm, leading to the
improved forward light scattering that in turn improves the
efficiency of the PSC. APPJ treatment could also improve the
wettability of NiO to facilitate the follow-up deposition of
CH3NH3PbI3. XPS shows fewer C–N bonds and NiAc2 content
aer APPJ treatment, indicating enhanced conversion of the
liquid precursor conversion into NiO. A PSC with NiO subjected
to 10 min hot plate and three APPJ scans exhibited the highest
average Jsc, F.F. and PCE; these parameters improved from 16.96
mA cm�2, 68.56%, and 11.91% to 17.55 mA cm�2, 73.66%, and
13.47%, respectively.
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