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ARTICLE INFO ABSTRACT

Keywords:
Perovskite solar cells

Nickel oxide (NiOy) hole transport layer (HTL)-based planar perovskite solar cells (PSCs) have attracted much
attention due to high power conversion efficiency (PCE) and simple processing. In this work, smooth and
NiOx compact Sr-doped NiOj films with different Sr doping concentration were successfully prepared through a simple

Sr low temperature sol-gel method. The 1 at.% Sr-doped NiO, HTL-based PSCs exhibited the best performance with
]é[f’f‘i";:i:peramre PCE of 20.07%, which is greatly higher than PCE of reference NiO, based PSCs (15.73%). Furthermore, the
Stabilityy unencapsulated PSCs based on Sr:NiOy HTL still retains over 60% of the original PCE value aging for 100 days

under ambient air, showing better stability. The superior performance of Sr-doped NiO, based PSCs is attributed
to better electrical conductivity, crystallinity of perovskite film and energy level matching with perovskite layer,
which can greatly improve hole transport and extraction abilities and reduce carrier recombination, resulting in
high PCE and better stability.

1. Introduction

Perovskite solar cells (PSCs) have attracted much attention because
of their easy solution preparation and superior photovoltaic perfor-
mance (Chen et al., 2016; Lin et al., 2016; Stranks et al., 2013; Xing
et al., 2013). The power conversion efficiencies (PCEs) of PSCs have
increased from 3.8% to 23.3% within several years, which makes it
possible to be the main force in the next generation photovoltaic for
sustainable energy (Cai et al., 2018; Kojima et al., 2009; Peng et al.,
2018; Wang and Yang, 2016). Among all device architectures have been
explored, the p-i-n configuration planar PSCs are more suitable to
fabricate in low temperature process because the mesoscopic PSCs
usually need sinter temperature over 400 °C to fabricate TiO, films (Liu
et al., 2018; Zhang et al., 2018). The lower preparation temperature
helps to reduce cost and fabricate flexible PSCs. Therefore, finding HTL
materials right for low annealing temperature is quite important to
obtain high performance planar PSCs of p-i-n configuration.

To date, many conducting polymers such as poly(3,4-ethylene di-
oxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS) and poly(triar-
ylamine) (PTAA), annealing at low temperature of less 150 °C, were
widely used as hole transport layers (HTLs) in p-i-n configuration
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planar perovskite devices due to their decent light transmittance and
excellent hole transport capability (Hou et al., 2017; Lin et al., 2016;
Shen et al., 2017; Wu et al., 2017). But their natural instability and
relative high cost of synthesis limit their extensive use for commercia-
lization (Jorgensen et al., 2008). For comparison, the inorganic mate-
rial such as nickel oxide (NiO,) is an ideal HTL for p-i-n configuration
planar PSCs due to its low temperature process, easy fabrication and
chemical stability (Manders et al., 2013; Wang, C. et al., 2018a; Zhang
et al., 2018). But regrettably, previous reports show that the pristine
NiOy HTL is not satisfactory to fabricate high performance PSCs because
of its relative low conductivity and surface defects (Chen et al., 2015a;
Kim Yong et al., 2011), which would limit the hole transport and ex-
traction, and increase carriers recombination (Corani et al., 2016).
Thus, the element doping strategies have been developed to improve
the electrical conductivity and reduce trap states of NiO, by some re-
search groups (Chen et al., 2017; Jung et al., 2015; Kim et al., 2015; Liu
et al., 2016). The NiO, co-doped with Lithium (Li) and Copper (Cu)
have been demonstrated to greatly improve the electrical conductivity
of NiOy layer under annealing at 500 °C (Liu et al., 2016). Jen et al.
prepared p-i-n configuration planar PSCs based on copper-doped NiO,
HTL with PCE up to 15.4% due to its increased electronic conductivity
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Fig. 1. (a) Current density-voltage (J-V) characteristics of PSCs with different Sr content for Sr:NiO, HTL under standard test conditions (AM 1.5G, 100 mW/cm?). All
devices were unencapsulated and measured in ambient air. (b) UPS valence band edge and secondary electron emission cut off measured for Sr:NiO, film. (c) Optical

band gap of Sr:NiOy film. (d) Energy diagram of each layer of PSCs.

and hole extraction ability (Kim et al., 2015). Han et al. developed
Lip.0sMgo.15Nip.gsO HTL annealing at 500 °C for p-i-n configuration
planar PSCs, which greatly reduced the series resistance (R;) and in-
creased the shunt resistance (Ryy), resulting in an excellent fill factor
over 0.8 and PCE of 18.3% (Chen et al., 2015b). All PSCs with these
doping NiOy HTL achieved impressive PCEs due to the improved con-
ductivity and reduced trap states. However, the high temperature an-
nealing over 400 °C are usually required to achieve those high crys-
tallinity doped NiOy films, which would increase the cost of fabrication
and create incompatibility to large scale roll to roll fabrication and
flexible devices. He et al used Cesium (Cs) doped NiO, with annealing
at 275 °C as HTL for PSCs, which got impressive PCE of 19.35% and
high stability (Chen et al., 2017), indicating that the superior doped
NiO, HTL can be achieved by doping right element under the relative
low annealing temperature.

Here, we further developed Sr-doped NiO, layers as HTL with lower
temperature at 235 °C, which show better electrical conductivity and
energy level matching with perovskite layer. Therefore, PSCs using 1 at.
% Sr-doped NiO, as HTL exhibit the higher V,. of 1.118 V, FF of 79.1%,
resulting in PCE of 20.07%, which is greatly higher than that of the
reference cells. Furthermore, PSCs with 1 at.% Sr-doped NiO, HTL show
better stability because it boosts the crystallinity of the perovskite layer.

2. Experimental section

All solvents and reagents were used as received. Fluorine-doped tin
oxide (FTO) glass (thickness: 2.2 mm, sheet resistance: 15 Q1) were
purchased from Shanghai MaterWin New Materials Co., Ltd.
Formamidine iodide (FAI), Methylamine bromide (MABr) were
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purchased from Borun New Material Technology Ltd. Methylamine
iodide (MAI) was purchased from 1-Material-Organic-Nano Electronic.
Lead (II) iodide (Pbl,, 99%) [6,6]-phenyl-Cg;-butyric acid methyl ester
(PCBM, 99%), dimethyl sulphoxide (DMSO, AR 99%) and ¢y-
Butyrolactone (GBL, AR 99%) were purchased from Aladdin company
(Shanghai, China). Nickel acetate tetra hydrate (98%), strontium
chloride (SrCl,, 99%), chlorobenzene (CB, 99.5%), 2-methoxyethanol
(99%) and ethanolamine (EA, 99%) were purchased from Sinopharm
Chemical Reagent Co., Ltd.

Perovskite (FAp15MAp gsPb(Ip.o5Broos)s) precursor solution was
prepared by dissolving FAI, MABr, MAI and lead (II) iodide in a mixture
of DMSO and GBL (3:7 v/v) with concentration of 1.3 mol per liter.
NiOy solution was prepared by dissolving nickel acetate tetra hydrate in
2-methoxyethanol and ethanolamine (EA) with concentration of
0.1 mol per liter, the molar ratio of Ni>* /EA was maintained at 1:1. For
the Sr-doped NiO,, SrCl, dissolved in 2-methoxyethanol are mixed with
the NiO, solution at different molar ratios (from 0.5 at.% to 3 at.%). The
pre-cleaned FTO coated glass was treated with ultraviolet ozone for
20 min before used. NiO, solutions were spin-coated onto FTO at
4500 rpm for 1 min to form 20 nm thick film (measured by the DEKTAK
XT stylus profiler), followed by annealing at 235°C for 45 min. The
perovskite film was spin-coated on NiOy or Sr-doped NiOy layer by a
consecutive two-step spin-coating process at 2000 rpm and 4000 rpm
for 15s and 60s, respectively. During the second spin-coating step,
chlorobenzene drop-casting was employed as antisolvent. The samples
were then heated at 100 °C for 60 min to form black perovskite films.
After cooling down, a 40 nm thick PCBM layer was formed onto the
perovskite film by spin-coating PCBM dissolved in chlorobenzene
(10 mg/ml) at 1200 rpm for 45s. Finally, a 100 nm thick AgAl alloy
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Fig. 2. (a) J-V curves of hole only devices with NiOy or Sr:NiO, layers, where the device structure is FTO/NiOy or Sr:NiOx/MoO3/AgAl. (b) J-V curves of pristine
NiOy and Sr:NiOy films from vertical direction and the inset is the schematic diagram of testing structure. (c) XPS measurement of NiO, and Sr:NiOy films. (d) Steady-
state photoluminescence (PL) spectra of FTO/perovskite, FTO/NiOy/perovskite and FTO/Sr:NiOy/perovskite films, respectively.

electrode was thermally evaporated onto the PCBM layer under the
base pressure of 5 X 10~ Pa. The weight ratio (wt %) of Al to Ag in the
AgAl alloy, purchased from Trillion Metals Co., Ltd. (Beijing, China), is
3 wt%.

The surface morphologies of samples were investigated by field-
emission scanning electron microscopy (SEM, Hitachi S-4800) and
Atomic Force Microscope (AFM, JPK Nano Wizard II), respectively. X-
ray diffraction (XRD) patterns of perovskite films were measured with
PW3040/60 instrument (Holland Panalytical PRO) using a Cu Ka ra-
diation source (V = 30kV, I = 25 mA). Photoluminescence (PL) spectra
were measured using a fluorescence spectrophotometer (HORIBA Jobin
Yvon Fluoromax-4). The transmission and absorption spectra of sam-
ples were recorded using a UV-Vis spectrophotometer (Hitachi U-
3900). The current density-voltage (J-V) characteristics were measured
using a Keithley model 2440 source meter under a Newport solar si-
mulator system with AM1.5G filter and 100 mW/cm? illumination ca-
librated by a standard silicon reference cell (Newport Oriel Instruments
91150 V). The incident photon to current conversion efficiency (IPCE)
spectra were measured using a Newport Optical Power Meter 2936-R by
illuminating the device with monochromatic light supplied from a
xenon arc lamp in combination with a dual-grating monochromator.
The reference numbers of photons incident on the sample were cali-
brated for each wavelength using a silicon photodiode (Newport Oriel
Instruments 71675-71580). EIS measurements were recorded in the
dark and 100 mW/cm? illumination in the frequency range from 0.1 to
1 x 10° Hz using an Auto lab PGSTAT 302N electrochemical work-
station.
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3. Results and discussions

Fig. la shows the current density-voltage (J-V) curves of p-i-n
configuration planar PSCs based on pristine NiOy or Sr-doped NiOy
layers. The structure of p-i-n configuration planar PSCs is shown as inset
in Fig. 1a, where the pristine NiOy or Sr-doped NiO, and (PCBM) are
selected as HTL and electron transport layer (ETL), respectively. The
perovskite films were spin coated onto pristine NiO, or Sr-doped NiO,
layer by one-step solvent engineering. The statistic photovoltaic para-
meters including open-circuit voltage (V,.), short-current density (Js.),
fill factor (FF) and power conversion efficiency (PCE) of PSCs with
different Sr doping concentration in NiO, HTL are summarized in Figs.
Sla—d. PSCs prepared with Sr-doped NiO, HTL show higher open-cir-
cuit voltage (V,.) and short-current density (J.) than reference PSCs
prepared with pristine NiO, HTL, leading to higher PCEs. Specifically,
PSCs prepared with 1 at.% Sr-doped NiO, HTL show the highest open-
circuit voltage (Vo.) and short-current density (Js.), resulting in the
highest average PCE of 18.87%. Thus, the 1 at.% Sr-doped NiO, was
selected for deeply study and labeled as Sr:NiOx below.

To illustrate the higher V. for PSCs with Sr:NiOy, the energy level of
Sr:NiOy film was calculated by Ultraviolet Photoelectron Spectroscopy
(UPS) measurement. The secondary electron emission cut off, valence
band edge and optical band gap measured for Sr-doped NiO, film are
shown in Fig. 1b and c. Fig. 1d reveals the energy level arrangements of
various functional layers in the PSCs. The valance band (VB) of Sr-
doped NiOy film shifts to -5.4eV from -5.2eV of pristine NiOy film
published elsewhere (Chen et al., 2015a), which can boost holes
transport from perovskite layer to Sr:NiO, HTL due to the reduced
contact barrier, leading to the higher V,. (Wang, Y. et al., 2018b).
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Fig. 3. SEM images of perovskite layers grown on NiOy (a) and Sr:NiOy (b) films; Absorption spectra (c) and XRD patterns (d) of perovskite films on NiOy and Sr:NiOx

films.

The X-ray diffraction (XRD) patterns were measured to explore the
crystallization of NiOy and Sr:NiOy films annealed at 235 °C, as shown
in Fig. S2a. The characteristic diffraction peaks at 37.1°, 43.3° and 62.7°
are corresponding to the (111), (200) and (220) planes of NiOy
(JCPDS card no. 47-1409). However, the diffraction peaks of Sr:NiOy
films slightly shift toward lower angle, indicating the slight increment
of lattice constant (Chang et al., 2011). This means that strontium ions
have successfully partly replaced Ni ions of crystal lattice, because the
ionic radius of strontium (140 pm) is larger than that (78 pm) of nickel.
Furthermore, the increased intensity of peak at 43.3° can be observed,
indicating that Sr:NiO, films can easily grow along (2 00) plane and
show better crystallinity. The enhanced film crystallinity can decrease
trap centers and carrier scattering events, helping to improve carrier
transport ability (Nam et al., 2012). The similar transmittance of pris-
tine NiOy and Sr:NiOy films are over 90% in the wavelength range from
400 nm to 800 nm, as shown in Fig. S2b, indicating that Sr dopant won’t
obviously affect the transmittance of NiOy film. Therefore, the effi-
ciency difference of PSCs based on pristine NiO, and Sr:NiOy layers is
not related to their light transmittance. The doped metal oxide usually
shows better conductivity compared to the pristine metal oxide (Chen
et al., 2017; Chen et al., 2015b). Here, the hole only device with the
structure FTO/NiOy or Sr:NiO,/Mo0O3/AgAl were fabricated and their J-
V curves are shown in Fig. 2a. The results show that Sr:NiOy thin film
has higher current density than the pristine NiOy film, indicating the
better capability of hole extraction and transport for Sr:NiOy film. The
hole mobility was calculated using the classical Mott-Gurney space-

charge-limited -current (SCLC) equation (Park et al., 2013):
J= (9/8)pyoer (V1) (@)

where J is the current density, i, is the hole mobility, ¢ is the dielectric
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constant of the free space (=8.85 X 107 '2F/m), ¢, is the relative di-
electric constant, V is the applied voltage, and L is the thickness of
charge transport layers. The hole mobility was increased from
873 x1073ecm?V~'s™! of the pristine NiO, film to
1.44 x 10" 2em?V ™15~ ! of Sr:NiOy film.

To further investigate the conductivity of pristine NiO, and Sr-
doped NiOy films, the J-V curves from vertical direction are shown in
Fig. 2b and S2c. The current density of NiO, doped with different Sr
concentration compared to pristine NiOy films can greatly increase,
indicating that Sr-doped NiOy films can obviously improve hole carriers
transport ability and show better conductivity. The optimized Sr doping
concentration is 1at.%, which is obviously superior to the doping
concentration of 0.5at.%, 2at.% and 3at.%. The less doping con-
centration such as 0.5 at.% Sr compared to 1 at.% possibly results in the
related lack of hole carriers and thus reduces its conductivity. While the
excessive Sr doping concentration such as 2 at.% and 3 at.% may induce
the lattice deformation and deteriorate its conductivity. Although the
energy level difference between FTO and Sr:NiO, compared to pristine
NiOx was slightly increased, as shown in Fig. 1d, the high concentration
of hole carriers for Sr:NiOy can greatly reduce the tunneling width of
carriers, which helps to reduce the contact barrier between FTO and
Sr:NiOj film. The enhanced current density of Sr:NiOy film from vertical
direction strongly supports that Sr:NiO, films have superior contact
properties, better hole carriers transport and extraction abilities.

The incorporation of Sr element was confirmed by X-ray photo-
electron spectroscopy (XPS) measurement, as shown in Fig. S2d. The
decomposition of Ni 2p3,, spectrum can be well fitted by two different
oxidation states (Ni>* and Ni**) using Gaussian function, the typical
peaks at 853.8 eV and 855.6 eV are corresponding to Ni** and Ni**
(Kwon et al., 2016; Seo et al., 2016; Yin et al., 2016), as shown in
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Fig. 4. (a) Current density-voltage (J-V) characteristics of PSCs based on pristine NiO, and Sr:NiO, HTLs in different scan directions with scan rate of 100 mV/s. (b)
Incident photon to current conversion efficiency (IPCE) curves of PSCs. (c¢) Dark J-V curves of PSCs based on pristine NiO, and Sr:NiO, HTLs. (d) Stability of

unencapsulated PSCs with aging time under the relative humidity (RH) of 18%.

Table 1
Photovoltaic parameters of champion PSCs based on NiOx and Sr:NiOx HTLs
measured with different scan directions.

Device Scan Jsc (mA/cm?) Voe (V) FF (%) PCE (%) Average PCE
direction (%)

NiOx Forward 20.99 1.054 68.8 15.22 15.47
Reverse 21.19 1.040 714 15.73

Sr:NiO, Forward 22.73 1111 79.4 20.05 20.06
Reverse 22.68 1.118 79.1 20.07

Fig. 2c. The Ni** /Ni®* ratio of Sr:NiO film is 2.10, which is obviously
higher than the ratio (1.61) of pristine NiOy film. The higher Ni3*
concentration means the existence of massive oxygen deficiencies and
Ni vacancies in pristine NiOx and Sr:NiOy films. Compared to the Ni%*,
the higher valence Ni** is comparable to lack of one electron and
would produce a hole carrier in NiOy films. Therefore, the obviously
increased Ni®* concentration of Sr:NiO, film can greatly produce high
concentration of hole carriers, which would contribute to better hole
transport ability (Kelvin et al., 2016). Fig. 2d shows the steady-state
photoluminescence (PL) spectra of perovskite films onto different HTL.
PL intensity of perovskite film is related to carrier recombination and
carrier transfer transport and extraction abilities at the interface of
perovskite and carrier transport layers (Li et al., 2016; Sun et al., 2018).
The significantly reduced PL intensity for perovskite/Sr:NiOy further
indicates great improvement of Sr:NiO, hole transport and extraction
capacity. Besides, the PL peak shows slightly blue-shifted for per-
ovskite/Sr:NiO, film, meaning better crystallinity and the reduced trap
states for perovskite layer (Shen et al., 2016; Zhou et al., 2018).

The surface morphologies of pristine NiOy and Sr:NiOy films were

1137

measured using AFM method. The root-mean-square roughness (Rms)
of Sr:NiO, film was decreased to 5.99 nm from 8.01 nm of pristine NiOy
film, as shown in Figs. S3a and b. In the meantime, the contact angle of
Sr:NiOy surface compared to pristine NiO, surface was increased to 48°
from 32°, as shown in Figs. S3c and d. The smoother surface and in-
creased contact angle of surface are beneficial to reduce the perovskite
nuclei density, helping to form bigger perovskite grains and improve
the crystallinity of perovskite layer (Mahmud et al., 2018; Wang et al.,
2017). Fig. 3a and b show the surface SEM images of perovskite films
grown on NiOyx and Sr:NiOy layers. The perovskite grains onto Sr:NiOy
film become obviously bigger, which can increase carrier transport
ability and light absorption of perovskite layer (Seok Sang et al., 2018).
The stronger absorbance for perovskite film onto Sr:NiO, around
450 nm, as shown in Fig. 3c, supports this result of its better crystal-
linity. This was further confirmed by XRD patterns of perovskite layers
grown on NiO, and Sr:NiOy films, as shown in Fig. 3d. The character-
istic peaks at 14.12°, 28.48° and 31.86° are corresponding to the (11 0),
(220) and (3 1 0) planes of perovskite film, respectively. The obviously
increased intensities of three peaks indicate better crystallinity for
perovskite grown on Sr:NiOy film.

Fig. 4a shows the J-V curves of the champion PSCs prepared with
pristine NiO, and Sr:NiOy HTLs under different scan direction with scan
rate of 100 mV/S. The corresponding photovoltaic parameters are listed
in Table 1. PSCs with pristine NiOy HTL got PCE = 15.22% with
Jee = 20.99mA/cm?, Vo, = 1.054V, FF = 68.8% under the forward
scan, and 15.73% of PCE with 21.19 mA/cm? of Jg., 1.040V of V.. and
71.4% of FF under the reverse scan. PSCs with Sr:NiO, HTL showed
20.05% of PCE with J, =22.73mA/cm? V.. =1.111V, and
FF=79.4% at a forward scan, and 20.07% of PCE with
Jee = 22.68mA/cm?, Vo, = 1.118V and FF = 79.1% at a reverse scan,
showing negligible hysteresis. The hysteresis effects are related to many
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factors, such as perovskite ion migration, carrier transport ability, in-
terfacial carrier accumulation and etc. (Cao et al., 2018). Negligible
hysteresis observed for PSCs prepared with Sr:NiO, HTL is primarily
attributed to better hole transport and extraction abilities for Sr:NiOy
layer, which can greatly reduce the carrier accumulation at perovskite/
HTL interface. The obtained PCE over 20% for PSCs with Sr:NiO, is
impressive compared to those previous reported PSCs prepared with
2 at.% Li, 3 at.% Cu-codoped NiOy (14.53%) (Liu et al., 2016), Cu:NiOy
(15.4%) (Kim et al., 2015), Lig0sMgo.15Nig.gsO (18.3%) (Chen et al.,
2015b), and Cs:NiOy (19.35%) (Chen et al., 2017). The incident photon
to current conversion efficiency (IPCE) curve in the wavelength range
from 400 nm to 750 nm for PSCs based on Sr:NiO, HTL is obviously
higher than that of the pristine NiOy HTL, as shown in Fig. 4b, which is
primarily attributed to the better hole transport and extraction capa-
cities of Sr:NiO, layer. The integrated J. values from IPCE spectra of
PSCs based on NiO, and Sr:NiOyx are respectively 20.4 mA/cm? and
21.9 mA/cm?, which are slightly lower than the values obtain from J-V
measurements. This is probably attributed to the defects of cells and
part deviation of IPCE measurement (Jiang et al., 2016; Li et al., 2016).
The dark J-V curves of PSCs based on NiOy and Sr:NiO, HTLs are shown
in Fig. 4c. The reverse saturation current is obviously decreased and the
rectifying property is improved for PSCs based on Sr:NiO, HTL, in-
dicating that the carrier recombination and charge accumulation phe-
nomena are decreased at the interface of Sr:NiO,/perovskite layers. The
reduced leakage current and carrier recombination are helpful to im-
prove the FF and Jg. of PSCs (Chen et al., 2013; Jiang et al., 2016).
Owing to better crystallinity of perovskite film, Sr:NiO, based PSCs also
show better stability, as shown in Fig. 4d. The unencapsulated PSCs
with Sr:NiOy still maintain over 60% of the original PCE value aging for
100 days with relative humidity (RH) of 18%.
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In order to understand the photo-generated carrier recombination
mechanism while the devices are in operation, the photovoltaic para-
meters of devices under different light intensity are measured. Fig. 5a
shows the double logarithmic plot curves of J,. versus light intensity for
PSCs with a fit to the power law (I « JZ). The slopes of devices based on
NiOy and Sr:NiOx HTLs are 0.99 and 1.01, respectively. Both slopes are
close to 1, which suggests the bimolecular recombination, space charge
effects are weak for PSCs based on both HTLs (Singh and Miyasaka,
2017; Yao et al., 2018; Zhou et al., 2018). Fig. 5b shows the semi
logarithmic plot curves of V. versus light intensity for both kinds of
PSCs and the linear fit follows Voc « %logml, where n is the ideal
factor, k is the Boltzmann’s constant, T is absolute temperature, q is
elementary charge and I is light intensity. The carriers recombination
condition between PSCs based on NiO4 and Sr:NiOy can be effectively
distinguished. Relatively lower ideal factor of 1.3 for PSCs with Sr:NiOy
compared to that of 1.9 for PSCs with pure NiOy layers indicates the
reduced trap-assisted recombination and interface charge recombina-
tion, which are related to better perovskite crystallinity and interface
contact properties between perovskite and Sr:NiOy interface (Gil-Escrig
et al., 2018; Guo et al., 2018; Tress et al., 2018).

Fig. 5¢ shows the space charge limited current (SCLC) curves of hole
only devices. Here, the hole transport materials MoO3 was used instead
of ETL PCBM to fabricate hole-only devices. The trap density of per-

ovskite can be calculated by the trap-filled limit voltage (Vrp.) using

2 . . .
en;:‘;i , where e is the elementary charge, L is the thickness of the

perovskite film, ¢, is the vacuum permittivity (8.854 x 10~ '2F/m),
and ¢ is the relative dielectric constant of perovskite. The Vg, values of
NiO, and Sr:NiOy based devices are 0.71 V and 0.61 V, respectively. The
trap density nyp of NiOy and Sr:NiO, HTLs based devices are calculated
to be respectively 1.98 x 10*®cm ™2 and 1.70 x 10'® cm 3, indicating

VirL =
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Fig. 6. Nyquist plots (a) and Bode-phase plots (b) of PSCs based on NiOy and Sr:NiOx HTLs at the bias voltage of 0.5 V under dark condition. (c) Nyquist plots of PSCs
based on NiOy and Sr:NiO, HTLs at the bias voltage of 0.5V under 100 mW/cm? illumination.

that the trap density decreased by replacing NiO, with Sr:NiO, film. To
deeply understand the origin of the improved V,, the classical Mott-
Schottky capacitance-voltage (C-V) measurement in the dark condition
was applied, as shown in Fig. 5d. Herein, the relationship of C and V
can be described as: (Cai et al., 2018)

1

-2
reoi V—Vi)

g0eqA2N 2)
where C is the measured capacitance under dark, A is the active area, V
is the applied bias, ¢, is the vacuum permittivity, ¢ is the relative per-
mittivity, q is the elementary charge and N is the free carrier con-
centration. Thus, the built-in potentials (Vy,;) can be calculated using the
intercepts of the linear region with the x-axis of the Mott-Schottky plots,
which are 0.68 V and 0.74 V for PSCs prepared with NiO, and Sr:NiO.
The results show the similar trend with the V.. attained from J-V
measurements. The built-in field helps the separation of photo-gener-
ated carriers and suppresses the electron-hole recombination, the
higher Vy,; of Sr:NiO, HTL based PSC reveals less charge recombination
due to better crystallinity of perovskite film (Cai et al., 2018).

To further investigate the interfacial charge transport and re-
combination behaviors of devices, electrochemical impedance spectra
of PSCs based on NiO, and Sr:NiO, HTLs were measured. Fig. 6a pre-
sents the Nyquist plots measured in a frequency of 0.1-10° Hz at the
bias voltage of 0.5V under dark condition. A clear semicircle can be
distinguished in the intermediate-frequency region for both PSCs,
which is related to the charge transfer at FTO/HTL/Perovskite/ETL
interfaces, mainly owing to the electron recombination. It is obvious
that the recombination resistance (R.)) of PSCs with Sr:NiO, is much
bigger than that of PSCs with NiO,. Fig. 6b shows the Bode-phase plots

1139

of PSCs with NiO, and Sr:NiOy at the bias voltage of 0.5V. The fre-
quency response peaks of different PSCs can be divided into two curves
by curve fitting. The characteristic frequencies of low-frequency and
high-frequency sides are related to carrier recombination and carrier
diffusion, respectively (Choi et al., 2012; Perrier et al., 2012; Zhang
et al., 2018). The frequency peak of low-frequency side is shifted to a
lower region for PSC with Sr:NiO,, indicating a reduced carrier re-
combination due to better interfacial contact and crystallization of
perovskite layer (Perrier et al., 2012; Zhang et al., 2018). Fig. 6¢ shows
Nyquist plots measured in a frequency of 0.1-10° Hz under illumination
(AM1.5, 100 mW/cm?) at the bias voltage of 0.5V. The semicircle in
high-frequency range is mainly ascribed to the charge transfer re-
sistance (Rcr) at the hole transport layer (Gonzalez-Pedro et al., 2014).
The lower Rer value of PSCs with Sr:NiO, compared to pristine NiO,
indicates that Sr:NiO, based PSC can more quickly transport carriers
and show better hole transport ability (Sun et al., 2017).

4. Conclusion

In summary, we have demonstrated a simple sol-gel method to
prepare high quality Sr-doped NiOy films annealing at 235 °C. The op-
timized 1 at.% Sr-doped NiO, (Sr:NiO,) film compared to pristine NiOy
shows better conductivity and superior contact properties between FTO
and perovskite layers, which help to improve hole carrier transport and
extraction. In the meantime, Sr:NiOx films can boost perovskite crys-
tallization, which help to reduce trap density and inhibit carrier re-
combination. Therefore, PSCs with Sr:NiO, layer show highest PCE of
20.07% with negligible hysteresis, which is greatly higher than that
(15.73%) of the reference PSCs with pristine NiO,. Furthermore, PSCs
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with Sr:NiOy still remained 60% of the original PCE values aging for
100 days, obviously superior to that (35%) of pristine NiO based PSCs.
Therefore, Sr doped NiOy as a hole transport layer is a good strategy to
fabricate high efficient and stability of PSCs using low annealing tem-
perature procedure.

Acknowledgement

This work was supported by Natural Science Foundation of
Shanghai (Nos. 18ZR1411000 and 18ZR1411900) and National Natural
Science Foundation of China (No. 61275038).

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.solener.2018.10.004.

References

Cai, F., Cai, J., Yang, L., Li, W., Gurney, R.S., Yi, H., Iraqi, A., Liu, D., Wang, T., 2018.
Molecular engineering of conjugated polymers for efficient hole transport and defect
passivation in perovskite solar cells. Nano Energy 45, 28-36.

Cao, J., Wu, B., Chen, R., Wy, Y., Hui, Y., Mao, B.-W., Zheng, N., 2018. Efficient, hys-
teresis-free, and stable perovskite solar cells with ZnO as electron-transport layer:
effect of surface passivation. Adv. Mater. 30 (11), 1705596.

Chang, K.-M., Huang, S.-H., Wu, C.-J., Lin, W.-L., Chen, W.-C., Chi, C.-W., Lin, J.-W.,
Chang, C.-C., 2011. Transparent conductive indium-doped zinc oxide films prepared
by atmospheric pressure plasma jet. Thin Solid Films 519 (15), 5114-5117.

Chen, B, Bai, Y., Yu, Z., Li, T., Zheng, X., Dong, Q., Shen, L., Boccard, M., Gruverman, A.,
Holman, Z., Huang, J., 2016. Efficient semitransparent perovskite solar cells for
23.0%-efficiency perovskite/silicon four-terminal tandem cells. Adv. Energy Mater. 6
(19), 1601128.

Chen, W., Liu, F.Z., Feng, X.Y., Djuri$i¢ Aleksandra, B., Chan Wai, K., He, Z.B., 2017.
Cesium doped NiOx as an efficient hole extraction layer for inverted planar per-
ovskite solar cells. Adv. Energy Mater. 7 (19), 1700722.

Chen, W., Wu, Y., Liu, J., Qin, C., Yang, X., Islam, A., Cheng, Y.-B., Han, L., 2015a. Hybrid
interfacial layer leads to solid performance improvement of inverted perovskite solar
cells. Energy Environ. Sci. 8 (2), 629-640.

Chen, W., Wu, Y., Yue, Y., Liu, J., Zhang, W., Yang, X., Chen, H., Bi, E., Ashraful, L,
Gratzel, M., Han, L., 2015b. Efficient and stable large-area perovskite solar cells with
inorganic charge extraction layers. Science 350 (6263), 944.

Chen, X., Zhu, F., Lu, Z., Yang, J., Huang, S., Sun, Z., 2013. Efficiency enhancement of
inverted polymer solar cells using ionic liquid-functionalized carbon nanoparticles-
modified ZnO as electron selective layer. Nano-Micro Lett. 6 (1).

Choi, H., Nahm, C., Kim, J., Moon, J., Nam, S., Jung, D.-R., Park, B., 2012. The effect of
TiCls-treated TiO, compact layer on the performance of dye-sensitized solar cell.
Curr. Appl Phys. 12 (3), 737-741.

Corani, A., Li, M.-H., Shen, P.-S., Chen, P., Guo, T.-F., El Nahhas, A., Zheng, K., Yartsev,
A., Sundstrom, V., Ponseca, C.S., 2016. Ultrafast dynamics of hole injection and re-
combination in organometal halide perovskite using nickel oxide as p-type contact
electrode. J. Phys. Chem. Lett. 7 (7), 1096-1101.

Gil-Escrig, L., Momblona, C., La-Placa, M.G., Boix Pablo, P., Sessolo, M., Bolink Henk, J.,
2018. Vacuum deposited triple-cation mixed-halide perovskite solar cells. Adv.
Energy Mater. 8 (14), 1703506.

Gonzalez-Pedro, V., Juarez-Perez, E.J., Arsyad, W.-S., Barea, E.M., Fabregat-Santiago, F.,
Mora-Sero, L., Bisquert, J., 2014. General working principles of CH;NH3PbX3 per-
ovskite solar cells. Nano Lett. 14 (2), 888-893.

Guo, Y., Ma, J., Lei, H., Yao, F., Li, B., Xiong, L., Fang, G., 2018. Enhanced performance of
perovskite solar cells via anti-solvent nonfullerene Lewis base IT-4F induced trap-
passivation. J. Mater. Chem. A 6 (14), 5919-5925.

Hou, X., Huang, S., Ou-Yang, W., Pan, L., Sun, Z., Chen, X., 2017. Constructing efficient
and stable perovskite solar cells via interconnecting perovskite grains. ACS Appl.
Mater. Interfaces 9 (40), 35200-35208.

Jiang, Z., Chen, X., Lin, X., Jia, X., Wang, J., Pan, L., Huang, S., Zhu, F., Sun, Z., 2016.
Amazing stable open-circuit voltage in perovskite solar cells using AgAl alloy elec-
trode. Sol. Energy Mater. Sol. Cells 146, 35.

Jorgensen, M., Norrman, K., Krebs, F.C., 2008. Stability/degradation of polymer solar
cells. Sol. Energy Mater. Sol. Cells 92 (7), 686-714.

Jung, J.W., Chueh, C.-C., Jen, A K.Y., 2015. A low-temperature, solution-processable, Cu-
doped nickel oxide hole-transporting layer via the combustion method for high-
performance thin-film perovskite solar cells. Adv. Mater. 27 (47), 7874-7880.

Kelvin, H.L.Z., Kai, X., Mark, G.B., Russell, G.E., 2016. P -type transparent conducting
oxides. J. Phys.: Conden. Matter 28 (38), 383002.

Kim, J.H., Liang, P.-W., Williams, S.T., Cho, N., Chueh, C.-C., Glaz, M.S., Ginger, D.S., Jen,
AK.Y., 2015. High-performance and environmentally stable planar heterojunction
perovskite solar cells based on a solution-processed copper-doped nickel oxide hole-
transporting layer. Adv. Mater. 27 (4), 695-701.

Kim Yong, H., Sachse, C., Machala Michael, L., May, C., Miiller-Meskamp, L., Leo, K.,
2011. Highly conductive PEDOT:PSS electrode with optimized solvent and thermal
post-treatment for ITO-free organic solar cells. Adv. Funct. Mater. 21 (6), 1076-1081.

1140

Solar Energy 174 (2018) 1133-1141

Kojima, A., Teshima, K., Shirai, Y., Miyasaka, T., 2009. Organometal halide perovskites as
visible-light sensitizers for photovoltaic cells. J. Am. Chem. Soc. 131 (17),
6050-6051.

Kwon, U., Kim, B.-G., Nguyen, D.C., Park, J.-H., Ha, N.Y., Kim, S.-J., Ko, S.H., Lee, S., Lee,
D., Park, H.J., 2016. Solution-processible crystalline NiO nanoparticles for high-
performance planar perovskite photovoltaic cells. Sci. Rep. 6, 30759.

Li, W., Zhang, W., Van Reenen, S., Sutton, R.J., Fan, J., Haghighirad, A.A., Johnston,
M.B., Wang, L., Snaith, H.J., 2016. Enhanced UV-light stability of planar hetero-
junction perovskite solar cells with caesium bromide interface modification. Energy
Environ. Sci. 9 (2), 490-498.

Lin, Y., Shen, L., Dai, J., Deng, Y., Wu, Y., Bai, Y., Zheng, X., Wang, J., Fang, Y., Wei, H.,
Ma, W., Zeng, X.C., Zhan, X., Huang, J., 2016. n-Conjugated lewis base: efficient trap-
passivation and charge-extraction for hybrid perovskite solar cells. Adv. Mater. 29
(7), 1604545.

Liu, M.-H., Zhou, Z.-J., Zhang, P.-P., Tian, Q.-W., Zhou, W.-H., Kou, D.-X., Wu, S.-X.,
2016. p-type Li, Cu-codoped NiOx hole-transporting layer for efficient planar per-
ovskite solar cells. Opt. Express 24 (22), A1349-A1359.

Liu, Z., Chang, J., Lin, Z., Zhou, L., Yang, Z., Chen, D., Zhang, C., Liu, S., Hao, Y., 2018.
High-performance planar perovskite solar cells using low temperature, solu-
tion-combustion-based nickel oxide hole transporting layer with efficiency exceeding
20%. Adv. Energy Mater. 1703432.

Mahmud, M.A., Elumalai, N.K., Upama, M.B., Wang, D., Zarei, L., Gongales, V.R., Wright,
M., Xu, C., Haque, F., Uddin, A., 2018. Adsorbed carbon nanomaterials for surface
and interface-engineered stable rubidium multi-cation perovskite solar cells.
Nanoscale 10 (2), 773-790.

Manders, J.R., Tsang, S.-W., Hartel, M.J., Lai, T.-H., Chen, S., Amb, C.M., Reynolds, J.R.,
So, F., 2013. Solution-processed nickel oxide hole transport layers in high efficiency
polymer photovoltaic cells. Adv. Funct. Mater. 23 (23), 2993-3001.

Nam, D.-W., Cho, L.-T., Lee, J.-H., Cho, E.-S., Sohn, J., Song, S.-H., Kwon, H.-L., 2012.
Active layer thickness effects on the structural and electrical properties of p-type
Cu,0 thin-film transistors. J. Vac. Sci. Tech. B 30 (6), 060605.

Park, H.-Y., Lim, D., Kim, K.-D., Jang, S.-Y., 2013. Performance optimization of low-
temperature-annealed solution-processable ZnO buffer layers for inverted polymer
solar cells. J. Mater. Chem. A 1 (21), 6327-6334.

Peng, Y., Cheng, Y., Wang, C., Zhang, C., Xia, H., Huang, K., Tong, S., Hao, X., Yang, J.,
2018. Fully doctor-bladed planar heterojunction perovskite solar cells under ambient
condition. Org. Electron. 58, 153-158.

Perrier, G., de Bettignies, R., Berson, S., Lemaitre, N., Guillerez, S., 2012. Impedance
spectrometry of optimized standard and inverted P3HT-PCBM organic solar cells. Sol.
Energy Mater. Sol. Cells 101, 210-216.

Seo, S., Park, 1.J., Kim, M., Lee, S., Bae, C., Jung, H.S., Park, N.-G., Kim, J.Y., Shin, H.,
2016. An ultra-thin, un-doped NiO hole transporting layer of highly efficient (16.4%)
organic-inorganic hybrid perovskite solar cells. Nanoscale 8 (22), 11403-11412.

Seok Sang, 1., Gratzel, M., Park, N.G., 2018. Methodologies toward highly efficient per-
ovskite solar cells. Small 14 (20), 1704177.

Shen, L., Fang, Y., Wang, D., Bai, Y., Deng, Y., Wang, M., Lu, Y., Huang, J., 2016. A self-
powered, sub-nanosecond-response solution-processed hybrid perovskite photo-
detector for time-resolved photoluminescence-lifetime detection. Adv. Mater. 28
(48), 10794-10800.

Shen, L., Lin, Y., Bao, C., Bai, Y., Deng, Y., Wang, M., Li, T., Lu, Y., Gruverman, A, Li, W.,
Huang, J., 2017. Integration of perovskite and polymer photoactive layers to produce
ultrafast response, ultraviolet-to-near-infrared, sensitive photodetectors. Mater. Hori.
4 (2), 242-248.

Singh, T., Miyasaka, T., 2017. Stabilizing the efficiency beyond 20% with a mixed cation
perovskite solar cell fabricated in ambient air under controlled humidity. Adv. Energy
Mater. 8 (3), 1700677.

Stranks, S.D., Eperon, G.E., Grancini, G., Menelaou, C., Alcocer, M.J.P., Leijtens, T., Herz,
L.M., Petrozza, A., Snaith, H.J., 2013. Electron-hole diffusion lengths exceeding 1
micrometer in an organometal trihalide perovskite absorber. Science 342 (6156),
341.

Sun, J., Ly, J., Li, B., Jiang, L., Chesman, A.S.R., Scully, A.D., Gengenbach, T.R., Cheng,
Y.-B., Jasieniak, J.J., 2018. Inverted perovskite solar cells with high fill-factors fea-
turing chemical bath deposited mesoporous NiO hole transporting layers. Nano
Energy 49, 163-171.

Sun, Y., Wu, Y., Fang, X., Xu, L., Ma, Z., Lu, Y., Zhang, W.-H., Yu, Q., Yuan, N., Ding, J.,
2017. Long-term stability of organic-inorganic hybrid perovskite solar cells with high
efficiency under high humidity conditions. J. Mater. Chem. A 5 (4), 1374-1379.

Tress, W., Yavari, M., Domanski, K., Yadav, P., Niesen, B., Correa Baena, J.P., Hagfeldt,
A., Graetzel, M., 2018. Interpretation and evolution of open-circuit voltage, re-
combination, ideality factor and subgap defect states during reversible light-soaking
and irreversible degradation of perovskite solar cells. Energy Environ. Sci. 11 (1),
151-165.

Wang, C., Yang, J., 2016. Interface modification for organic and perovskite solar cells. Sci.
China Mater. 59 (9), 743-756.

Wang, C., Zhang, C., Wang, S., Liu, G., Xia, H., Tong, S., He, J., Niu, D., Zhou, C., Ding, K.,
Gao, Y., Yang, J., 2018a. Low-temperature processed, efficient, and highly re-
producible cesium-doped triple cation perovskite planar heterojunction solar cells.
Sol. RRL 2 (2), 1700209.

Wang, K., Zhao, W., Liu, J., Niu, J., Liu, Y., Ren, X., Feng, J., Liu, Z., Sun, J., Wang, D., Liu,
S.F., 2017. CO, plasma-treated TiO, film as an effective electron transport layer for
high-performance planar perovskite solar cells. ACS Appl. Mater. Interfaces 9 (39),
33989-33996.

Wang, Y., Wang, S., Chen, X., Li, Z., Wang, J., Li, T., Deng, X., 2018b. Largely enhanced
VOC and stability in perovskite solar cells with modified energy match by coupled 2D
interlayers. J. Mater. Chem. A 6 (11), 4860-4867.

Wu, H., Zhang, C., Ding, K., Wang, L., Gao, Y., Yang, J., 2017. Efficient planar


https://doi.org/10.1016/j.solener.2018.10.004
https://doi.org/10.1016/j.solener.2018.10.004
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0005
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0005
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0005
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0010
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0010
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0010
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0015
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0015
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0015
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0020
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0020
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0020
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0020
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0025
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0025
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0025
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0030
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0030
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0030
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0035
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0035
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0035
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0040
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0040
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0040
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0045
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0045
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0045
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0050
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0050
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0050
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0050
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0055
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0055
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0055
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0060
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0060
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0060
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0065
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0065
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0065
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0070
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0070
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0070
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0075
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0075
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0075
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0080
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0080
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0085
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0085
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0085
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0090
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0090
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0095
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0095
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0095
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0095
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0100
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0100
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0100
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0105
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0105
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0105
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0110
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0110
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0110
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0115
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0115
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0115
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0115
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0120
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0120
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0120
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0120
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0125
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0125
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0125
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0130
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0130
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0130
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0130
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0135
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0135
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0135
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0135
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0140
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0140
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0140
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0145
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0145
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0145
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0150
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0150
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0150
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0155
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0155
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0155
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0160
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0160
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0160
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0165
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0165
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0165
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0170
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0170
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0175
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0175
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0175
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0175
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0180
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0180
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0180
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0180
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0185
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0185
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0185
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0190
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0190
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0190
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0190
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0195
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0195
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0195
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0195
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0200
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0200
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0200
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0205
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0205
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0205
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0205
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0205
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0210
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0210
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0215
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0215
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0215
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0215
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0220
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0220
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0220
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0220
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0225
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0225
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0225
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0230

J. Zhang et al.

heterojunction perovskite solar cells fabricated by in-situ thermal-annealing doctor
blading in ambient condition. Org. Electron. 45, 302-307.

Xing, G., Mathews, N., Sun, S., Lim, S.S., Lam, Y.M., Grétzel, M., Mhaisalkar, S., Sum,
T.C., 2013. Long-range balanced electron- and hole-transport lengths in organic-in-
organic CH3NH3Pbl;. Science 342 (6156), 344.

Yao, X., Qi, J., Xu, W., Jiang, X., Gong, X., Cao, Y., 2018. Cesium-doped vanadium oxide
as the hole extraction layer for efficient perovskite solar cells. ACS Omega 3 (1),
1117-1125.

Yin, X., Chen, P., Que, M., Xing, Y., Que, W., Niu, C., Shao, J., 2016. Highly efficient

1141

Solar Energy 174 (2018) 1133-1141

flexible perovskite solar cells using solution-derived NiOx hole contacts. ACS Nano 10
(3), 3630-3636.

Zhang, J., Luo, H., Xie, W., Lin, X., Hou, X., Zhou, J., Huang, S., Ou-Yang, W., Sun, Z.,
Chen, X., 2018. Efficient and ultraviolet durable planar perovskite solar cells via a
ferrocenecarboxylic acid modified nickel oxide hole transport layer. Nanoscale 10
(12), 5617-5625.

Zhou, L., Chang, J., Liu, Z., Sun, X., Lin, Z., Chen, D., Zhang, C., Zhang, J., Hao, Y., 2018.
Enhanced planar perovskite solar cell efficiency and stability using a perovskite/
PCBM heterojunction formed in one step. Nanoscale 10 (6), 3053-3059.


http://refhub.elsevier.com/S0038-092X(18)30983-6/h0230
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0230
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0235
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0235
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0235
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0240
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0240
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0240
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0245
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0245
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0245
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0250
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0250
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0250
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0250
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0255
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0255
http://refhub.elsevier.com/S0038-092X(18)30983-6/h0255

	Solution-processed Sr-doped NiOx as hole transport layer for efficient and stable perovskite solar cells
	Introduction
	Experimental section
	Results and discussions
	Conclusion
	Acknowledgement
	Supplementary material
	References




