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Lead halide perovskite solar cells (PVSCs) have potential toward commercialization because of their high effi-
ciency and low cost. The hole transport layer (HTL) of p-i-n perovskite solar cell is usually made of NiOy.
However, the NiOx needs to be processed at 300 °C for 15 min for good hole transport property. This long heating
time prohibits the development of continuous commercial process. Thus, a rapid heating process for the NiOx
film deposition is critical to realize the commercialization of PVSCs in the future. In this study, we develop a
facile method to obtain high quality NiOx films annealed by NIR in a short time of 50 s. A short-wave NIR lamp at
2500 K was used to systematically investigate the effect of NIR intensity on the film quality of sol-gel NiOx. The
PVSCs fabricated from NIR-annealed NiOx (NIR-NiOx) film show a comparable power conversion efficiency
(PCE) to those fabricated from traditional hot-plate annealed-NiOx (HP-NiOx). In addition, the NIR annealed
cobalt-doped NiOx (NIR-Co:NiOx) was synthesized to replace pristine NIR-NiOx. The PCE of PVSCs fabricated
from this new NiOx film can be increased from 15.99% to 17.77%, which is due to the efficient hole extraction,
less charge accumulation, and reducing V. loss resulting from the improved hole mobility, reduced interface
resistance and well-matched work function. Our study paves a way to fulfill the requirements of low cost and low
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energy consumption of large scale production of high efficiency PVSCs.

1. Introduction

Organic-inorganic metal halide perovskites are well-known material
for their excellent optical [1], tunable electronic [2-4] and solution
processable properties. Owing to these excellent properties,
organic-inorganic metal halide perovskite materials have been used to
fabricate low cost and high efficiency solar cells (PVSCs) in recent years
[5]. To date, a certified high power conversion efficiency (PCE) of 24.2%
has been achieved [6]. Except the need for good quality of perovskite
film [7-8], the quality of electron and hole transport layers (ETL and
HTL) are also important for high performance PVSC [9]. The perovskite
layer is sandwiched between these two layers which significantly affect
the charge transport behavior, interfacial charge accumulation, and
energy loss of photogenerated carriers [10-13]. The PVSCs with planar
p-i-n structure are attracting great attention because they are less hys-
teresis, simple architecture and using low temperature and cost-effective
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fabrication process. For the planar p-i-n structure PVSCs, many p-type
materials including organic and inorganic materials, such as PEDOT:PSS
[14-16], PTAA [17-19], MoOj3 [20], CuSCN [21-24], CuOx [25,26] and
NiOx [12,27,28], have been utilized as potential HTL. The HTL is located
between transparent electrode and perovskite layer. Among those ma-
terials, nickel oxide (NiOx) has become a material of choice as the HTL
of the p-i-n PVSC due to its good chemical stability, high optical trans-
mittance and deep-lying valence band [12].

Many deposition techniques of NiOy thin films have been developed,
including solution process [27-36], sputtering [37-39] and atomic layer
deposition [40]. Among these techniques, the solution process draws the
most attention due to its low manufacturing cost and the feasibility for
large scale process. The sol-gel solution process is usually adapted to
fabricate NiOx film, but it requires high reaction temperature (>300 °C)
and long heating time (>15 min) to form a high crystalline film, which is
a high energy consumption and a barrier for continuous commercial
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process and fabricating flexible PVSCs. Although, a lot of strategies have
been developed for depositing the NiOx thin films at low temperature
(<150 °C), such as combustion method [41,42] and hydroxide assisted
energy conservation method [43], all these methods still need the long
heating time of more than 30 min.

Recently, near-infrared (NIR) radiation method has been explored as
a quick heat approach to process metals, metal oxides and perovskite
films. Hooper et al. used NIR radiation method to sinter TiO5 film for dye
sensitized solar cell in just 12.5 s [44]. Baker et al. used NIR radiation
method to heat m-ZrO, and m-carbon, and the processing time was
greatly reduced from over 2 h to less than 25 s [45]. The NIR radiation
method has also been used to heat perovskite layer of PVSCs [46-49].
Troughton et al. used NIR radiation to anneal MAPbI3 in 2.5 s with a PCE
of 10.0% compared to 10.9% for a 45 min oven-annealed devices [46].
Pool et al. reduced the annealing time of FAPbI3 from 10 min to 40 s by
NIR radiation method [47]. Therefore, NIR radiation method is an
effective way to shorten processing time.

However, the PCE of PVSC fabricated from NiOyx is relatively low
because of the low conductivity of NiOx. The low conductivity of HTL
would reduce hole extraction efficiency and cause the interfacial charge
accumulation. Doping other metal atoms has been proven an effective
way to improve the conductivity of metal oxide. For NiOx, metal dop-
ants, such as Li [35], Cu [29,30,50], Cs [31,36], Co [32,37], Ag [33],
and Sr [34] are usually used. In addition to the conductivity, the work
functions of doped-NiOx are also varied with dopants, and the work
function of NiOy is important for the V. of PVSC. For example, Li:NiOx
showed a undesirable positive shift of work function and that causes a
reduction of the V,. [35]. The dopants of Cu, Cs or Ag can deeper the
work function level of NiOx and enhance the built-in potential of PVSCs
which result in the less charge accumulation, low V. loss, and PCE
improvement of PVSCs. Therefore, finding a suitable metal dopant for
NiOx is critical for p-i-n PVSCs.

In this study, we develop a facile method to obtain high quality NiOx
films annealed by NIR in a short time. We used a short-wave NIR lamp at
2500 K as the heating source to anneal sol-gel NiOyx films, and system-
atically investigated the effect of NIR intensity on the quality of sol-gel
NiOyx films. The PVSCs fabricated from the NIR-annealed NiOx (NIR-
NiOy) film show a comparable PCE to those fabricated from the tradi-
tional hot-plate annealed-NiOx (HP-NiOy). In addition, the NIR-NiOx
film is replaced by NIR annealed cobalt-doped NiOx (NIR-Co:NiOy) film
to further improve the PCE of PVSCs from 15.99% to 17.77%. The result
is due to the less charge accumulation, and decreasing V. loss causing
by the improvement of hole mobility, the reduction of interface resis-
tance and well-matched work function. We successful developed a
highly-efficient PVSCs fabricated from the Co-doped NiOx HTLs by using
a quick annealing NIR radiation process. Our study paves a way to fulfill
the requirements of low cost and low energy consumption of large scale
production process for high efficiency PVSCs.

2. Experimental method
2.1. Preparation of NiOx and Co:NiOx films

Two annealing methods, hot-plate and NIR radiation, were used to
fabricate NiOy films. FTO coated glass substrates (7 Q, FrontMaterials
Co. Ltd.) were cleaned sequentially with ammonia, hydrogen peroxide,
deionized water, methanol and isopropanol then treated with oxygen
plasma for 15 min. The 0.5 M NiOy precursor solution was prepared by
mixing nickel acetate tetrahydrate (Sigma-Aldrich, 98%) and 1 molar
equivalent of ethanolamine (Sigma-Aldrich, 99%) in ethanol. The 0.5 M
Co:NiOyx precursor solution was prepared by replacing nickel acetate
tetrahydrate to cobalt acetate tetrahydrate (Sigma-Aldrich, 98%) of 2, 4,
8 mol% in a mixture of ethanol and deionized water(in 95:5 vol ratio).
Both of solutions were stirred till acetates entirely dissolved and filtered
by 0.22 pm PTFE filter. Then, either NiOx or Co:NiOx precursor solution
was spin-coated on cleaned FTO glass at 4000 rpm for 20 s. For the

Solar Energy Materials and Solar Cells 208 (2020) 110352

preparation of hot-plate annealed NiOy films, the NiOx precursor films
were subsequently annealed on hot-plate at 300 °C for different time.
The NIR equipment (Taiti Technology Co. Ltd. Taiwan) containing
halogen short-wave NIR lamps at 2500 K with the power density of 125
kW/m? (at peak of ~1100 nm) was selected to prepare NIR annealed
NiOx or Co:NiOx films. The distance between lamp and sample was
maintained at 5 cm. Note that all of the samples were prepared in the air.

2.2. Fabrication of PVSCs

The 1.2 M perovskite precursor solution was prepared by mixing MAI
(FrontMaterials Co. Ltd.) and Pbl, (FrontMaterials Co. Ltd.) (in 1:1 M
ratio) in 1 mL mixed solvent of N,N-dimethylformamide (Sigma-Aldrich,
99.8%) and dimethyl sulfoxide (Sigma-Aldrich, 99.8%) (in 5:2 vol
ratio). The perovskite film was prepared by spin coating the precursor
solution onto the as-prepared NiOx or Co:NiOx film coated FTO sub-
strate (FrontMaterials Co. Ltd.) at 4500 rpm for 30 s in a glove box. At
the 15 s of the spinning process, a 300 pL of diethyl ether was dropped
onto the coated sample to wash out the extra solvent and form trans-
parent intermediate phase of perovskite. Then, all of the samples were
sequentially annealed on hot-plate at 70 °C for 1 min and 100 °C for 2
min to form dark-brown perovskite films. Afterward, the [6,6]-phe-
nyl-C61-butyric acid methyl ester (PCgBM, FrontMaterials Co. Ltd.)
solution (2.5 wt% in chlorobenzene) was spin-coated onto perovskite
layer at 1000 rpm for 30 s to serve as the electron transporting layer.
Finally, the work function modifier polyethylenimine (PEL 0.1 wt% in
isopropanol) was spin-coated onto the PCg;BM layer, followed by 100
nm Ag electrode deposited by thermal evaporation. The device archi-
tecture of planar p-i-n PVSCs is FTO/NIR-NiOx or NIR-Co:NiOx/MAP-
bl3/PCe1BM/PEI/Ag, as shown in Fig. 1a Fig. 1b illustrates the band
diagram of each layer of PVSCs. The energy levels of FTO, MAPbI3,
PCgPM and Ag were obtained from literature [30,36], and the work
function of NIR-NiOx and NIR-Co:NiOx were measured by ultraviolet
photoelectron spectroscopy.

2.3. Characterization of devices

The J-V curves of devices were measured by a voltage source meter
(Keithley 2410) under an AM 1.5G solar simulator (Enli Tech, SS-
X100R) with an irradiation of 100 mWcm 2. Note that all of the de-
vices were not encapsulated and all the measurement were performed in
air with 40% RH. The work function of NiOx and Co:NiOx films were
measured by ultraviolet photoelectron spectroscopy (PHI 5000 Ver-
saProbe, ULVAC-PHI) using ultraviolet light source of He I emission
(21.2 Ev, B50 W) and calculated by the equation of ® = hv-(Ey—Ep). The
crystal structures of annealed NiOy films either by hot plate or NIR were
determined by X-ray diffraction spectrometry (XRD) (Rigaku, TTRAXIII,
Japan) using Cu Ka radiation at 18 kV. The X-ray diffraction of NIR-NiOx
and NIR-Co:NiOx were measured at the 23 A beamline of the National
Synchrotron Radiation Research Center (NSRRC), Taiwan. The X-ray
photoelectron spectroscopy (XPS) spectra were recorded with a PHI
5000 Versa Probe system (ULVAC-PHI, Chigasaki) using a micro focused
(100 pm, 25 W) Al X-ray beam. The surface morphology and height
information of NiOx and Co:NiOx films were measured by atomic force
microscopy (AFM, OMV-NTSC, Bruker). The UV-visible transmittance
spectra were obtained by UV-vis spectrometer (V-730, Jasco). The PL
spectra were recorded with a continuous-wave diode laser source
(PDLH-440-25, DongWoo Optron Co. Ltd.), and the emission spectra
were recorded with a photomultiplier tube detector system (PDS-1,
DongWoo Optron Co. Ltd.). The TRPL spectra were recorded using a
time correlated single photon counting spectrometer (WELLS-001, FX,
DongWoo Optron Co.Ltd.). The pulse laser had a wavelength of 440 nm
and an average power of 1 mW was operated with excitation duration of
2 ps. To figure out the resistive and capacitive properties of NiOx/
perovskite interface, devices were fabricated with FTO/NiOy/perov-
skite/Au structure. The measurement was carried out in ambient
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Fig. 1. (a) Device structure and (b) energy band diagram of planar p-i-n perovskite solar cell.

condition with 1 sun illumination (AM1.5G, 1 kW/m?). The AC
perturbation was 10 mV while the devices were working at open-circuit
condition. The impedance spectra were recorded in the frequency range
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Fig. 2. (a) Schematic processing diagrams of hot-plate and NIR heating method. (b) Absorption spectrum of FTO glass and irradiance spectrum of short-wave NIR
lamp with 2500 K. (c) Performance variation of PVSCs fabricated from hot plate and NIR annealed NiOx HTL with different annealing time. (d) J-V curves of the
PVSCs fabricated from hot plate and NIR annealed NiOx HTL. (e) Crystallinity and (f) surface morphology of the two NiOx films.
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3. Results and discussion

In order to obtain high quality NiOy film using short annealing time,
we introduced the NIR radiation technique to anneal NiOx film, and
compared with the film quality annealed by conventional hot-plate
heating method. Fig. 2a shows the schematic diagrams of two anneal-
ing processes for a sample of NiOx on FTO (NiOx/FTO). Fig. 2b shows
the UV-Vis-NIR absorption spectrum of FTO substrate and the relative
irradiance of the halogen NIR lamp at 2500 K. The FTO contains large
amount of free carriers which can absorb NIR photons and then gener-
ates much heat. The highly overlapping region indicates that many NIR
photons can be absorbed by the FTO substrate. Thus, upon NIR expo-
sure, the NIR photons are immediately absorbed by FTO as heat source
to anneal NiOyx less than 1 min. On the contrary, the hot plate process,
the heating is through gradual thermal conduction FTO first, then slow
heat transfer to anneal NiOx. Therefore, the extend period of time such
as 15 min or longer is required to anneal NiOx/FTO with sufficient
crystallinity. To elucidate the quality of NiOx film annealed by NIR ra-
diation (NIR-NiOx) and hot-plate (HP-NiOyx), we deposited the NiOx
films with various annealing times, and then observed the PCE varia-
tions of the PVSCs using these NiOx films as HTL. At first, we fabricated
PVSCs with devices structure of FTO/NIR-NiOx or HP-NiOx/MAPbI3/
PCs1BM/PEI/Ag to evaluate the performance of PVSCs. The NIR-NiOyx or
HP-NiOx were serve as HTL. The perovskite (MAPbI3) films were
fabricated by solvent engineering method with the dropping of diethyl
ether during the spinning process. The electron transporting layer,
PCs1BM, was followed by the PEI work function modifier, which can
reduce the barrier between PCs;BM and Ag electrode for extracting
electron effectively. Fig. 2c shows the change of PCE of PVSCs fabricated
from NiOx film annealed either by NIR or hot-plate with various
annealing times. The detailed NIR-NiOx optimization results are illus-
trated in the supporting information (Fig. S1). The PCE of PVSCs fabri-
cated from HP-NiOx can be increased with increasing anneal time of HP-
NiOy and reached a plateau of 14% as the HP-NiOx was annealed with
enough time (>900 s). This result implies that the film quality of HP-
NiOy is highly dependent on the annealing time, and the insufficient
annealing time for HP-NiOy film would result in a poor PCE of PVSCs. As
for PVSCs fabricated from NIR-NiOy, the devices can reach a comparable
PCE to PVSCs fabricated from HP-NiOyx at the annealing time less than 1
min. Fig. 2d shows the J-V curves of PVSCs fabricated from HP-NiOx and
NIR-NiOx films, and the two devices almost exhibit a similar Jg, V. and
FF at optimized process condition, which indicate that the NIR process is
an effective way to shorten the annealing time of NiOx. To further clarify
the film quality of HP-NiOx and NIR-NiOy films, we examined the
crystallinity and morphology of the two films by using x-ray diffraction
(XRD) and scanning electron microscope (SEM). Fig. 2e shows the NiOyx
film exhibits two main peaks at 2 theta = 37.8° and 43.7°, representing
(111) and (200) crystal planes of rock salt NiO, respectively. The NIR-
NiOx film with 50 s annealing time shows a higher crystallinity than that
of HP-NiOx with 15 min annealing time, indicating that the NIR
annealing method is able to form NiOy film with sufficient crystallinity
in a short time. The SEM images of HP-NiOx with 15 min annealing time
and NIR-NiOx films with 50 s annealing time are shown in Fig. 2f. The
results show that the morphology of the NiOy film annealed by the rapid
annealing method is same as the films annealed by hot-plate. Although
NIR-NiOx films are formed in a very short time, it is still dense and free
of voids. According to these results, we can suggest that the incomplete
crystallization of NiOy film is the main reason for the low PCE of PVSCs.
It is noteworthy that the crystallinity of NIR-NiOx film is increased with
increasing annealing time and NIR power (Fig. S2). Generally speaking,
the higher crystallinity of NiOy is good for the charge transfer and PCE
improvement. However, our results are not fully consistent with this
statement. We explain that by analyzing the photovoltaic characteristics
and the surface morphology. Fig. S3 and Table S1 summarize the per-
formances of PVSCs fabricated from 100% NIR-NiOx with various
annealing time (60 s, 90 s and 120 s). From the XRD results, we know
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that the longer annealing time, the higher crystallinity of NIR-NiOx
films. Fig. S3 illustrates that the increasing current density with the
raising annealing time, and we can attribute the increasing current
density to the enhancing crystallinity of NIR-NiOx films. In contrast to
current density, the V. and FF are declined with the raising annealing
time. We proposed the decreasing V,. and FF result from the evolution of
surface morphology of NIR-NiOx films. Fig. S4 shows the high-resolution
SEM images of the NIR-NiOy films under various irradiation power for
different time, and we can see that the NiOx films form more cracks with
the increasing NIR annealing time. The cracks in the NiOx films would
become charge traps and retard the charge transport, resulting in the Vi
loss and low FF of PVSCs. These results reveal a trade-off between
crystallinity and surface morphology, therefore, the PCEs of PVSCs with
NIR annealing for 50 s and 120 s are similar. Consequently, to reduce the
processing time of NiOy films, we use the 100% power NIR radiation for
50 s as annealing method for the following study.

To further improve the efficiency of the PVSCs using NIR-NiOy as
HTL, we doped cobalt into NiOx (Co:NiOx) with different concentration
(0, 2, 4 and 8 mol. %). The cross-section SEM image (Fig. 3a) shows each
layer of the device including NIR-Co:NiOx, MAPbI3 and PCg;BM/PEI
with thickness of 80, 375 and 60 nm, respectively. The photovoltaic
characterizations and J-V curves of the devices with different doping
concentration are summarized in Table 1 and shown in Fig. 3b The
average PCE of PVSCs fabricated from pristine NIR-NiOx film is 15.35%,
with Vo of 1.06 V, Jg of 18.52 mA/cm?, and FF of 78.53%. The effect of
Co doping on the PCE of PVSCs is clear, the average PCE can be
improved to 15.81 and 16.26% for a Co-doping concentration of 2 (NIR-
2 Co:NiOx) and 4 mol%, (NIR-4 Co:NiOx) respectively. The increasing
PCE of PVSCs with NIR-Co:NiOx mainly results from the Js. improve-
ment. As the Co-doping concentration further increases to 8 mol% (NIR-
8 Co:NiOy), the PCE of PVSCs is decreased to 13.61% resulting from the
Jsc and FF reduction. Therefore, we chose the PVSCs fabricated from the
NIR-4 Co:NiOx to further hysteresis study. Fig. S5 shows J-V curve of
forward-reverse scan, steady photocurrent and stabilized PCE, which
confirms the negligible hysteresis of our devices. Moreover, we also il-
lustrates the variation of photovoltaics characterizations of the PVSCs
fabricated from different Co-doping concentration NiOy films in Fig. 3¢
and d, and the PVSCs with NIR-4 Co:NiOx performed a good reproduc-
ibility. To understand the improvement of device performance using
NIR-4 Co:NiOx HTL, we carried out the detailed analysis of crystallinity,
morphology, work function, surface chemistry, photoluminescence,
conductivity and impedance of the devices with NIR-NiOx film or NIR-4
Co:NiOx.

The crystal structure and film morphology of the NIR-NiOx and NIR-
4 Co:NiOx films by XRD and atomic force microscopy (AFM), respec-
tively. We used the synchrotron light with the wavelength of 0.1 nm to
obtain the X-ray diffraction pattern. The pristine NiOx is commonly
known as the rock salt structure with octahedral site Ni>* and 0?".
Fig. 4a shows that the pristine NiOx exhibits the diffraction peak of (111)
and (200) planes located at 2 theta of 24.5° and 28.5°, respectively. The
NIR-4 Co:NiOx shows less lattice distortion and non-shifted diffraction
peak of (111) and (200) planes. Fig. 4b and c show the AFM surface
morphologies of NIR-NiOx and NIR-4 Co:NiOx respectively. Both NiOx
and Co-doped NiOx films are uniform and pinhole-free, and there are no
significant differences in the two films. The surface root mean square
(RMS) of NIR-NiOx and NIR-4 Co:NiOx are 20.0 nm and 18.9 nm,
respectively. Thus, the improvement of PCE should be attributed to the
improving interfacial behavior between the NIR-Co:NiOyx film and
perovskite layer rather than the crystalline and morphology of the HTL.
The X-ray photoelectron spectroscopy (XPS) were used to study the ef-
fect of Co dopant on the NiOx films. Fig. 5a shows the XPS spectrum of
the Ni 2p3,2 peaks for NIR-NiOx and NIR-4 Co:NiOx films, and the results
clearly show the two peaks located at 855.2 eV and 853.3 eV corre-
sponding to Ni®" and Ni%", respectively. Fig. 5b shows the XPS spectrum
of the Co 2p3/5, and only the NIR-4 Co:NiOx film exhibits a peak of Co**
located at 779.8 eV. The content of Co in NIR-4 Co:NiOx film can be
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Table 1
Characteristics of planar p-i-n PVSCs fabricated from NIR-NiOx films doped with
different Co concentration.

Co Voe [V] Jsc [mA/em?]  FF [%] Efficiency

concentration [%]

[mol%]

0 1.06+0.01 18.52+0.34 78.53+1.93 15.35+0.52
(1.06) (18.89) (79.85) (15.99)

2 1.06+0.01 18.90+0.55 78.60+2.11 15.814+0.68
(1.07) (19.63) (78.65) (16.48)

4 1.07+0.01 19.204+0.54 79.03+2.04 16.264+0.55
(1.09) (20.46) (79.80) (17.77)

8 1.08+0.01 18.74+0.49 67.35+4.73 13.61+1.15
(1.07) (18.67) (74.15) (14.82)

calculated ~5.1%, indicating that the Co is successfully doped into the
NiOx film. To further confirm the existence of Co, the XPS results of O 1s
spectrum of NIR-NiOx and NIR-4 Co:NiOx are shown in Fig. 5¢. The NIR-
NiOy film presents two peaks located at 528.29 and 530.05 eV, which
ascribes to lattice oxygen and oxygen vacancy, respectively. Generally,
chemical impurity usually induces XPS peak shift [51]. For our case, the
NIR-4 Co:NiOx film shows a binding energy shift toward high energy
direction, indicating that the successfully incorporation of Co. More-
over, the more Ni®* ions can induce the formation of extra holes and
thus increase the conductivity of NiOx [52]. The conductivity of NiOx
strongly relies on the microstructural defects, such as Ni?* vacancies and
interstitial oxygen in NiOy crystallites [53]. The formation of Ni>* jons

is highly correlated with the Ni2t vacancies and interstitial oxygen,
therefore, previous literature indicated that the resistivity can be low-
ered by an increase of Ni®* ion concentration [54]. Therefore, the higher
Ni*/Ni2* ratio is referring to the higher hole conductivity. The calcu-
lated Ni**/Ni®* ratios of NIR-NiOy and NIR-4 Co:NiOy films are 1.54
and 1.32, respectively, indicating that the conductivity of NIR-4 Co:
NiOx might be lowered. We also measured the work function (WF) of
NIR-NiOx and NIR-4 Co:NiOx by ultraviolet photo-electron spectroscopy
(UPS). As shown in Fig. 5d, the work function of NIR-4 Co:NiOx was
shifted to —5.16 eV from the —4.98 eV of NIR-NiOyx, and the valence
band remained at the same level. It is worth to note that the WF function
of HTL determines the build-in potential in the devices. The high
build-in potential reduces the charge accumulation at the interface be-
tween HTL and perovskite layer, and thus reduces the V. loss. There-
fore, we speculate that the improvement of PCE is due to the desirable
work function matching and less charge accumulation at the interface of
perovskite/NIR-4 Co:NiOx.

To investigate the conductivity of NIR-NiOx and NIR-4 Co:NiOy, the
I-V curves were measured by hole only devices with the structure of
FTO/NIR-NiOx or NIR-4 Co:NiOx/Ag, as shown in Fig. S6. The I-V curve
demonstrates that the vertical current was decreased after replacing
NIR-NiOx with NIR-4 Co:NiOy, representing the low conductivity of
NIR-4 Co:NiOx. Moreover, the low conductivity of NIR-4 Co:NiOx was
further demonstrated by four-point probe measurement. The resistivity
of NIR-4 Co-NiOx was increased to 5.08 kQm from 1.66 kQm of NIR-
NiOy. Both results are consistent with the prediction from the XPS
measurement. While, the mobility of HTL is also a critical influencing
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Fig. 5. XPS spectra of (a) Ni 2p, (b) Co 2p and (c) O 1s from NIR-NiOx and NIR-4 Co:NiOx films. (d) UPS spectra from NIR-NiOx and NIR-4 Co:NiOx films.

factor in the PCEs of PVSCs in addition to the conductivity of HTL. To
obtain the hole mobilities of NIR-NiOx and NIR-4 Co:NiOx films, we use
space charge limited current (SCLC) model to calculate the mobility by
using hole only devices with the structure of FTO/HTL/perovskite/Au.
The fitting curves are shown in Fig. 6a, and the calculated hole mobil-
ities of NIR-NiOx and NIR-4 Co:NiOx films are 0.12 and 0.21 cm?/V,
respectively. The increase in hole mobility of the NIR-4 Co:NiOx film
may be resulted from that the incorporated Co?* compensates the NiZ*
vacancy and thus reduces the ionized impurity scattering. It is provided
a direct evidence that the NIR-4 Co:NiOx film can reduce the charge
recombination and enhance hole extraction rate because of the high hole
mobility.

It’s known that a good HTL can accelerate the charge transfer and
suppress the non-radiative recombination. To investigate the charge
transfer behavior at the interface of perovskite/HTL, we conducted the
steady state photoluminescence (PL) and the results are shown in
Fig. 6b. The pristine perovskite film on glass substrate shows the highest

PL intensity, indicating the strong charge recombination. As we depos-
ited the perovskite films on the NIR-NiOx and NIR-4 Co:NiOx respec-
tively, a significant PL quenching was observed because of the efficient
charge transfer and hole extraction. Furthermore, the perovskite layer
on the NIR-4 Co:NiOx film exhibits the lower PL intensity than that of
NIR-NiOy, revealing the less charge recombination and charge accu-
mulation. Concurrently, time-resolved photoluminescence (TRPL)
measurements were performed as illustrated in Fig. 6¢. The exponential
decay profiles were fitted by the bi-exponential decay model as follow: I
() =Ajexp(— i) +Azexp (— é), where A; represents the fraction of
charge transfer from perovskite to HTL, 71 represents the charge transfer
lifetime, Ay represents the fraction of charge recombination, and 7 is
the charge recombination lifetime in perovskite layer. The average
lifetime was calculated by following equation: 74, = Y Ai7;/> A;. All
L L

the parameters were summarized at Table 2. The decrease in the PL
lifetime of NIR-4 Co:NiOx/MAPbI3 (41.1 ns) as compared to NIR-NiOyx/
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Table 2
Bi-exponential fitting results of PL decay for glass/perovskite, glass/NIR-NiOx/
perovskite, and glass/NIR-4 Co:NiOx/perovskite.

Samples A 71 (ns) Ay T2(NS)  Taverage (NS)
Glass/Perovskite 0.26 15.3 0.74 138 106
Glass/NIR-NiOx/Peorvskite 0.25 9.14 0.75 63.6 50.2
Glass/NIR-4 Co:NiOx/ 0.30 6.91 0.70 55.8 41.1

Perovskite

MAPbI; (50.2 ns) and glass/MAPbI3 (106 ns), indicating that the NIR-4
Co:NiOx film has efficient hole extraction ability and thus suppresses the
non-radiative recombination. These results can be attributed to the
improved hole mobility of NIR-4 Co:NiOy, well-matched work function
level and enhanced built-in potential at the interface of perovskite/NIR-
4 Co:NiOx.

We further clarify the influencing factors to PCE improvement by
using the impedance spectroscopy (EIS). The EIS measurement can
provide the information of series resistance, interfacial resistance,
recombination resistance and charge accumulation of PVSCs. Fig. 6d
shows the Nyquist plots for devices fabricated from NIR-NiOx and NIR-4
Co:NiOy in the frequency range from 100 mHz to 1 MHz under 1 sun
illumination at a bias of V.. Both Nyquist plots show the high and low
frequency feature. Generally, the high frequency regime is related to
charge transport resistance of the MAPbI3/HTL interface whereas, the
low frequency regime is considered to be attributed to a low frequency
dielectric response of perovskite materials [55-57]. These two features
can be fitted by the equivalent-circuit, comprising the series resistance,
Rs, the interfacial charge transfer resistance, Rcr, the selective contact

capacitance, Cgon, the dielectric relaxation resistance, Rqr, and the
dielectric contact capacitance, Cq;, as shown in the inset of Fig. 6d. The
Rcr value obtained from the high frequency feature of devices fabricated
from NIR-NiOx and NIR-4 Co:NiOyx are 591.7+63.4 and 416.5+37.7 Q,
respectively, referring the lower charge transport resistance at the
MAPbDI3/NIR-4 Co:NiOy interface. The lower Rer of the devices fabri-
cated from NIR-4 Co:NiOx films are attributed to the well-band align-
ment between MAPbI3 and NIR-4 Co:NiOy, resulting in a high built-in
potential interface, as we mentioned in the UPS experiment. The high
built-in potential can force a significant electron-hole separation, sup-
press the charge accumulation at MAPbI3/NIR-4 Co:NiOy interface, and
thus reduce the Rcr value. As a result, we can conclude that the charge
transport behavior at MAPbI3/HTL interface dominates the improve-
ment of devices performance for devices fabricated from NIR-4 Co:NiOx.

In addition, we also demonstrate the stability of PVSCs fabricated
from different HTLs, and the result are shown in Fig. 7. All the un-
encapsulated devices were stored in a nitrogen-filled glove box, and
the performances of the devices were measured in ambient condition
(25 °C and 40%~60% R.H.). Here, we use Tgg lifetime, which is defined
as the time over which the PCE decays to 80% of its initial value, to
identify the stability of these devices. The Tgy lifetimes of PVSCs fabri-
cated from HP-NiOx and NIR-NiOy films are both around 200 h, how-
ever, the Tgg lifetime of PVSCs fabricated from NIR-4 Co:NiOx film is
around 250 h. This result reveals that the PVSCs with NIR-4 Co:NiOx
HTL exhibits a better stability. According to previous literature reported
[58], the charge accumulation at the interface between charge transport
layer and perovskite layer would lead to the moisture-induced irre-
versible dissociation of perovskite, and thus lower the stability of PVSCs.
Therefore, we believe that the improved stability of the PVSCs fabricated
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Fig. 7. Stability measurement of PVSCs fabricated from HP-NiOyx, NIR-NiOx
and NIR-4 Co:NiOx films.

from NIR-4 Co:NiOy is due to the suppression of charge accumulation at
the interface between NIR-4 Co:NiOx and perovskite layers.

4. Conclusion

In this study, we use the short wave NIR lamp at 2500 K as an
alternative annealing source to conventional hot-plate to rapidly anneal
sol-gel NiOx films and systematically investigate the effect of NIR in-
tensity on sol-gel NiOyx films. The XRD study reveals that the formation
of crystalized NiOx is accelerated by NIR exposure, while the mor-
phologies of NIR-NiOx and HP-NiOx show no significant difference.
Therefore, the PCE of PVSCs fabricated from NIR-NiOx can maintain the
same level as compare to that of HP-NiOy. To further improve the PCE of
PVSCs fabricated from NIR-NiOy, we incorporate 4 mol% cobalt into
NiOx. The improvement of mobility, interface resistance and well-
matched work function results in efficient hole extraction, less charge
accumulation, and reducing V. loss. Thereby, the V., Js. and fill factor
are significantly enhanced, and thus the PCE is improved from 15.99%
to 17.77%. This study not only shows that the NIR radiation is a
promising method for PVSCs to fulfill the requirements of low cost and
low energy consumption large-scale production but also reveals the
insight of Co dopant for high efficiency NiOx based planar p-i-n PVSCs.
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