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Efficient Inverted Planar Perovskite Solar Cells Using
Ultraviolet/Ozone-Treated NiOx as the Hole Transport Layer
Tun Wang, Dong Ding, Hao Zheng, Xin Wang, Jiayuan Wang, Hong Liu,*
and Wenzhong Shen*
Nickel oxide (NiOx) has exhibited great potential as a hole transport layer
(HTL) for fabricating efficient and stable perovskite solar cells (PSCs).
However, it has been greatly limited by its fabrication and manipulation
process. In this work, a simple processing method on an ultrathin
electrochemical mesoporous NiOx film manipulated by controllable ultravio-
let/ozone (UVO) treatment is employed; the duration of UVO treatment on
the NiOx film significantly affects the photovoltaic properties of the PSCs.
When the exposure duration increases, the wettability, electrical conductivity,
nonstoichiometry, and valence band energy of the NiOx film are improved
with varying degrees. Besides, the perovskite grain size, recombination
resistance at the perovskite/NiOx interface, and build-in potential of the
device also increase, resulting in higher short-circuit current density ( JSC) and
open-circuit voltage (VOC). Combining these factors together, an optimal
exposure time of UVO treatment on the NiOx film has been achieved at
5min, which results in a significantly high performance with an efficiency of
19.67%, large VOC (>1.1 V), and JSC (>23mA cm�2). Furthermore, the
experimental results are coincide well with simulation results on the different
corresponding subjects. Hopefully, this work could facilitate material manipu-
lation toward scalable, high efficiency, and stable solar cells.
1. Introduction

The organic–inorganic hybrid perovskite solar cells (PSCs) have
attracted huge interests because of their high power conversion
efficiency (PCE), simple fabrication process, and low-cost
potential.[1,2] After a rapid development over the past decade,
a certified record has been achieved to over 23%.[3–5] Among all
configurations, the p-i-n planar structure based on inorganic
hole transport layer (HTL) has emerged as a competitive one due
to its excellence in low hysteresis and long term stability.[6–9] As
an important part of the inverted PSCs, the HTL has been often
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selected from nonstoichiometric metal
oxides (such as CuOx,

[10] MoOx,
[11] and

NiOx
[12]) for their low cost and tunable

opto-electronic properties. NiOx, for in-
stance, has been focused in many previous
researches with its good energy band
matching with perovskite[12,13] and shown
attractive results such as a highest PCE
record of 20.86% in mixed cation PSCs.[14]

However, like the other candidates, NiOx

has been normally fabricated either by
solution based methods such as spin-
coating,[15] with less controllability and
scalability or vacuum based techniques
(such as magnetron sputtering,[16] atomic
layer deposition (ALD),[17] and pulsed laser
deposition (PLD)[18]) with remarkably high
cost and low productivity toward applica-
tion. To compensate those disadvantages,
the electrochemical deposition (ECD)
method could be a more suitable option,
with which a recent record of 17.0% (with
active area �1.084 cm2) and 19.2% (with
active area �0.1 cm2) has been achieved by
Park et al.[19] Nevertheless, as being more
and more concerned, the control of oxygen
vacancy in this nonstoichiometric NiOx has
never been an easy task, whose content and distribution could
severely influence the transportability of carriers and thus its
photovoltaic performance in devices.[20] Some researchers have
concerned on the interfacial engineering and proposed to insert
transition layer between HTL and perovskite film. However, this
process is quite complicated and uncontrollable.[21,22] As a
routine approach, ultraviolet/ozone (UVO) treatment has been
applied in many processes in the fabrication of oxide charge
transport layers (such as TiO2,

[23] SnO2,
[24] ZnO,[25] andMoOx

[26])
in PSCs. Compared to the studies on electron transport layer
(ETL) such as SnO2 and TiO2, as a hole transporter, the study on
NiOx has been focused on different properties, such as valence
band, work function, optical gap, while the former ETLs have
been mainly studied for their conduction band and surface
wettability before perovskite depositing.[23,27] Recently, Zhai et al.
studied the influence of different annealing temperatures on
UVO-treated NiOx film, and considered time as constant.[28]

Furthermore, Wang et al. focused qualitatively on the effect of
presence of UVO treatment on the NiAc for preparing polymer
solar cells, in which only NiAc under different conditions (with
some NiOOH formed after UVO) has been researched.[29]
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However, the evolution of the stoichiometry, microstructure and
chemical state of electrochemical NiOx in difference time stages
during theUVO treatment has never been discussed. Besides, the
optimal exposure duration of UVO treatment on NiOx film for
preparing PSCs is still not clear. Therefore, it would be a worth
investigating challenge to experimentally manipulate the stoichi-
ometry of NiOx as well as its microstructure and morphology.

In this study, we propose a facile strategy to prepare a uniform
and highly efficient electrochemically fabricated NiOx HTL via a
novel controllable ultraviolet/ozone (UVO) treatment. UVO
treatment improves p-type property of NiOx film, optimizes the
HTL/perovskite interface and adjusts the energy level of HTL in
the inverted planar PSC with a structure of FTO/NiOx/MAPbI3/
PCBM/BCP/Ag, in which NiOx film is firstly deposited by ECD
method.We have shown that the stoichiometry of the sample can
be effectively controlled by manipulation of the UVO treatment.
Based on that, a well balance could be established among the
optical transmittance property, wettability, surface morphology,
electrical conductivity, optical bandgap and carrier dynamics of
the as-prepared NiOx materials. Consequently, remarkable
enhancement of cell performance has been induced with a
PCE of 19.67% (VOC and JSC increased from 1.01 V to 1.11V and
from 21.69mAcm�2 to 23.41mAcm�2, respectively) for the
champion device under optimal duration (5min) of UVO
treatment on NiOx HTL, with negligible hysteresis and high
stability. In comparison, the PSC device using pristine NiOx

shows the highest efficiency only 17.32%. To further verify the
effect of UVO treatment on the photovoltaic performances of
PSCs due to the improved physical and chemical properties of
NiOx film, the simulation based on Lumerical’s optical
simulation software of finite-difference time-domain (FDTD)
solutions 2017a and electrical simulation solver of DEVICE
2015a have been implemented. The simulated electrical
performances of the corresponding PSCs are consistent with
our experimental results, and have also revealed that the incident
light is more efficiently coupled into the perovskite layer from
UVO-treated NiOx comparing with the pristine NiOx film.
2. Results and Discussion

First of all, a thin layer of Ni(OH)2 was firstly obtained by ECD
process and the NiOx film can be finally prepared after thermal
annealing,[30] as indicated by Figure 1a. The curve on the bottom
represents the X-ray diffraction (XRD) pattern of FTO substrate,
which shows very strong characteristic peaks. The curve in the
middle corresponds to the unannealed sample, showing two
significant diffraction peaks at 33.1� and 38.5� (indicated by
diamondmarks) which are assigned to the (100) and (011) planes
of Ni(OH)2, respectively.[31] It has been reported that the
electrical conduction of NiOx transits from n-type to p-type with
post-deposition annealing at 200 �C and the optical band gap,
refractive index, carrier concentration, mobility and hall
coefficient of NiOx are varied to some extent with the annealing
temperature increasing from 100 to 500 �C.[32] Considering the
decomposition temperature of Ni(OH)2 is below 300 �C,[33] we
post-annealed the samples at 300 �C for 2 h, and a variety of
literatures have also demonstrated that 300 �C is indeed the
optimal annealing temperature for preparing NiOx HTL during
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fabrication process of inverted PSCs.[6–8,34–36] After thermal
annealing at 300 �C for 2 h, these peaks vanished and new peaks
appeared at 37.2� and 43.3� (indicated by the star marks) owing
to the transformation of Ni(OH)2 to NiOx, which can be assigned
to the (111) and (200) planes, respectively,[37] well matching with
the cubic structure of NiO PDF-#47-1049. The estimated grain
size of NiOx according to the XRD pattern is 10.3 nm by using
Debye-Scherrer equation,[38] which is consistent with the
previous report.[39] The top view scanning electron microscopy
(SEM) image of the electrochemically deposited NiOx film is
shown in Figure 1b, indicating the FTO nanograins are totally
covered by mesoporous NiOx films. The mesoporous film
becomes much denser with the increasing deposition time
according to the SEM images in the Supporting Information
(Figure S1a–e, Supporting Information). Besides, the thickness
of deposited NiOx film can be accurately controlled by adjusting
the deposition time,[40] and corresponding current density–
voltage (J–V) characterization of PSCs has verified that the
optimal ECD deposition time for fabrication of NiOx is 90 s
(details can be found in Figure S1 and S2, Supporting
Information), with constant current density of 0.1mAcm�2.[19]

The inset of Figure 1b illustrates the cross-sectional image of the
NiOx film prepared under optimal deposition time of 90 s and its
thickness is about 40 nm, much thinner than the reported
optimal thickness (50–150 nm) by solution-derived spin-coating
method.[13,34,39,41] Benefiting from the electrochemical deposi-
tion method, the FTO grains are fully covered by NiOx film even
though it is very thin (Figure S1c, Supporting Information), thus
effectively avoiding direct contact and current leakage between
perovskite and conducting substrate. The thinner NiOx film can
reduce series resistance and introduce less internal crystal
boundaries, leading to less recombination in the NiOx film.[42]

The root-mean square (RMS) roughness of prepared mesopo-
rous NiOx film is 10.9 nm according to the three-dimensional
atomic force microscopy (AFM) image in Figure 1c, slightly
smaller than that of the bare FTO substrate (Figure 1d), with
RMS roughness up to 14.3 nm. Noticeably, the simplest solution
process to grow perovskite layer is the one-stepmethod, in which
the precursors are transformed into crystalline perovskite
through fast solvent evaporation during spin-coating and
annealing, so the controllability of the crystal growth and film
uniformity would become challenging, especially for a rough
substrate.[43] Therefore the NiOx substrate with lower roughness
would be beneficial in this case.

As commonly known, UVO treatment has been an effective
way to modify the surface and electrical properties of thin
films.[20,23,26] However, the exact process and influence on the
nonstoichiometric materials has seldom been studied, thus we
have carried out the UVO treatment on the as-prepared samples
with different times. Firstly, the physical characterization has
been presented in Figure 2. Figure 2a shows the optical
transmittance spectra of the prepared NiOx film deposited on
FTO substrate with different times of UVO treatment. All the
deposited NiOx films have displayed high transmittance around
85% over a broad spectral range (400–800 nm), almost the same
with bare FTO substrate. Such a high transparency would be a
good preliminary condition for PSCs. The wettability measure-
ment has shown drastic change of surface tension with the UVO
treatment. As shown in Figure 2b, the contact angle of the
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 12)
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Figure 1. a) Comparison of the XRD pattern of FTO, Ni(OH)2 and NiOx. b) Top-view SEM image of prepared NiOx mesoporous film on FTO substrate.
The inset shows the cross-sectional SEM image of the deposited NiOx film under optimal deposition condition. Three-dimensional AFM images of
(c) NiOx film deposited on FTO and (d) bare FTO substrate.
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control sample without UVO treatment was 45.6� and
dramatically decreased to around 25� after UVO exposure with
different times. The slight recovery of hydrophobicity with
longer UVO exposure time is probably attributed to loss of low
Figure 2. Physical properties of NiOx processed under different conditions: a
films with different UVO exposure times. b) Contact angles of a water drople
initial and UVO-treated NiOx films with different exposure times based on F
UVO treatment. For clarity, FTO/UVO-NiOx and FTO/NiOx stand for the sa

Sol. RRL 2019, 3, 1900045 1900045 (3
molecular weight organic material that has been created on the
surface during UVO treatment and reorientation of side groups
on the molecules due to the burying of newly formed polar
groups in the exposure region.[44,45] The smallest contact angle
) Optical transmission spectra of bare FTO substrate and deposited NiOx

t on NiOx surfaces as a function of UVO exposure time. c) I–V curves for
TO/NiOx/Ag structure. d) Tauc plots for the NiOx films with and without
mple with and without UVO treatment, respectively.
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24.2� is obtained by exposure under UVO for 5min, which
facilitates the formation of a more uniform perovskite layer.[46,47]

The current–voltage (I–V) characteristics have been measured
under dark condition to determine the effect of UVO treatment
on the electrical conductivity of the NiOx film (Figure 2c). The
linear I–V characteristics exhibit perfect ohmic contact between
p-type NiOx and Ag electrode. As we know, the electrical
conductivity is proportional to the tangent of the I–V curve.
Hence, the electrical conductivity of the NiOx film after UVO
treatment has been significantly improved compared to the
pristine NiOx film without UVO treatment, and gradually
increased with longer exposure time of the UVO radiation
(Figure S3, Supporting Information).[48] The conductivities are
estimated to be 1.99� 10�6 S cm�1 (0min), 2.19� 10�6 S cm�1

(1min), 2.89� 10�6 S cm�1 (5min), 3.00� 10�6 S cm�1

(10min), and 3.01� 10�6 S cm�1 (20min), respectively. This
result is roughly consistent with the previous literature,[20] in
which the electrical conductivity rose to more than one order of
magnitude higher after the NiOx film was treated by UVO for
10min. Furthermore, we have derived the optical bandgap of the
samples from the Tauc plots in Figure 2d, in which (αhν)2 is
plotted as a function of hν from previous absorption spectra, with
α, h, and ν representing the absorption coefficient, Planck
constant, and light frequency, respectively. The estimated optical
gaps are both approximately 3.80 eV, quite consistent with the
reported values.[42,49] According to this study, the UVO treatment
on the bandgap of NiOx has been not significant.

Secondly, high energy photons could also influence the
oxidization state and crystalline situation in the oxides.[20,50]

Therefore the chemical and microstructural properties of the
objects have been further investigated, as shown in Figure 3.
Figure 3a and b illustrate the high-resolution X-ray photoelectron
Figure 3. XPS spectra of (a) Ni 2p3/2 and (b) O 1s core levels of the NiOx HTL
fitting peaks of the NiOx film by UVO treatment of 20min. c) Comparison o
spectra of the NiOx and UVO-NiOx films deposited on FTO substrate.
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spectroscopy (XPS) spectra of the Ni 2p3/2 and O 1s core levels of
the prepared NiOx films, respectively. The black scatters denote
the pristine NiOx without UVO treatment and the colored
scatters represent the NiOx films exposed by UVO versus
different time. The solid and dashed lines in both Ni 2p3/2 and O
1s core levels are the fitted components that corresponding to
different chemical states.[14,17,51] For the NiOx without UVO
treatment, the peak at 860.9 eV in the Ni 2p3/2 spectrum is
ascribed to the shakeup process of the NiO structure.[39,42,52]

Other three distinct peaks are corresponding to the presence of
NiO in the cubic rock-salt structure[52] (853.8 eV in Ni 2p3/2 and
529.2 eV in O 1s), Ni2O3 in the hexagonal crystal structure[53]

(855.5 eV in Ni 2p3/2 and 530.9 eV in O 1s) and NiOOH (856.5 eV
in Ni 2p3/2 and 531.5 eV in O 1s) due to some residual
hydroxide,[54] respectively. Comparing the XPS spectra of the
NiOx under different conditions together, we find that Ni3þ state
has been gradually outnumbering the Ni2þ state with increasing
time (can be found in Figure S4a in the supporting information).
This change has clearly indicated a continuous stoichiometry (O/
Ni ratio) transformation versus time (Figure S4b, Supporting
Information), which is consistent with the formation of Ni
vacancies.[20] More importantly, it has also indicated the
significant controllability of the x value in the NiOx by the
UVO treatment. Furthermore, the whole spectrum appears to
shift toward higher binding energy with the increasing time of
UVO exposure (Figure S5, Supporting Information). For
instance, the corresponding peaks of NiO, Ni2O3, and NiOOH
of the NiOx film by UVO treatment for 20min, plotted by the
olive dashed curves in Ni 2p3/2 spectrum (Figure 3a), eventually
increase to 854.1 eV, 855.7 eV, and 857.4 eV, respectively. In
terms of the O 1s spectrum (Figure 3b), the corresponding peaks
also shift to higher binding energy after being treated for 20min,
exposed by UVOwith different times. The dashed curves indicate Gaussian
f the XRD pattern of NiOx film with and without UVO treatment. d) UPS
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the binding energies are 529.5 eV, 531.2 eV, and 532.5 eV,
respectively. Such a total shift has indicated higher positive
oxidization state with the exposure lasted, and therefore less
oxygen vacancies. In addition to UVO treatment, annealing
temperature also exhibits the ability to adjust the stoichiometry
of NiOx. However, such change seems quite small, as reported by
Manceriu that the O/Ni ratio increases from 1.010 to 1.016 with
the annealing temperature increasing from 350 to 600 �C.[55] In
this paper, we just focus the effect of UVO treatment on NiOx

film under optimal annealing temperature.
As shown in Figure 3c, the microstructure change in the

samples has been analyzed by XRD, where no significant
difference could be detected between the XRD peaks of the UVO-
treated and control sample, indicating that the influence of UVO
treatment on the microstructure of the NiOx has been trivial.
Moreover, the energy band alignment between the light absorber
and charge transport layers plays a significant role in the
extraction/transfer process of the photo-induced carriers. Hence
ultraviolet photoelectron spectroscopy (UPS) has been carried
out to check the energy levels of the prepared NiOx films. As
shown in Figure 3d, the photoemission cutoff spectra (in the left
panel) indicates that the work function (WF) of prepared NiOx

film has increased from 4.79 eV to 4.86 eV after UVO treatment,
where WF can be calculated by the formula WF¼hν (21.22 eV)-
Ecutoff. The right panel of Figure 3d shows the difference between
the valence band and Fermi level (EV�EF), which has been
0.48 eV for both situations. The valance band maximum (VBM)
of the prepared NiOx film has shifted from 5.27 eV to 5.34 eV
after UVO treatment. The deeper VBM of UVO-NiOx film can
closely match that of the perovskite layer to minimize the energy
misalignment for the holes extraction, which shows great
potential to induce higher VOC of the PSCs.[16,56]

Finally, to investigate the NiOx samples in real applications,
PSCs have been fabricated based on them. Firstly, perovskite
film has been deposited on the UVO-exposed NiOx film in a
glovebox filled with nitrogen by one-step spin-coating process.
As shown in Figure 4a and b, the resulting perovskite layers are
dense and uniform for the samples with or without UVO
treatment. However, the grain size of the UVO-treated NiOx has
been significantly larger than the untreated control sample, as
shown in Figure 4c, which could hopefully facilitate the transport
and collection of photogenerated carriers because of less grain
boundaries.[57,58] The increase in perovskite crystal grain size
could be ascribed to the smaller number of nuclei formed on
UVO-treated NiOx surface because of lowered surface en-
ergy.[59,60] Besides, the UVO treatment improves the work
function of prepared NiOx film, which is beneficial to the
formation of ohmic contact between NiOx film and perovskite
precursor materials.[29] To study the effect of UVO treatment on
carrier dynamics of NiOx film, we have investigated interfacial
charge-carrier characteristics that influences photovoltaic per-
formances of NiOx-based PSCs. Steady-state photoluminescence
(PL) and time-resolved photoluminescence (TRPL) measure-
ments were carried out to study the efficiency of charge
extraction. As illustrated in Figure 4d, FTO/MAPbI3 structure
displays a strong perovskite emission signal nearly at 764.6 nm
and the UVO-NiOx film exhibits more efficient PL quenching for
MAPbI3 layer than the pristine NiOx film, suggesting enhanced
hole extraction ability and transport efficiency from perovskite
Sol. RRL 2019, 3, 1900045 1900045 (5
layer after UVO treatment. The TRPL spectra shown in
Figure 4e demonstrates that the UVO treatment successfully
accelerates the hole-extraction process from the perovskite layer
to the NiOx HTL, which is in accordance with the steady PL
spectra. The TRPL decay curves were fitted to a bi-exponential
Equation (1).[35]

I tð Þ ¼ A1exp � t� t0
τ1

� �
þ A2expð� t� t0

τ2
Þ ð1Þ

where t0 is the start time of decay process, τ1 and τ2 represent the
first and second order decay times, A1 and A2 are weighting
coefficients of each decay channel. In general, the fast decay
component (τ1) is due to the quenching of charge carriers at the
HTL/perovskite interface, and the slow decay component (τ2) is
attributed to the radiative recombination of free charge
carriers.[61] The average decay time (τa) can be estimated from
the Equation (2).[62]

τa ¼
P

Anτ2nP
Anτn

ð2Þ

The fitted parameters are summarized in Table S1. Notably,
the average decay time of MAPbI3 coated on FTO substrate is
10.5 ns. The structure of FTO/UVO-NiOx/MAPbI3 exhibits a τa
of 4.7 ns, which is much smaller than 7.8 ns of the control
sample (FTO/ NiOx/MAPbI3), suggesting a faster hole extraction
from the perovskite layer to NiOx film with UVO treatment. The
large grain size provides greater PL intensity and longer carriers
lifetime (TRPL) according to some published literatures.[63,64]

However, there’s also another factor that influence these
properties, i.e., the charge transfer from the perovskite to the
substrate, which could be induced by charge collection and
transport efficiencies.[34] It means, lower PL intensity and faster
PL decay could be induced by better charge separation and
extraction at perovskite/HTL interface.[59,65] In this paper, it
seems that the improved charge transfer at interface dominates
the PL intensity and decay time. The efficient hole transfer
significantly contributes to the high JSC and VOC values for the
NiOx-based PSCs.What’smore, according to the optical bandgap
(Figure 2d), work function and VBM edge (Figure 3d) of
prepared NiOx and UVO-NiOx films, the energy band diagram of
prepared PSC device is described in Figure 4f. The energy levels
of NiOx, perovskite, PCBM, and BCP are well aligned against
vacuum. Especially, the smaller VBM difference between UVO-
NiOx and perovskite layers signifies better hole extraction
property comparing with that of the pristine NiOx film. The thin
BCP layer is believed to work as a hole-blocking layer, which can
effectively prevent the recombination of photo-induced carriers
and improve the fill factor (FF).[8,66]

Afterwards, Ag electrodes have been integrated onto
perovskites, forming a structure of FTO/NiOx/CH3NH3PbI3/
PCBM/BCP/Ag for the PSCs, as illustrated in Figure 5a. The
Cross-sectional SEM image of a typical device based on UVO-
treated NiOx (Figure 5b) has indicated uniform layer formation
and quite regular interfacial condition, which shows better
coverage of perovskite layer than the device based on pristine
NiOx film (Figure 5c). The estimated thickness of perovskite
layer is approximately 390 nm, close to its average grain size,
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 12)
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Figure 4. Top view SEM image of the perovskite film coated on the NiOx film (a) without and (b) with UVO exposure. c) Perovskite grain size distribution
histogram of NiOx-based device with and without UVO exposure. d) Steady-state and (e) time-resolved photoluminescence spectra of the perovskite film
deposited on bare FTO substrate, pristine NiOx, and UVO-NiOx. f) Schematic representation of the energy band diagram for the PSC device.
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which could enhance its photovoltaic performance since the
photo-induced carriers can be more easily transported and
extracted through one perovskite grain,[67] while it is still thick
enough for the light absorption.[9] The photovoltaic performance
of the PSCs with NiOx under different conditions has been
Figure 5. a) Three-dimensional schematic diagram of the inverted architectur
on (b) UVO-treated NiOx and (c) pristine NiOx. d) J–V curves of optimal PSC d
Statistics of VOC and JSC for NiOx-based PSCs with and without UVO treatm
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studied in details. The optimal J–V curves are displayed in
Figure 5d, which have been measured under AM 1.5 G
simulated sunlight (100mWcm�2). The control device without
UVO treatment exhibits a PCE of 17.32%, with a VOC of 1.01V, a
JSC of 21.69mAcm�2 and an FF of 78.70%. Amazingly, the
e. False color cross-sectional SEM image of the perovskite solar cell based
evices based on UVO-treated NiOx HTL with different exposure times. (e)
ent.
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Table 1. Photovoltaic parameters of the PSCs based on NiOx and
UVO-NiOx HTL.

Sample Scan direction VOC [V] JSC [mA cm�2] FF [%] PCE [%]

NiOx Reverse 1.01 21.69 78.70 17.32

Forward 1.02 21.48 78.10 17.05

UVO-NiOx Reverse 1.11 23.39 75.59 19.67

Forward 1.11 23.30 75.18 19.48

www.advancedsciencenews.com www.solar-rrl.com
fabricated PSC devices have exhibited greatly improved VOC and
JSC after UVO treatment on the NiOx films. On one hand, the JSC
of all PSCs based on UVO-NiOx has been larger than
23mAcm�2, at least 7.8% higher than that of the control
device. The optimal JSC can be up to 23.41mAcm�2, as far as we
know, which is comparable to the published record (24.19mA
cm�2) in pure MAPbI3 system,[68] but still shows significant gap
to the theoretical limit of MAPbI3-based PSCs (26.46mA
cm�2).[69,70] On the other hand, the VOC increment is related
to the UVO exposure time. The optimal VOC increases to 1.05V,
1.11V, 1.08 V, and 1.08V with UVO exposure time at 1min,
5min, 10min, and 20min, thus yielding an optimal PCE of
17.74%, 19.67%, 19.11%, and 18.49%, respectively. The low
performance for the control device without UVO treatment
should have been caused by small JSC and VOC, which is related
to low carrier mobility and high Fermi energy offset between
NiOx and perovskite.[16,61] In comparison, the PSCs based on
NiOx HTL exposed by UVO for 5min exhibit much better
performance. Figure 5e presents the statistics of photovoltaic
parameters VOC and JSC for over 50 devices based on pristine
NiOx and UVO-NiOx HTL, respectively. The larger JSC and
higher VOC could be attributed to the higher hole conductivity in
the HTL,[71] less defects at HTL/perovskite interface and
narrower offset of the valence band between NiOx and perovskite
after appropriate UVO exposure,[72] respectively. What’smore, as
normally known for PSCs, the hysteresis of J–V characteristics
has been an important factor that could deteriorate the stability
of the cell output.[73]

As shown in Figure 6a, UVO-NiOx-based PSCs and control
device have both exhibited negligible hysteresis, where the
Figure 6. a) J–V curves of champion PSC devices based on pristine and U
showing negligible hysteresis. b) Dark J–Vmeasurement of the hole-only devi
0.25 cm2, the inset indicates the real image of prepared PSC device. d) Stead
(0.93 V) near the maximum power point and respective calculated PCE.
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champion devices have shown PCE of 19.67%, 17.32% for the
backward scanning and 19.48%, 17.05% for the forward
scanning, respectively. Detail parameters are listed in Table 1.
For further understand the enhancement of the photovoltaic
performance, the space-charge limited current method was
employed to examine the defect states at perovskite/HTL
interface. The trap-state density (ntrap) can be calculated
according to Equation (3).[21]

ntrap ¼ 2ee0VTFL

eL2
ð3Þ

where e and e0 are the relative dielectric constant of perovskite
(6.5)[74] and vacuum, respectively. e is elementary charge, and L is
the thickness of the film between two electrodes (�500 nm).VTFL

is the trap-filling limited (TFL) voltage, which could be derived
from the J–V curves under dark condition, as shown in
Figure 6b. The VTFL of the hole-only devices (FTO/NiOx/
perovskite/Ag) based onUVO-treated NiOx and pristine NiOx are
VO-treated NiOx, which were measured under different scan directions,
ces. c) J–V curves measured from different positions with an active area of
y-state photocurrent of the champion device measured at a bias voltage
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0.40 and 0.61V, respectively. As a result, the calculated ntrap
decreased from 1.76� 1015 cm�3 for NiOx/perovskite to
1.15� 1015 cm�3 for the UVO-NiOx/perovskite, which demon-
strates a reduced trap recombination atHTL/perovskite interface
for the UVO-treated NiOx. Compared to the spin-coating
method, the NiOx film fabricated by ECD method is relatively
more uniform and is more scalable for large area devices with
absence of mechanical fabrication procedure.[19] Moreover, the
devices have all presented good uniformity without edge
influence (Figure 6c), where J–V characteristics have been
measured at different positions. This has proved significant
excellence of this method in the scalability of cells, which is an
important factor for real application of devices. As shown in
Figure 6d, the photocurrent of the champion device by applying a
bias voltage at the maximum output point (0.93 V) was quickly
stabilized after the light was turned on, and the stabilized PCE
values were very close to the result from the J–V measurement,
both of which support the negligible hysteresis behavior of our
PSCs.

Furthermore, the external quantum efficiency (EQE) spectra
in Figure 7a has illustrated the detail of the improved
photovoltaic performance of UVO-NiOx based PSCs from the
spectroscopic response, where the EQE has been gradually
enhanced in 350–500 nm and 600–700 nm regions with the
increasing exposure time of UVO treatment on NiOx film. The
spectrum has shown a broad plateau around 90% in the range of
350–750 nm, which is consistent with previous literatures, where
the maximum values are all above 90% for MAPbI3-based
PSCs.[43,75–78] The integrated JSC of the champion device can be
up to 22.55mAcm�2, consisting with the measured JSC of
Figure 7. a) EQE and integrated JSC spectra, (b) EIS Nyquist plots and (c) ph
devices based on UVO-treated NiOx with different UVO exposure time. The in
devices based on pristine and UVO-treated NiOx films as a function of storage
term storage.
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23.39mAcm�2 by the J–Vmeasurements. The enhancement of
JSC is partly attributed to improved electrical conductivity of NiOx

HTL and better crystallinity of perovskite grown on UVO-treated
NiOx film.[79,80] The improved carrier transport and extraction
abilities can also efficiently improve the EQE values by some
recent reports.[14,75,81] Besides, interface condition may play a
crucial role according to previous discussion. To investigate that,
the electrical impedance spectroscopy (EIS) has been also
performed, which could provide more insight into the charge
transport process and contact resistance information.[67] It is well
known that in the Nyquist plot, the high-frequency part (arc at
the left) corresponds to the transfer resistance (Rtr) and the low-
frequency part (arc at the right) corresponds to the recombina-
tion resistance (Rrec).

[61,82] However, the arc at the high
frequency region (left side of the curve) has almost vanished
and cannot be observed in the Nyquist plots shown in Figure 7b,
which indicates a large conductivity in the hole transport layer.
The only one semicircle will then be more likely related to the
recombination processes.[66] It means that the Rrec of the UVO-
NiOx based PSCs is much higher than that of the control sample
without UVO treatment, i.e., a decreased recombination at the
interfaces.[83] The highest Rrec is obtained at 5min of UVO
treatment, which is consistent with the above discussion.
Furthermore, the junction properties at the HTL/perovskite
interface was also investigated by capacitance–voltage (C–V)
characterizations, which were conducted under dark condition.
As shown in Figure S6, Supporting Information, the Mott-
Schottky impedance analysis plotted by C�2 vs. voltage indicates
larger built-in potential (Vbi) for UVO-NiOx-based perovskite
device (1.03V) comparing with NiOx-based perovskite (0.89 V),
otovoltaic parameters (VOC, JSC, FF, and PCE) distributions of perovskite
set shows equivalent circuit by Nyquist fitting. (d) Normalized PCE of PSC
time. The insets are the real device images at the start and end of the long-
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where Vbi can be estimated from the x-intercept of fitting line
from the Mott-Schottky plot. The increased Vbi could accelerate
charge dissociation and avoid charge accumulation at HTL/
perovskite interface,[17,84,85] which can also attribute to higher
VOC and this result is consistent with the above discussion about
EIS measurement. Therefore, the much larger VOC of PSCs
based on UVO-treated NiOx is the result of multiple factors,
including the higher hole conductivity in the HTL, the
improvement of the crystallinity and surface coverage of the
perovskite films, the reduced defects at HTL/perovskite
interface, and the narrowed offset of the valence band between
NiOx and perovskite film. Figure 7c exhibits the photovoltaic
performance distribution of PSCs based on different exposure
time of UVO treatment on NiOx HTL. It can be observed that the
prepared PSCs based on pristine NiOx display an average JSC of
20.77mAcm�2, a VOC of 1.01V and a PCE of 76.19%, resulting
in a relatively low average PCE of 15.26%. When increasing the
exposure time of UVO treatment to 5min, the average JSC and
VOC of PSCs are increased to 22.76mAcm�2 and 1.09V,
respectively, both of which are much higher than that of the
PSCs based on UVO-treated NiOx with the other three exposure
times. Note that the FF of the devices with UVO-treated NiOx

under different durations of UVO exposure are approximately
equal, but smaller than that of the pristine NiOx, which may be
ascribed to the imbalance of the electron and hole mobi-
lities.[86,87] As a consequence, the champion PCE is achieved
with UVO treatment on NiOx HTL for 5min. Moreover, the
devices with UVO exposure for 5min perform smallest error
bars of photovoltaic performance comparing with other different
UVO treatment conditions, demonstrating excellent reproduc-
ibility and reliability of the planar-type PSC. In addition to the
high photovoltaic efficiency, the durability of the PSCs for long-
term application is another major concern. We therefore carried
out the long-term stability of fabricated PSCs without encapsu-
lation in inert environment (H2O <1 ppm and O2 <0.1 ppm) at
room temperature and the J–V curves were periodically
measured to extract the photovoltaic parameters. As shown in
Figure 7d, the control device based on pristine NiOx HTL has
retained around 80% of its initial performance after 40 days
Figure 8. Light field distributions in the interfaces of (a) FTO/NiOx/MAPbI3 a
NiOx HTL with and without UVO treatment.
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storage, which is comparable with the reported NiOx-based
devices,[34,35] while the resulting UVO-NiOx based PSC has
maintained 84% of its initial efficiency and shown higher long-
term stability. The insets of Figure 7d are the real images of the
same PSCdevice based onUVO-NiOxHTL before and after long-
term storage, showing high stability without obvious deteriora-
tion. Such improvement of long-term stability could possibly be
due to certain passivation effect with less oxygen vacancies
compared to the untreated sample and the development of
morphological defects at UVO-NiOx/perovskite interface. A
future improvement in the stability of PSCs without sacrificing
PCE could be implemented using inorganic perovskite layer and
replacing the PCBM with metal oxide charge transport
materials.[6,34]

To further validate the impact of UVO-treated NiOx HTL on
the performance of the PSCs with inverted p-i-n planar
configuration, Lumerical’s FDTD and DEVICE have been
deployed to simulate optical-field-intensity distributions in
the interfaces and detailed photovoltaic parameters (VOC, JSC,
FF, PCE), respectively. The values of work function and
electrical conductivity of NiOx layer have been determined by
our experimental results, while other parameters (such as
energy bandgap, carrier mobility, refractive index and defect
density of other used materials) have been extracted from
published literatures.[74,88–90] Figure 7a and b illustrate the
optical field distributions with a wavelength of 650 nm in the
structures of FTO/NiOx/MAPbI3 and FTO/UVO-NiOx/MAPbI3,
respectively. The wavy lines are introduced as interfaces to
distinguish different layers with its amplitude and periodicity
standing for the roughness. Corresponding to the larger grain
size of perovskite layer deposited on UVO-NiOx (Figure 4), the
wavy line representing UVO-NiOx/MAPbI3 interface has
exhibited relatively longer periodicity than that for the NiOx/
MAPbI3 interface. Apparently, as shown in Figure 8a, the light
field in MAPbI3 layer is rather weak, while after UVO treatment
on NiOx HTL, the stronger optical-field-intensity is observed in
the perovskite layer (Figure 8b). This is probably due to the larger
perovskite grain size effectively combine with the UVO-NiOx

HTL, which enables the incident light can be efficiently coupled
nd (b) FTO/UVO-NiOx/MAPbI3. c) Simulated J–V curves of PSCs based on
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into the light absorber layer, thus significantly improve the
performances. In addition, the improved work function and
electrical conductivity of the HTL after UVO treatment have also
contributed to efficiently enhancing JSC and VOC of prepared
PSCs.[56] The simulated J–V curves of PSCs based on NiOx and
UVO-NiOx layers are plotted in Figure 8c, where the inset lists
the corresponding photovoltaic parameters. The performances
have all been enhanced for UVO-NiOx-based PSCs comparing
with the control devices based on NiOx HTL. For example, the
VOC increases from 1.06 to 1.14 V, and the corresponding
champion PCE increases from 18.42% to 21.74%. Ignoring
environmental and test deviations, the simulation results have
been well consistent with our experimental results (Figure 5d),
revealing meaningful work on understanding the positive
influence of UVO-treated NiOx layer for inverted PSC devices.
3. Conclusions

In summary, we have demonstrated a controllable approach to
form high-quality mesoporous NiOx film as HTL for efficient
PSCs through UVO treatment and ECD technique. The UVO
treatment increases the surface wettability, electrical conductiv-
ity, and work function of the prepared NiOx film, which benefits
for good coverage of perovskite layer, leading to efficient
extraction of photogenerated holes from the light absorber layer
and low interfacial recombination due to the large grain size of
perovskite. As a result, the fabricated devices based on UVO-
treated NiOx film exhibit the highest PCE of 19.67%, with a JSC of
23.39mAcm�2, a VOC of 1.11V, and an FF of 75.59% with good
reproducibility and no obvious hysteresis. Comparing with
initial NiOx-based PSCs, the devices based on UVO-treated NiOx

film exhibit higher photovoltaic performance, and importantly, it
also shows better stability. Further FDTD simulation verifies our
experimental results. This study offers a novel strategy to
optimize the surface of NiOx HTL for designing high-
performance PSCs and also paves the way toward commercial
and scalable manufacturing of PSCs.
4. Experimental Section
Materials: The patterned fluorine-doped tin oxide (FTO)-coated glass
substrates were purchased from Shanghai MaterWin New Materials Co.,
Ltd, China. Lead iodide (PbI2, 99.9%), methylammonium iodide
(CH3NH3I, 99.5%), phenyl-C61-butyric acid methyl ester (PCBM,
99.5%) and bathocuproine (BCP, 99%) were all acquired from Xi’an
Polymer Light Technology Corp. Nickel (II) nitrate hexahydrate (Ni-
(NO3)2 � 6H2O, 99%) was acquired from InnoChem, China. Nickel foil
(300mm, 99.99%) was purchased from Shengshida metal materials Co.,
Ltd, China. Dimethyl sulfoxide (DMSO, 99.8%) and chlorobenzene (CB,
99.5%) were acquired from Sigma-Aldrich, γ-butyrolactone (GBL, 99.8%)
were purchased from Aladdin. Ethyl alcohol (EtOH), isopropanol (IPA)
and acetone were all purchased from Yonghua Chemical Technology
(Jiangsu) Co., Ltd. China.

Preparation of NiOx Layer: The patterned FTO/glass substrates were
sequentially cleaned by sonication in acetone, IPA, EtOH, and deionized
water for 15min at each step. The ECD process for the NiOx has been
carried out in a two-electrode system, with the cleaned FTO/glass
substrate as the working electrode, a nickel foil as the counter electrode
and nickel (II) nitrate hexahydrate aqueous solution (0.02M) as the
electrolyte. The deposition was implemented using a constant current
Sol. RRL 2019, 3, 1900045 1900045 (1
density of 0.1mA cm�2 for 90 s controlled by a programmable
electrochemical workstation (CS350H, Corrtest, China). Then the
deposits were exposed to the UVO cleaning device (BZS250GF-TS,
Hwotech, China) with different times and then annealed in a muffle
furnace (Thermolyne, Thermo Scientific, USA) at 300 �C for 2 h. The
control sample has been directly annealed under the same condition
without UVO treatment.

Device Fabrication: Thereafter, the samples were transferred to a
nitrogen-filled glovebox as the substrates to grow perovskite layer by one-
step method. The perovskite precursor was prepared by dissolving 1
mMol of PbI2 and 1mMol of CH3NH3I in 1mL GBL and DMSO mixed
solvent (7:3 v/v). This solution was spin-coated onto the NiOx film at
500 rpm for 12 s and then 4000 rpm for 30 s. 150mL CB was rapidly
dropped 10 s before the end of the spin-coating process. Subsequently,
the samples were placed into an airtight glass pot and dried in the muffle
furnace at 100 �C for 10min. PCBM solution (20mg/mL dissolved in CB)
and BCP solution (0.5mgmL�1 in IPA) were then sequentially spun onto
the perovskite layer at 2000 rpm for 30 s and 4000 rpm for 30 s,
respectively. Each as-prepared solution has been filtered through a
polytetrafluoroethylene (TPFE) filter (0.45mm) before spin-coating
process. Finally, approximately 120 nm thick of silver electrodes were
deposited on the top of BCP layer by thermal evaporation (PECVD350,
Shenyang Xinlantian vacuum technology Co., Ltd, China). The active area
of the PSC devices is 0.25 cm2.

Characterization: The morphology of the samples has been monitored
by scanning electron microscopy (SEM, Carl Zeiss, Germany) and atomic
force microscopy (AFM, Nanoscope IIIa Multimode, USA). Transmission
spectra of the NiOx HTL with and without UVO treatment were collected
by UV/vis/NIR spectrophotometer (LAMBDA750, PerkinElmer, USA). The
wettability of prepared NiOx film was analyzed by a contact angle analyzer
(DSA100, KR€USS, Germany). The electrical performance of the UVO-
treated and pristine NiOx films was measured by a Keithley 2400
SourceMeter. The crystallinity of the samples has been characterized by X-
ray diffraction (XRD, D8 ADVANCE, Germany). Furthermore, the
elemental composition and energy band diagram of the prepared NiOx

films have been characterized by X-ray photoelectron spectroscopy (XPS,
Thermo ESCALAB 250, USA) and ultraviolet photoelectron spectroscopy
(UPS) using a monochromatic He-I light source with incident energy of
21.22 eV. The steady-state photoluminescence (PL) and time-resolved
photoluminescence (TRPL) spectra of the samples have been measured
by Steady-State & Time-Resolved Fluorescence Spectrofluorometer (QM/
TM/IM, PTI, USA) with an excitation laser of 460 nm. The photocurrent
density–voltage ( J–V) curves of the as-fabricated devices have been
measured under standard 1 sun AM 1.5G with a solar simulator
(Newport, 2612A) in air, with the scanning rate at 0.1 V�1 s�1. The solar
simulator has been calibrated with a Newport 91150 V reference silicon
cell system before measurement. The external quantum efficiency (EQE)
spectra of PSCs have been measured using a quantum efficiency
measurement system (QEX10, PV measurements, USA) in air without
bias light. The electrochemical impedance spectroscopy (EIS) has been
carried out at potentials of 0.7 V in the dark with frequencies sweeping
from 1Hz to 100 kHz by using an electrochemical workstation (CS350H,
Corrtest, China) and the oscillation potential amplitudes were adjusted to
10mV.
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