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ABSTRACT: We introduce the use of low temperature
sputtered NiOx thin film, which substitutes the PEDOT—PSS
and solution-processed NiOx as an effective electron blocking
layer for mesoscopic NiO/CH;NH;Pbl; perovskite solar cells.
The influences of film thickness and oxygen doping on the
photovoltaic performances are scrutinized. The cell efficiency
has been improved from 9.5 to 10.7% for devices using NiOx
fabricated under pure argon atmosphere. With adequate
doping under 10% oxygen flow ratio, we achieved power
conversion efficiency of 11.6%. The procedure is large area
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scalable and has the advantage for cost-effective perovskite-based photovoltaics.
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O rganic—inorganic hybrid metal halide perovskite materi-
als have received intensive attentions since their
breakthrough after the successes in solid heterojunction devices
in 2012.>* The rapid progresses of this research field over the
past few years have remarkably advanced the conversion
efficiencies over 15%.*7® Perovskite-based solar cell is
considered as a promising emerging technology due to their
characteristics of cost-effective solution process, high power
conversion efficiency (PCE) and superior photonic properties
in terms of light absorption and carrier transport.

Various device configurations have been proposed and
demonstrated with high PCE. Dye-sensitized solar cells
(DSCs) like mesoscopic devices were initially the structure
employed which the perovskite material served as a light
harvester.*’ Planar heterojunction (PHJ) thin film architec-
tures,s’é’g_lo on the other hand, sandwiched the perovskite
between effective charge selective contact materials to
accomplish the photovoltaic action. Among the PHJ devices,
a typical structure is composed of materials similar to organic
photovoltaics like poly(3,4-ethyl- enedioxythiophene) poly-
(styrene-sulfonate) (PEDOT:PSS) and [6,6]-phenyl C61-
butyric acid methyl ester (PCBM) where the perovskite
material is inserted as absorber and electron donor. This type
of OPV-like thin film perovskite solar cells using a low-
temperature process has achieved 11.5%.'"' However, the
experiences from OPV research have shown concerns of
PEDOT:PSS for long-term stability.'>'> Providing more stable
constituents for perovskite-based photovoltaics remained a
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challenge as most efficient charge separation junctions with
perovskite required organic materials. In our previous report,
we have replaced the PEDOT:PSS with solution processed
NiOx electrode interlayer for hole extraction.'* Furthermore,
we have introduced the mesoscopic NiO layer into this OPV-
like structure to host the perovskite material in order to
improve light harvesting efficiency (LHE) and morphology
control." Recently, several groups have successfully reported
this p-type sensitized NiO/perovskite heterojunction solar
cell.'>'® The elimination of the organic hole transporter (or
hole collecting layer) shall improve the device stability and
provide versatile choices for materials selection and device
design. Other inorganic materials such as Cul and CuSCN have
been shown to be a potential candidate for this purpose.'” "

Metal oxide p-type semiconductors are alternative hole
transport materials for pereovskite-based solar cells owing to
their transparency in the visible region, good chemical stability
and various selections in terms of the VB energy level. For the
organic bulk heterojunction (BHJ) solar cells, p-type metal
oxide semiconductors including NiO,*® V,04,*' and MoO;'***
have been utilized as hole extraction layer. In dye-sensitized
solar cells (DSCs), many metal oxides such as NiO, Cu-based
delafossite (CuMO, M = Al, Ga, or Cr), have been applied as
electrode for p-type sensitization.”** Recently, NiO/perovskite
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heterojunction solar cells have been successfully demonstrated
with decent efficiencies."">'® In this article, we developed a
low-temperature sputtered NiOx thin film as a functional hole
extraction and electron blocking layer for the organic and
inorganic hybrid perovskite-based solar cells. The efliciencies
are greatly enhanced and the device reproducibility is
significantly improved compared with the devices fabricated
by solution-processed NiOx thin film. We studied the effects of
film thickness and doping ratio of oxygen flow during the low-
temperature sputtered NiOx on the photovoltaic performances
of mesoscopic NiO/CH;NH,PbI; heterojunction solar cells.
The characterization of material properties of sputtered NiOx
thin film was carried out by X-ray diffraction (XRD) and
Mott—Schottky analysis. Optical property of sputtered NiOx
compact layer was characterized by UV—visible spectroscopy.
Scanning electron microscope (SEM) was conducted to
examine the morphology of NiOx thin film. X-ray photo-
electron spectroscopy (XPS) was performed to characterize the
surface chemical environment.

The device architecture is illustrated in Scheme 1. The details
of the experimental methods are described in the Supporting

Scheme 1. Device Structure of NiO/Perovskite
Heterojunction Solar Cells
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Information. The process variables for RF sputtering deposition
conditions of NiOx compact layer were summarized in Table 1.
The main deposition parameters investigated are oxygen flow
ratios and sputtering time. Samples of series A were fabricated
by different deposition time under pure Ar as working gas
without oxygen doping, and those of series B were prepared
under reactive atmosphere with various oxygen flow ratios
performed with the same deposition time of 150 s. The devices
using the corresponding NiOx sputter film will be denoted as
the notations listed in Table 1 through the whole article.

The X-ray diffraction patterns for A-0-150, B-5-150, B-10-
150, and B-15-150 are displayed in Figure la. The XRD
patterns are assigned to the three main NiO peaks which refer
to planes (111), (200), and (220), respectively. The XRD
results confirm the existence of NiOx thin film deposited on
ITO-coated substrate. On the other hand, it is observed that
plane (220) of B-15—150 is slightly broader than that of the
others. This is probably due to the interstitial oxygen defects
that being introduced by the excess doping from high oxygen/
Ar flow ratio during sputtering deposition.”> Figure 1b—e
showed top views of SEM images of NiOx films prepared by
various oxygen flow ratios. The grain size of all NiOx films is
fairly small (<100 nm), and the surface is closely packed with

Table 1. Notation List of NiOx Compact Layer Prepared
under Various Sputtering Parameters (oxygen flow ratio and
sputtering time)

oxygen flow ratio (O,/

Ar+0;) (%) sputtering time (s)

notation of

film® 0 S 10 1S5 0 100 125 150 175 200
A-0-0 o) ¢
A-0-100 O ¢
A-0-125 o) ¢
A-0-150 @) ¢
A-0-175 O ¢
A-0-200 O ¢
B-5-150 (@) ¢
B-10-150 0 ¢
B-15-150 @) ¢

“A denotes the sample fabricated with pure Ar working gas, whereas B
presents the samples deposited with reactive mixture of Ar+O,. The
second digit describes the oxygen flow ratio (O,/Ar+0,). The third
digit displays the deposition time.
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Figure 1. (a) X-ray diffraction patterns of sputtered NiOx films doped
with various oxygen flow ratios. The square markers represent the
XRD peaks of ITO conductive layer. Top view SEM images of NiOx
thin film doped with (b) 0, (c) S, (d) 10, and (e) 15% of oxygen flow
ratio. The magnification of all SEM images is 70 000 with the scale bar
of 500 nm.
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Figure 2. (a) Optical transmittance spectra of sputtered NiOx films prepared using various oxygen flow ratios. (b) Optical energy band gap of NiOx
films fabricated with different oxygen flow ratios.
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Figure 3. X-ray photoelectron spectroscopy analysis with deconvolution of Ni** and Ni** of Ni 2p;, spectra of NiOx thin film doped with (a) 0, (b)
5, (c) 10, and (d) 15% of oxygen flow ratio.

NiOx thin film. Mott—Schottky plots measured from electro- 150. The variations of transmission are very marginal for such a
chemical impedance spectroscopy showed negative slopes of 1/ thin layer with thickness around 10 nm and the interference
C,.” vs applied potential indicating that the sputtered NiOx thin could have influences on the spectra. The photos of sputtered
films behaved as p-type semiconductors (see Figure S1 in the NiOx films doped with various oxygen flow ratios on ITO
Supporting Information). substrates are illustrated in Figure S2 in the Supporting

Figure 2a presents the optical transmittance spectra of NiOx Information. The optical absorption coefficient (@) can be
thin films for sample A-0-150, B-5-150, B-10-150, and B-15- estimated from three items, consisting of the film thickness (t),
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the optical transmittance (T) and reflectance (R), using eq 1.
The absorption coefficient (@) obeys the following relationship
of incident photon energy with the band gap using eq 2.

1 T
. __[1n 7]
t (1 — R ) (1)

(ahv) = (hv — Eg)" ()

E, means the separation between the bottom of the
conduction band (CB) and the top of the valence band
(VB), and hv is the incident photon energy with n as a
constant. The value of n equals to 2 or 1/2 corresponding to
the absorption behavior for direct and indirect optical
transition, respectively. The plot of (ahv)* as a function of
photon energy of NiOx films fabricated under various oxygen
flow ratios is presented in Figure 2b. As Figure 2b shows, the
optical energy band gap of films increases from 3.43 to 3.65 eV
with the oxygen flow ratio rising from 0 to 10%. While
increasing doping ratio to 15%, the band gap of the film
decreases to 3.56 eV. This trend on the changes of energy band
gap has good correlations with the flat band potential obtained
from Mott—Schottky plots (see Figure SI in the Supporting
Information) where the oxygen-doped films (B-5-150, B-10-
150) have more positively shifted flat band positions except for
sample B-15-150. Those values of the band gap are in
agreement with the energy band gap reported in the
literature.”® In general, optical transitions in metal oxide are
associated with various energy states within the material. The
major transition is related to the near band edge (NBE)
between CB and VB, whereas the other transitions corresponds
to the energy states introduced by the intraband defects such as
metal deficiency or oxygen excess for p-type metal oxide
semiconductor. The film fabricated under the highest oxygen
flow ratio (B-15-150) resulted in a reduced band gap is ascribed
to the nonstoichiometry defects of Ni vacancy (VY;) or
interstitial oxygen. The Ni vacancies and Ni** energy states in
NiOx material are located above the top of VB that would
receive electrons from VB and act as a p-type doping. Because
nickel oxide is a well-known metal deficient p-type semi-
conductor, under excess oxygen atmosphere, it is likely that the
defects are gradually formed as the following equation®’

NI + loz(g) - 0¥ + Vg, + 2Ni*

2 3)
where V{; stands Ni vacancy which could further forms singly
(Vis) or doubly (V{;) ionized defects associated with hole
generation (V§; — Vi; + h* and V{; = V{; + h*). It was
reported that interstitial oxygen defects or VY are native-
acceptor-like defects. Furthermore, Ni** is also an acceptor for
electron. Especially, V{; is the most stable defect within band
gap due to lower formation energy.”® As can be seen in Figure
2b, there is one obvious peak observed between 3 and 3.5 eV,
which suggested the formation of intraband energy states
introduced by Ni vacancies or interstitial oxygen. To analyze
the defect chemistry of the sputtered NiOx thin film, the
chemical environments of NiOx thin films with various doping
level are characterized by X-ray photoelectron spectroscopy
(XPS). As shown in Figure 3, XPS spectrum corresponds to Ni
2ps), is located at 856 eV. The Ni** and Ni*" are chosen to
deconvolute the peak of Ni 2p;/,. The binding energy of the
Ni** and Ni** of NiO and Ni,O; are assigned to around 854
and 857 eV, respectively. As eq 3 shown, the Ni** are produced

through Ni** to remain the electrical neutrality in the crystal. As
a result, the number of the Ni** ions gradually increases with
the oxygen doping concentration. From Figure 3a—d, the
integrated peak area ratio of Ni**/Ni** is evaluated to be 0.82,
1.03, 1.23, and 2.08 as oxygen doping concentration increases
from 0, 5, 10, to 15%, respectively. The results implied that the
oxygen flow ratio has significant influences on the p-type
characteristics and doping concentrations.

Previous literature has concluded that there is a dependence
of photovoltaic performance on mesoporous film thickness due
to the limit of charge (hole) diffusion length and recombina-
tion.* Therefore, we varied the mesoscopic NiO layer thickness
by changing spin-coating rotational speed during deposition
and applied the condition of 150 s deposition time to prepare
sputtered NiOx compact layer. The photovoltaic parameters
were presented in Table 2 and the J—V curves of these devices

Table 2. Summary of Photovoltaic Parameters for Devices
Fabricated with Different Mesoporous NiO,. Layer
Thickness by Changing Spin-Coating Rotational Speed

3000 rpm 4000 rpm 5000 rpm
Voc (V) 0.90 1.00 0.92
Jsc (mA/cm?) 17.75 17.4 16.91
FF 0.56 0.61 0.57
PCE (%) 8.89 10.7 9.00

are shown in Figure 4a. As we observed in Table 2, V¢ and Jsc
obviously increase with 0.08 V and 0.5 mA cm™> when
rotational speed slows down from 5000 to 4000 rpm (film
thickness of about 200 to 250 nm). The enhancements in V¢
and Jsc could be fairly attributed to the loading of perovskite
light absorber resulting from increased mesoporous NiO layer
(with film thickness of 320 nm), delivering the best cell
efficiency of 10.7%. With further slowing rotational speed down
to 3000 rpm, the V¢ and fill factor of device declined on the
contrary. Apparently, further increasing film thickness led to
higher charge (hole) transport resistance and more recombi-
nation, which caused a loss in V¢ and lower fill factor.
According to the results, we apply 4000 rpm as the best spin-
coating condition for mesoporous NiO layer preparation in the
following discussion. The color of the resulting films showed
significant visible range light harvesting. Its absorbance is
shown in Figure S3 in the Supporting Information. The optical
properties are similar to our previous results where both the
absorption spectra and photo image of perovskite film coated
on mesoscopic NiO are available." A slightly reduced
absorption between 500 and 750 nm due to film thickness
limitation is reflected in the LHE value, which decreased from
90 to 70% (Figure 3c in referencel). This unsaturated light
harvesting leads to the lower IPCE response in the
corresponding absorption range.'®

It is well-known that the thickness of TiO, compact layer has
significant impact on the solid-state DSCs.”” We expected the
thickness of NiOx compact layer would have similar influences
on the collection of photocurrent or the electron blocking
effect. Consequently, the film thickness was controlled by
varying the sputtering time from 100 to 200 s so as to explore
the effect of thickness dependence of NiOx compact layer on
the photovoltaic performance of mesoscopic NiO/
CH,;NH,Pbl; heterojunction solar cells (Figure 4b). Because
the deposited blocking NiOx films are extremely thin within
few nanometer ranges, the thicknesses are estimated by
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Figure 4. J—V characteristics measured under AM 1.5G solar irradiance (100 mW cm™) and dark for devices fabricated with (a) different
mesoporous NiO layer thickness, and using NiOx films with (b) different deposition time and (c) different oxygen flow ratios. (d) IPCE curves for

devices fabricated under various oxygen flow ratios in c.

Table 3. Summary of Photovoltaic Parameters for Devices Using NiOx Compact Layer Fabricated with Different Thickness

without Oxygen Flow during Sputtering

A-0-0 A-0-100
estimated NiOx thickness (nm) 6.0 + 0.5
Voe (V) 0.84 096
Jsc(mA/cm?) 133 15.25
FF 0.45 0.57
PCE (%) 5 8.44

A-0-125 A-0-150 A-0-175 A-0-200
8.0+ 0.5 10.0 £ 0.5 12.0 £ 0.5 14.0 £ 0.5
0.96 1.00 0.92 0.94
17.72 174 154 16.1
0.598 0.61 0.48 0.43
10.2 10.7 6.8 6.4

interpolation of film thickness deposited from a much longer
time as shown in Table 3. Meanwhile, we also fabricated
devices (A-0-0) without the NiOx compact layer. The
photovoltaic parameters of devices made with different NiOx
compact layer thickness without oxygen doping were
summarized in Table 3. It is worth noting that, surprisingly,
the device even without the NiOx compact layer (A-0-0) still
performed photovoltaic action with 5% efficiency. However,
this cell (device A-0-0) exhibited the lowest power conversion
efficiency mainly due to much lowered voltage and fill factor
compared with the other devices incorporating sputtered
compact NiOx thin film. The addition of the NiOx compact
layer significantly enhanced the rectifying current—voltage
characteristic compared to that without compact layer. The
usage of NiOx thin film is advantageous in providing electron-

11855

blocking effect and reduces charge recombination at interface
between the holes in the ITO and the electrons in the
photoactive perovskite layer. As a result, when the sputtering
time raises from 100 to 150 s, the enhancement in short-circuit
current density and power conversion efliciency is significant
with the open-circuit voltage reaching as high as 1 V. However,
we observed the devices with thicker compact layer (A-0-175
and A-0-200) delivered lower values of current density and fill
factor (FF), leading to lower conversion efficiencies. It is clear
that the device made of A-0-200 NiOx film suffered from the
low fill factor of 0.43 which tremendously impaired the
photovoltaic performance to an overall efficiency of 6.4%. This
suggests that thick NiOx film would increase series resistance
and prevent effective holes collection, causing a loss in
photocurrent and deteriorated fill factor. Thus, the results

dx.doi.org/10.1021/am503610u | ACS Appl. Mater. Interfaces 2014, 6, 11851—11858
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obviously implied that the thickness of NiOx compact layer
plays a vital role in carrier extraction and electron blocking as
interlayer between charge (hole) collective electrode (ITO)
and active layer (perovskite). For the best condition of
sputtering time with 150 s, the device A-0-150 delivered
conversion efficiency of 10.7%, with open-circuit voltage of 1 V,
short-circuit current density of 17.4 mA cm™2, and fill factor of
0.61.

Several reports have investigated the effect of oxygen flow
ratios on the electrical and optical pro erties of NiOx films
fabricated by magnetron sputtering.”>>*** Thus, we present
how sputtered NiOx compact layers prepared under different
oxygen flow ratios affect the photovoltaic performances (Figure
4c). On the basis of the investigation of film thickness effect, we
apply the condition of 150 s deposition time to examine the
influences of oxygen doping on device performances. Devices
B-5-150, B-10-150, and B-15-150 were fabricated to compare
with device A-0-150 so as to explore the effect of oxygen
doping during sputtering on the photovoltaic performance.
Table 4 summarizes the photovoltaic characteristics of devices

Table 4. Summary of Photovoltaic Parameters for Devices
Using NiOx Compact Layer Fabricated under Different
Oxygen Flow Ratios

A-0-150 B-5-150 B-10-150 B-15-150

Voc (V) 1.00 1.00 0.96 0.94

Jsc (mA/cm?) 17.4 182 19.8 14.4

FF 0.61 0.59 0.61 0.60

PCE (%) 10.7 10.8 116 8.1

integrated IPCE current 14.06 15.15 15.63 12.99
(mA/cm?)

for A-0-150, B-5-150, B-10-150, and B-15-150. Current—
voltage characteristic curves of these devices are displayed in
Figure 4c. We observed that device B-10-150 produced short-
circuit current density as high as 19.8 mA cm™?, which is
improved by almost 20% than that of device A-0-150. As we
have discussed in the transmittance spectra, the addition of
oxygen flow resulted in very marginal changes in optical
properties. We believe the phenomenal enhancement is a
consequence of electrical properties. In fact, the film B-10-150
has the lowest resistance (49.5 Q, measured by hall effect
analysis) than the others. The carrier density and carrier
mobility measured for the B-10-150 are 5.6 X 10" cm™ and 4.7
cm?/(V s), respectively. The results showed a high mobility
with low carrier concentration, which is beneficial for a window
layer where free carrier absorption shall be minimized. Another
impact of high oxygen doping is the reduced voltage with
increasing doping level. It is likely that the defects at the surface
are recombination sites that shunt the device. Our results
implied that there seems to be an optimal doping level that
yields the most suitable properties for NiOx as blocking layer
for this device. Once the film is overdoped, the defects
introduced by the excess oxygen will result in highly disorder
materials with high resistivity and deteriorate the photovoltaic
performances. Another possibility is the surface states (Ni** as
confirmed by the XPS) incorporated with high oxygen doping
will act as trap states that facilitate interfacial charge
recombination and reduce our current and voltage output.
Figure 4d illustrates the incident photon-to-electron conversion
efficiency (IPCE) response of these devices. From Figure 4d, it
can be apparently observed that devices B-5-150, B-10-150, and

B-15-150 showed higher IPCE responses below S00 nm than
device A-0-150. The high-energy photons are absorbed in the
perovskite at the light incident side close to the NiOx surface.
The doping could probably increase conductivity and resulted
in better charge collection. This interesting feature is still under
investigation. On the other hand, as oxygen flow ratio increased
to 15%, the photocurrent density of device B-15-150
dramatically decreased to 144 mA cm™2 As can be seen in
Figure 4d, the IPCE values of device B-15-150 in the range
between 500 and 770 nm are relatively lower by 20% than the
others. According to its comparatively high resistance (0.27 k<,
measured by hall effect analysis), we expect the highly doping
of oxygen introduced interstitial oxygen defects and Ni
vacancies, which lead to inferior crystallinity (as shown in
XRD and XPS) and stronger scattering for carrier transport.
Therefore, excess oxygen flow ratio during sputtering end up
with detrimental effects for device performance. Device using
NiOx film deposited under oxygen flow ratio of 10% (B-10-
150) delivered the best conversion efficiency of 11.6% with
open-circuit voltage of 0.96 V, short-circuit current density of
19.8 mA cm™2, and fill factor of 0.61. It is noticed that the
AML.S G and IPCE integrated current value are considerably
lower (10—20%) compared with the short circuit current
measured from the IV protocol. The IPCE and AMI.5G
integrated values are presented in Table 4. The value could
differ from the short circuit current due to the mismatch
between light source and AMI1.5G, or nonlinearity of
photovoltaic performance against light intensity. Normally, a
10% difference is considered as an acceptable value. We have to
point out that the IV characterizations are measured inside the
glovebox right after the device fabrication. However, the IPCEs
are measured under atmosphere without encapsulation so that
the oxidation of PCBM or degradation from perovskite can
occur. We have tested the evolution of the IPCE as the
exposure time in atmosphere (see Figure S4 in the Supporting
Information). It is obvious that the IPCE suffered degradation
within the first 30 min. These could be the reason that our
IPCE values are lowered than the short circuit current obtained
from IV characteristics.

Recently, many highly efficient perovskite photovoltaic
devices are constructed as thin film (or planar heterojucntion)
solar cells where no nanocrystallines are required.>®® The low-
temperature sputtering process reported in this article has the
advantage to compatibly work with the flexible devices using
planar perovskite-based hetrojunction architecture without
mesoscopic layer. This provides a robust inorganic alternative
to the most commonly used low-temperature solution-
processed organic hole extraction layer for perovskite-based
solar cells.

In this report, we employed low-temperature sputtered NiOx
thin film as hole extraction and electron blocking layer for
mesoscopic NiO/CH;NH;PbI; heterojunction solar cells. We
found the film thickness of NiOx compact layer plays an
important role in device performance. Moreover, with adequate
oxygen doping, the photovoltaic performance of device could
be further enhanced. We have realized the first report that
investigates the use of sputtered NiOx thin film on the
photovoltaic performance of perovskite-based solar cells with
the effects on film thickness and oxygen flow ratios. The
mesoscopic NiO/CH;NH;Pbl; photovoltaic devices using this
method remarkably improved in both photocurrent and overall
efficiency compared with our previous work using solution
based NiOx thin film. The best cell made with adequate oxygen
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flow doping of 10%, achieved device efficiency of 11.6% with
Jsc as high as 19.8 mA cm™.
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Experimental procedures, Mott—Schottky plot, photo of NOx
sputtered substrates, absorbance of perovskite coated on
mesoscopic NiO film, IPCE evolution in atmosphere. This
material is available free of charge via the Internet at http://
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