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ABSTRACT: In this work we reported sputter deposited NiO,/Ni double layer as an HTM/contact couple in normal
architecture of perovskite solar cell. A perovskite solar cell that is durable for more than 60 days was achieved, with increasing
efficiency from 1.3% to 7.28% within 6 days. Moreover, low temperature direct deposition of NiO,, layer on perovskite layer was
introduced as a potential hole transport material for an efficient cost-effective solar cell applicable for various morphologies of
perovskite layers, even for perovskite layers containing pinholes, which is a notable challenge in perovskite solar cells. The angular
deposition of NiO, layers by dc reactive magnetron sputtering showed uniform and crack-free coverage of the perovskite layer
with no negative impact on perovskite structure that is suitable for nickel back contact layer, surface shielding against moisture,
and mechanical damages. Replacing the expensive complex materials in previous perovskite solar cells with low cost available

materials introduces cost-effective scalable perovskite solar cells.
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1. INTRODUCTION

As a potential light absorber, organometal trihalide perovskite
(OTP) structures explore a wide range of highly efficient solar
cells. During the past years, many studies have been conducted
to enhance the efficiency, durability, and cost-effectiveness of
the perovskite solar cells (PSCs).'* The OTP is an ideal
photovoltaic material that exhibits an almost 1.5 eV direct
optical band gap and allows exciton bonding energy and long
diffusion length (~1 pm) and a broad range of light absorption
covering the visible to near-infrared spectrum (800 nm) with
high extinction coefficient (~10* ecm ' at S50 nm).>”’
Choosing an appropriate electron transport material (ETM)
and hole transport material (HTM) for extracting electron and
hole, respectively, from OTP absorber has a high impact on
PSC efficiency. By now, a certified 20.1% power conversion
efficiency® was reported while the previous certified report was
17.9%.” Nevertheless, using expensive materials such as
2,29,7,79-tetrakis(N,N-di-p-methoxyphenylamino)-9,99-spiro-
bifluorene (spiro-OMeTAD),”'"" poly(3,4-ethylenedioxythio-
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phene), (PEDOT:PSS),">~“poly(3-hexylthiophene) (P3HT),
poly[bis(4-phenyl) (2,4,6-trimethylphenyl)-amine] (PTAA),
and carbon nanotubes (CNTs)'>'® as HTM, [6,6]-phenyl-
C61-butyric acid methyl ester (PCBM)'>'”'® as ETM, and also
noble metals (Au, Ag, Pt) as counter electrodes impose a high
cost for fabrication of PSCs. In some attempts, scientists
achieved valuable results in decreasing the cost of PSCs
fabrication by substituting the HTM and noble metals counter
electrode by graphite and carbon electrodes.'”*" To reach a low
cost PCS, in some works, in addition to Ti02,21’22 Zn0,'%*
and AL,O; (as an inert wide band gap scaffold structure),”*** as
the low cost ETMs, cheaper inorganic materials such as Cul*®
and CuSCN?*’ as HTMs are also reported. In this regard,
graphite and carbon electrodes'””® are employed as hole
conductor free PCSs. Furthermore, in some inverted structures,
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NiO and NiO, are used as a potential HTM instead of spiro-
MeOTAD.'®*® However, it is worth mentioning that, in these
structures, PCBM is used as an ETM, which is considered as an
expensive material. Replacing the organic HTM with inorganic
materials improves the device stability and provides versatile
choices for materials selection and device design. Besides, in
some interesting attempts, using nickel as a cathode contact on
the spiro-MeOTAD showed a 10.4% power conversion
efficiency. Thus, using this material is regarded as an
appropriate candidate for the gold contact replacement with
the reported 11.6% power conversion efficiency.”

By removing the mesoscopic layer, planar heterojunction
device architectures are gradually attracting more attention, as
they simplify device preparation and reduce material cost. Many
reported planner PSCs such as TiO,/perovskite/spiro-
MeOTAD,””*" ZnO/perovskite/spiro-MeOTAD,*** and PE-
DOT:PSS/perovskite/Cg,'>'” showed low cost fabrication with
optimum 15.7% efficiency, which competes with that of
mesoscopic PSCs. In a majority of works, except those
conducted on printable graphite counter PSCs (which involve
two to three step high temperature sintering processes needing
considerable time and cost), using one of the high cost
materials as ETM (such as PCBM) or HTM (such as spiro-
MeOTAD, P3HT, and PTAA) is common. On the basis of the
interesting properties of NiO, such as optical transparency,
chemical stability, good conductivity of holes, tunable work
function from 5.0 to 5.6 eV, and low cost, we chose it as a
potential electrode interlayer in inorganic sandwiched PSCs. As
the perovskite layers are highly sensitive to some solvents and
deposition processes, to complete the device in both direct and
inverted structures, the methods for uniform perovskite surface
coverage are limited to some polymeric based materials.
Moreover, there is no report in physical deposition on the
perovskite top layer due to some limitations in surface
coverage, generated heat, and structure infiltration. In addition,
using metal oxides as both n-type and p-type materials for PSCs
is a future vision and has appeal because of their robust
behavior, long-term durability, low cost, and, above all,
environment and market friendly characteristics. In this work,
we successfully replaced the high cost HTMs and ETMs
previously reported in PSC works in PSCs using compact rutile
TiO, as an ETM and NiO,/Ni as a HTM/noble metal contact.
Since filling the nonflat structure of perovskite prepared by
common two-step methods and some ununiformed one-step
methods is impossible using normal sputtering methods, in this
report we achieved a highly durable PSC by controlling the
engineered NiO, sputtered layer on CH;NH;Pb; Cl; perov-
skite layer.

Sputtering is among the interesting methods in deposition of
uniform, dense, and pinhole-free semiconductors and metal
layers and is an appropriate method for deposition of low
roughness surfaces. Despite all remarkable properties of
deposited layers by the normal sputtering method, the low
surface coverage of rough surfaces is one of the noticed
shortcomings in the use of this method in fabrication of PSCs.
Hence, engineering the deposition technology in sputtered
layers for achieving satisfactory perovskite layer coverage may
fulfill both low cost and scale-up possibility aspects in PSC
fabrication. Besides, generated heat during the deposition and
accelerated atoms within the sputtering method can affect the
perovskite layer and, as a result, the cell performance.
Therefore, designing a comprehensive and precise technique
pointing to the effective parameters in deposition of both NiO,,

and Ni layer on perovskite layer might alleviate some problems
involved in inorganic sandwiched PSCs and allow its industrial
teasibility.

In this work, we successfully deposited a robust and uniform
NiO, thin film on a perovskite layer for extracting the generated
hole from the perovskite layer and subsequently a nickel layer
as a contact with a work function state very close to that of gold
and NiO, HOMO. Sputter deposited NiO, as an inorganic
HTM on perovskite layer in normal architectures has not been
reported so far.

2. EXPERIMENTAL DETAILS

2.1. Preparing Compact Layer. FTO-coated glass
substrates were patterned by Zn powder and 2 M HCI etching
solution. The patterned FTO substrates were cleaned by soap—
deionized water solution, followed by ultrasonication at 50 °C
deionized water, ethanol, and isopropanol and then were
subjected to an Os/ultraviolet treatment for 20 min. After
cleaning the substrates, the back side and contact part of FTO
side were masked by pieces of transparent adhesive tape. A
rutile TiO, compact layer was prepared on the basis of the
previously reported procedure.’’ In brief, the masked FTO
layers were immersed into 200 mM TiCl, in DI water solution
placed in a sealed container and kept in an oven at 70 °C for 1
h. After gently washing the deposited FTO substrates with
water and ethanol for 1 min, the tape masks were removed and
dried at 100 °C in air for an hour. After drying, the contact part
of the FTO side was masked again by pieces of tranparent
adhesive tape to be prepared for future perovskite deposition.

2.2. Synthesis of CH;NH;l. The CH;NH,I was synthesized
by reacting 24 mL of CH;NH, and 10 mL of HI in a 250 mL
round-bottom flask at 0 °C for 2 h with stirring. The precipitate
was collected using a rotary evaporator through careful removal
of the solvents at 50 °C. The as-obtained product was
redissolved in 100 mL of absolute ethanol and precipitated with
addition of 300 mL of diethyl ether, and this procedure was
repeated thrice. The final CH;NH,I was collected and dried at
60 °C in a vacuum oven for 24 h.

2.3. Deposition of Perovskite Layer. Deposition of the
perovskite layer on thin rutile TiO, compact layers was done at
room temperature and air atmosphere with 20% moisture
content. For the perovskite layer, a 1:3 ratio of PbCl,: CH;NH,I
with the concentrations 203 and 350 mg were mixed in 1 mL of
DMEF, respectively. The mixture solution was stirred at room
temperature overnight and spin-coated on rutile TiO, compact
layers at 2000 rpm for 30 s, and then annealed at 100 °C for 45
min.

2.4. NiO,/Ni Sputtering Layer. For deposition of NiO,
electron barrier layer on the as-prepared perovskite layer, dc
reactive magnetron sputtering of industrial metallic nickel target
(99.97%) was used. NiO, deposition was carried out in 3
mTorr oxygen atmosphere (99.9995%), 12 cm distance of
nickel target, and 80 W power. To inhibit temperature rising
during the sputtering, we adjusted the distance between target
and substrates, besides using noncontinuous deposition with 15
min deposition and 10 min delay between any sequences.
Maximum substrate temperature was 95 °C. For good coverage
of the perovskite surface by NiO,, the rotating substrate holder
was used. Thickness measurement was done by piezoelectric
thickness measurement apparatus (SQM-242 codeposition
control and software, Sigma Instrument) for various 10, 20,
30, 40, and 50 nm thicknesses of NiO, layers. A NiO, layer was
deposited on a whole perovskite layer, except the masked
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Figure 1. (a) Schematic energy level diagrams of the FTO/TiO,/CH;NH;Pbl; ,CL/NiO,. (b) Cross sectional FE-SEM image of FTO/TiO,/
CH,;NH;Pbl, ,CL/NiO,. (c) Schematic structure of the prepared device. (d) Charge generation and transport mechanism of the inorganic
sandwiched perovskite solar cell. (e) Grazing incident XRD pattern of rutile TiO, compact layer grown on FTO substrate.

contact part of FTO in a rotating 45° tilted substrate for having
a uniform coverage on rough surface of the perovskite layer.
For nickel contact, after NiO, deposition, a 0.1 cm? active area
shadow mask with a nonsubstrate rotating and 90° deposition
angle was used. Nickel contact deposition was carried out at 3
mTorr deposition pressure of argon atmosphere (99.9995%),
industrial nickel target (99.97%), and 75 W dc magnetron
power. The nickel contact thickness was 250 nm. Monitoring
the deposition temperature on the substrate surface indicates
that the cell temperature did not exceed 100 °C.

2.5. Prepared Device by Spiro-OMeTAD/Ag. Right after
the annealed perovskite layers were cooled to room temper-
ature, the spiro-OMeTAD based hole transporting layer [72 mg
spiro-OMeTAD, 17.5 uL lithium-bis-
(trifluoromethanesulfonyl)imide (Li-TFSI) solution (520 mg
Li-TFSI in 1 mL of acetonitrile), and 26.6 mg of 4-tert-
butylpyridine all dissolved in 1 mL chlorobenzene] was
deposited by spin-coating at 2000 rpm for 30 s. With the

21809

deposited spiro-OMeTAD kept in a desiccator for 12 h, the
thin 150 nm silver contact was deposited on the spiro-
OMeTAD by a thin stainless steel shadow mask to create a 0.1
cm’ active area.

2.6. Thin Film and Device Characterization. To study
the microstructure and morphology of the deposited films, field
emission scanning electron microscopy (FE-SEM, S4160
Hitachi) and atomic force microscopy (AFM, Veeco
PCResearch) were used. The phase structure and crystal size
of films were also investigated by X-ray diffraction (XRD,
Philips Expert-MPD). XRD was performed in the 6—26 mode
using Cu Ka with wavelength of 1.5439 A radiation. All the
XRD experiments were performed at grazing incident angle of
2°. The optical characteristics of deposited films were analyzed
by UV—vis spectroscopy using the wavelength range 190—1000
nm. The photocurrent—voltage (I—V) characteristics of solar
cells were measured under one sun (AM1.5G, 100 mW/cm?)
illumination with a solar simulator (Sharif solar simulator). The
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four-point collinear probe method (Signatone) was used to
measure the sheet resistivity. Steady-state PL measurements
were acquired using a Varian Cary Eclipse fluorescence
spectrometer.

3. RESULTS AND DISCUSSION

Figure la shows the energy level diagram of the FTO/TiO,/
CH;NH;Pbl; CL,/NiO,/Ni device, containing two inorganic
electron (TiO,) and hole (NiO,) extraction sandwich layers for
PSC. As shown in the band diagrams, generated electrons can
easily transfer to the TiO, layer because of high electron affinity
of TiO, in the interface of TiO, and the perovskite layer, and
the generated hole can preferably diffuse into the NiO, layer
considering the 5.4 eV band level diagram adjustment for both
perovskite and NiO, layers. Figure 1b illustrates field emission
scanning electron microscopy of inorganic sandwiched PSCs
with total thickness being less than 1000 nm. In the present
study, we employed a compact layer of TiO, rutile structure
grown by a simple method of chemical bath deposition at the
low temperature of 70 °C, which resulted in a strong charge
extraction on the rutile TiO, layer as compared to that of
anatase structure.”’ After deposition of a perovskite layer on
low roughness surface of TiO, through one-step spin coating of
CH,NH;I and PbCl, solution, a well-covered and uniform thin
NiO, film using rotational 45° substrate reactive magnetron
sputtering was deposited on rough perovskite layer. By
completing the NiO, deposition, a 250 nm nickel layer was
deposited through a 0.1 cm® shadow mask creating active area.
Figure lc shows the order of layers in the FTO/TiO,/
CH,;NH,PbI; ,CL/NiO,/Ni solar cell structure. In PSC,
despite a long diffusion length of charge carriers, a short circuit
of the structure is very common in the presence of a small
pinhole or nonuniformity in ETM compact layer or light
absorber perovskite layer. In addition, reaching the metal back
contact to the ETM layer (here the TiO, layer) leads to a
considerable declination in V. and drop in cell performance.
However, on the other side, there are some works that show a
low performance decrease while electron and hole transport
materials reach the surface contact. This phenomenon can be
attributed to the wide gap between HOMO and LUMO levels
of HTM and ETM, resulting in a drop in recombination rate as
compared to transportation rate.”*® It is reported that, with
infiltration mechanism of perovskite through FTO/compact
TiO,/mesoporous TiO,/mesoporous NiO/carbon structure,
the champion cell reaches 11.6% PCE with V,. of 890 mV,
current density of 182 mA/cm? and fill factor of 71%.% As
discussed in the present study, because of large charge
recombination resistance, contacting NiO and TiO, porous
layers does not considerably deteriorate the cell performance.
As shown in Figure 1d, in the case of a perovskite containing
pinhole structure, the same structure of FTO/TiO,/
CH;NH,Pbl; ,CL:NiO/Ni is developed. Thus, even if the
perovskite could not completely cover the surface of the TiO,
compact layer, using the engineered sputtering technique, NiO,
uniformly covers both perovskite and TiO, to inhibit short
circuit of the cells, while depositing the Ni back contact. In this
regard, a sandwiched perovskite with inorganic layers of
compact TiO, and NiO, is generated for better charge
extraction. Hence, this method would be a comprehensive
way of making a good junction between perovskite and NiO,, or
the same electron blocking layers such as vanadium oxide
(V,0;) and molybdenum trioxide (MoOQj,) in the planar PSCs.

Figure le shows the grown rutile phase of TiO, with
corresponding JCPDS card 21-1276 on the FTO substrate.
Although deposition of perovskite layers by chemical
methods is very simple and cheap and creates coarse grain
sizes consequently resulting in better performance in PSCs,*” it
mostly forms a nonuniform structure and contains pinholes. As
shown in Figure 2a, deposition of the perovskite layer by the
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Figure 2. FE-SEM images of (a) perovskite layer on FTO/TiO,
compact layer deposited at 2000 rpm and annealed for 100 °C, (b)
cross sectional image of NiO, layer on FTO/TiO,/CH;NH,;Pbl; Cl,
by rotating 45° tilted substrate reactive magnetron sputtering, (c)
cross sectional image of nickel contact layer on FTO/TiO,/
CH,;NH;Pbl; ClL,/NiO, layer by nonrotating 90° substrate reactive
magnetron sputtering. (d) The surface image of FTO/TiO,/
CH,NH,Pbl, ,Cl,/NiO,/Ni.

solution of PbCl, and CH;NH;I in DMF creates a rough,
course-grain, and somehow nonuniform pinhole containing
structure (perovskite synthesis and deposition procedures are
described in Experimental Section). According to the direct-
path deposition mechanism of sputtering, deposition of the
NiO,, by rotating sputtering on this perovskite structure cannot
cover the total surface of the perovskite and the pinholes
(Figure Sla). As a result, there will be a weakness in surface
coverage and compactness of NiO, layer, leading to a major
short circuit problem in the designed device. Surprisingly, by
tilting the substrate for approximate 45° against the sputtering
target, we could create a compact, pinhole-free, and uniform
NiO, layer on an almost whole surface of the perovskite and
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the possible existing pinholes in the perovskite layer, which
previously caused the most major problem in a short circuit of
the prepared cells (Figure 2b and Figure S1b). We used a
nonrotating 90° deposition angle for depositing 250 nm of
nickel contact on NiO, electron blocking layer (Figure 2c and
Figure Slc), relying on the compactness of NiO, on the
perovskite and pinholes, which creates a uniform NiO, layer for
landing the Ni atoms in back contact deposition. As shown in
Figure 2d and Figure S2a,b, the final Ni contact layer uniformly
covers the active area of the perovskite/NiO, layer through a
shadow mask.

During the sputtering, the plasma increases the substrate
temperature because of high energy release during the hitting of
nickel target by ionized oxygen and argon atoms. This
procedure incredibly increases the substrate temperature in
long deposition time and damages the perovskite layer, causing
its degradation to Pbl,. Moreover, partial substrate temperature
improves substrate adhesion to the perovskite layer and
crystallinity of the NiO, thin film. To control the substrate
temperature during the sputtering, besides using cold-water
circulation for cooling the target, we adjusted the distance
between substrate and target and used periodic deposition with
15 min delay between every sequence. The maximum
temperature rise in this work was 95 °C. Also, deposition
sequences initiated after reaching the substrate temperature to
55 °C. As shown in the XRD pattern of Figure 3a and the
photograph of back and top sides of the PSC (Figure S3), after
several attempts, the modified deposited layers with 12 cm
distances and 15 min delay between sequences showed no
changes on the perovskite layers. The total deposition
parameters are presented in the Supporting Information.

To investigate the surface topography changes and
homogeneity, we used tapping and phase mode analyses of
atomic force microscopy (AFM), respectively. Spatial maps of
topography, phase image, and lineal roughness for surfaces of
TiO,/perovskite, perovskite/NiO,, and perovskite/NiO,/Ni
are shown in Figure S4. As shown in Figure S4a,b, spin coating
of the perovskite layer on TiO, layer shows some gross
structures containing some pinholes. The nonhomogeneity of
the perovskite layer is shown in the phase image of perovskite
layer on TiO, (Figure S4c). According to XRD analysis, no
Pbl, phase was detected in the perovskite layer. Hence, the
phase changes in the phase image can be attributed to surface
phase changing from perovskite to TiO,, implying the presence
of pinholes in the perovskite structure. By deposition of surface
containing perovskite and existing pinholes by 45° angular
deposition of NiO,, the surface showed more uniformity
(Figures S4d,e) and complete homogeneity (Figure S4f). This
behavior guarantees complete surface coverage by the NiO,
layer, and the absence of a pinhole to cause a short circuit in the
final deposition of nickel back contact. In this study, the surface
uniformity (Figures S4gh) and homogeneity (Figure S4i) were
improved by deposition of nickel back contact.

Although a majority of the PSCs prepared by organic HTM
like spiro-OMeTAD show optimum performance in the first
days of working, in this work we found the reverse behavior
when using NiO, as an HTM prepared by reactive magnetron
sputtering. Figure 3b and Table 1 show the respective J—V
curves and parameters measured at AM1.5G solar illumination
for inorganic sandwiched PSC at tracing of as-prepared samples
and those after one, three, and six days. The as-prepared cells
showed a low performance of 1.3%, with a V. magnitude of
0.69 V, current density of 3.09 mA/cm?, and fill factor of 0.64.
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Figure 3. (a) XRD pattern of perovskite/NiO, double layer and Pbl,
thin film. (b) J—V curves measured at AM1.5G solar illumination for
inorganic sandwiched perovskite solar cell of pristine sample and
samples from one, three, and six days at tracing. (c) The device
performance in various perovskite layer retention days of as-prepared
sample and samples from one, three, and six days in the dry air
followed by repeating the device analysis at lifetime days of one, three,
and six. (d) EDS elemental analysis of deposited perovskite on the
glass substrate.
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Table 1. Performance Parameters of the Sandwiched
Inorganic Perovskite Solar Cell with 40 nm Nickel Oxide as
a HTM at Tracing Days of As-Prepared Samples and
Samples after One, Three, and Six Days

device NiO, layer
lifetime resistivity
(days) Voe (V) Ji (mA/ecm®) FF  PCE (%) (€ cm)

as-prepared  0.67 3.09 0.64 1.3 120

1 0.8 7.35 0.47 2.77 86

3 0.83 10.62 0.52 4.65 66

6 0.77 17.88 0.53 7.28 32

Unexpectedly, the day after, the cell performance increased to
2.77%, with a rise in both V,_ (0.8 V) and J,. (7.35 mA/cm?)
and a drop in fill factor to 0.47. This improved cell performance
can be attributed to declining resistivity of the NiO, layer by
decrease in residue strain developed during the sputtering
process.” As reported before, annealing for a long time at low
temperature or high temperature for a short time may release a
large amount of residue strains generated during the sputtering
method.**” By releasing this strain in the interface of the
perovskite and NiO, layers, which is mostly posed to
compressive strain at the low deposition pressure,”® a good
junction for charge transportation is potentially developed
between perovskite and NiO,, layers. Thus, in addition to good
charge transport leading to high current density, a charge
recombination drop occurs in the interface of the perovskite
and NiO, layer and results in larger open circuit voltage. A

decrease of the fill factor after 1 day can probably be explained
by charge recombination within the NiO, layer that still
contains a large amount of defects.’”” On the third day, by
increasing the cell parameters to V. of 0.83 V, current density
of 10.62 mA/cm?, and fill factor of 0.52, the cell performance
reached 4.65%. As previously mentioned, both V. and current
density are improved because of strain release and consequently
high charge mobility in both interface and NiO, layers. The fill
factor in the third day increased possibly because of strain
release in the NiO, layer, which consequently results in low
scattering charge effect and high hole mobility in the NiO,
layer.”” On the sixth day, the perovskite cells showed the best
performance of 7.28% with expected increase in fill factor and
current density. As shown in Figure 3b and Table 1, the open
circuit of the cell drops to 0.77 V, probably due to the high
charge transport induced from an approximate strain release in
a 40 nm thick NiO, layer both in the interface and the NiO,
layer. This drip implies that high charge transport does not
allow high charge accumulation at the Fermi level, which
consequently causes a lower state of the Fermi level and lower
V.. By day six, since the deposited layer of NiO, on perovskite
layer results in no change in the final surface coverage, the high
rise of current density to 17.88 mA/ cm?® could be because of
decreasing NiO, resistivity and high charge extraction capability
by the NiO, layer. Besides, as both electronic properties and
surface coverage of perovskite by NiO, layers play a key role in
emerging high current density in PSCs, it is implied that a good
coverage of the perovskite layer by the NiO, layer is obtained in
this work. Through this coverage, the cell could reach a high
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current density by benefiting from high charge extraction
properties of the TiO, and NiO,, layer. The same behavior was
observed with some deterioration in performance by annealing
of the device at 70 °C up to 12 h, rather than long-term room
temperature annealing. This behavior is explained by structure
grossing and formation of some defects in the interfaces of
NiO, and perovskite layers through fast annealing process. So,
the time necessity can be facilitated and simulated with
annealing temperature. We performed the resistivity measure-
ment of the NiO, layer at the device lifetime of as-prepared, day
one, day three, and day six to study the resistivity change over
six days. A four-point collinear probe method was used to
measure the sheet resistivity. As shown in Table 1, the
resistivity of the sheet decreased by day six. The drop of sheet
resistivity of sputtered NiO,, which can result from increasing
the carrier mobility by releasing the sheet resistance in 6 days or
12 h annealing at 70 °C, causes an improvement in the cell
performance up to 4.6 times that of the as-prepared cells.
Furthermore, as reported before, deposition of the NiO, layer
at low temperature generates greater carrier concentration
which causes lower resistivity.*'

To study the comparative enhancement of the device by
intrinsic perovskite and NiO, layer enhancement from six days
of working, after deposition of the perovskite layer we kept the
perovskite layers in dry air (80% pure nitrogen and 20% pure
oxygen) followed by deposition of the NiO, layer at various
retaining days of one, three, and six. The deposited NiO, layer
was kept in and analyzed at the same device lifetime of one,
three, and six days after deposition. As shown in Figure 3,
deposition of NiO, on the perovskite layers retained in the dry
air indicates just a slight increase within the first day of
retention with no considerable change in further retention days
of 3 and 6. Thus, it can be concluded that device enhancement
by the perovskite structure is negligible as compared to that of
strain release of the NiO, layer by six days. Further tracing of
the prepared devices at various retention times showed a similar
increment in device performance at the cell lifetime of as-
prepared samples and those after one, three, and six days

To reveal the value of the Cl in the structure, we performed
EDS characterization analysis to estimate the existence of
chlorine in the structure. As shown in Figure 3d, the detected
amount of chlorine by EDS measurement was around 0.07%
that is negligible compared to the 49% of iodine in the
perovskite structure. Hence, the chlorine might never
contribute in the perovskite structure, so that the present
perovskite structure could be CH;NH;Pbl,. Therefore, by
forming the perovskite layer from respective 1:3 ratio of
PbCl,:CH;NH;I in DMF, the probable structure of perovskite
would be CH;NH;Pbl;. Note that the same behavior was
previously proposed by Wai Ng** and Gratzel.*

To study the effect of NiO, thickness on cell performance
parameters, various NiO,, thin film thicknesses of 10, 20, 30, 40,
50, and 60 nm were deposited on the perovskite layer under the
same deposition condition. The characterized cell parameters
shown in Figure 4 indicate that, with no NiO, deposition, a
serious short circuit is created due to the large amount of
pinholes existing in perovskite structure. Increasing the NiO,
thickness from 10 nm may decrease the probability of surface
coverage defects. Accordingly, as shown in Figure 4a, the
magnitude of V. drops as the thickness of the NiO, thin film
decreases. The increase in thickness of the NiO, layer does not
affect the current density of the cell until it exceeds 40 nm, so
that there probably might be no considerable change in NiO,

thin film resistivity up to thickness of 40 nm. However, once
this thickness exceeds 40 nm, the resistivity of the NiO, layer
increases and causes a noticeable charge transport limitation.
Fill factor of the cells showed somehow the same behavior of an
open circuit for various NiO, thicknesses. Since the major
decrease in fill factor could be attributed to charge
recombination of interface and transport materials, a slight
decrease in fill factor for S0 nm was observed, where this drop
can be explained by the charge recombination induced by
transport resistance and produced traps in high NiO, layer
thicknesses."* At higher NiO, thickness of 60 nm, the cell
parameters continued deteriorating, and cell performance
considerably weakened.

The durability of the cells was traced by keeping the
fabricated cells at 25 °C ambient atmosphere with 28 + 2%
moisture, in comparison to similar structure fabricated with
spiro-OMeTAD and silver as a standard sample. As shown in
Figure 5, the fabricated perovskite cell with NiO, as an HTM

—=— FTO/TiO,/Perovskite/NiO /Ni

:Ii ® o FTO/TiO /Perovskite/Spiro-MeOTAD /Ag
8 [

PCE (%)

Lifetime (Days)

Figure S. Device performance durability of top side of FTO/TiO,/
CH;NH,PbI,; .Cl,/NiO,/Ni and back side of FTO/TiO,/
CH;NH;Pbl;  Cl,/spiro-OMeTAD/Ag by 60 days.

reaches maximum efficiency of 7.24% after 6 days and remains
approximately stable for 60 days. On the other hand, the same
structure with spiro-OMeTAD as an HTM started deteriorating
just after having a maximum efficiency of 8.24% at the first stage
of fabrication and was completely out of efficiency by 12 days.
The HTM layer as the outermost layer, despite having a good
hole extraction affinity, could play as a surface shield for water
and oxygen diffusion barrier. The HTM layer properties such as
density, uniformity, hydrophobicity, and vulnerable reactivity
with water can affect the cell durability. As shown in Figure 5,
spiro-OMeTAD cannot protect the perovskite from degrada-
tion, while NiO, remains stable even after 2 months. As widely
reported, deposition of NiO, by reactive sputtering shows a
compact and very dense layer through which there is a low
chance for water molecules to diffuse. Note that, in addition to
intrinsic strong physical properties of the inorganic NiO, layer,
deposition of inorganic semiconductors by sputtering shows
strong surface mechanical properties such as scratching,
indentation, and wear resistance.”*® Hence, the finished
surface, as well as high capsulation properties of deposited
NiO, layer on perovskite, can protect the perovskite layer
against mechanical damage.

Optical properties of single and multilayer PSCs were studied
by UV—vis spectroscopy using two precise optical channels of
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Figure 6. (a, b) Transmittance spectra of layers. (c) Perovskite photoluminescence study of single and double layers by 600 nm wavelength
excitation for electron and hole transport materials of a sandwiched perovskite solar cell. (d) Various NiO, thickness effect on perovskite
photoluminescence spectra. (e) NiO,/perovskite lifetime effects on perovskite photoluminescence spectra. (f) NiO, layer resistivity and NiO,/
perovskite photoluminescence quenching ability in different lifetimes of the device. The normalized value of photoluminescence quenching ability
was defined by the ratio of the photoluminescence value of the perovskite/NiO, double layer at different lifetimes of as-prepared samples and those
after one, three, and six days to the pure value of the single perovskite layer.

200—500 nm and S00—900 nm (Figure 6). Since perovskite
layers indicated an absorbing ranging from 500 to 800 nm, a
500—900 nm channel was applied in this work to investigate
optical properties of perovskite layers. As shown in Figure 6a,
there is a slight shift in absorbing edge to larger wavelength by
coating the TiO, thin layer on FTO. In addition, there is no
obvious transmittance below 350 nm, so the whole wavelength
lower than 350 nm is diminished by FTO and TiO, layers. The
figure also indicates that there is a larger band gap for NiO,

21814

around 3.6 eV which confirms a wide enough band gap for
NiO, as an HTM. Figure 6b presents visible spectroscopy of
FTO, FTO/TiO,, FTO/TiO,/perovskite, glass/perovskite, and
glass/NiO layers. This spectroscopy for FTO and FTO/TiO,
shows large transmittance, so that a big share of light intensity
is absorbed by the perovskite layer. Moreover, since the NiO,,
layer is the upper layer of perovskite, its low transmittance does
not affect the cell performance. The figure also shows an
alteration in absorbance of FTO/TiO,/perovskite and glass/
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perovskite layers at 680 nm probably because of the surface
morphology of perovskite layers that induces various scattering
properties. Thus, deposition of the perovskite layer on TiO,
substrate created by chemical bath deposition produces
different morphologies than those of perovskite layer on the
glass substrate. It is worth mentioning that the deposited
perovskite layer on the TiO, layer shows a dark brown color,
whereas deposition of perovskite on glass produces a dark black
color.

To study the charge extraction properties of double layers,
we studied the PL quenching properties of double layers. The
PL of perovskite, perovskite/NiO,, TiO,/perovskite, and
perovskite/(various thickness of NiO,) on glass substrate was
measured. The 600 nm excitation light was irradiated from the
opposite side of the quenching layer with an incidental angle of
30°, and the photoluminescence was collected (Figure 6a,b). As
shown in Figure 6a, TiO, as an electron transport layer could
quench the photoluminescence of the perovskite layer by a high
rate electron extraction from perovskite layer. Besides, for its
considerable hole extraction ability obtained from the perov-
skite layer, NiO, can be a good candidate for hole extraction
and transportation materials. Investigation of various NiO,
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thicknesses on hole extraction ability were also conducted
using the photoluminescence spectra from glass/perovskite/
NiO, (10—50 nm) layers. Increasing the NiO, thickness by 40
nm can significantly quench the photoluminescence of
perovskite probably due to a drop in thin film resistivity,
while increasing the thickness to 50 nm decreases the hole
extraction ability of NiO, layer possibly due to a larger amount
of defects and low carrier concentration in thicker layers. We
performed PL study of the perovskite/NiO, double layer at the
working times of as-prepared samples and those after one,
three, and six days. Figure 6e shows gradual increase in
quenching ability of holes by NiO, layer by 6 days. As shown in
Figure 6f, by decreasing the sheet resistivity by 6 days, which
might be caused by strain releasing of the NiO, layer in both
the interface and the NiO, layer, the charge extraction ability of
the NiO, increased and, in turn, resulted in a drop in the
recombination resistance in the interface of NiO, and
perovskite layers.

As well as durability, we studied and compared the
performance of the perovskite layers with two different
HTM/contact couples of spiro-OMeTAD/Ag and NiO,/Ni
As shown in Figure 7, the cells prepared with NiO,/Ni as a
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HTM/contact layer indicate an efficiency value just 1% less
than that of the same structure prepared by spiro-OMeTAD/
Ag as an HTM/contact layer. The prepared cells with NiO,
show larger current density as compared to that of the same cell
prepared by spiro-OMeTAD. This behavior can be probably
ascribed to the good junction at the interface and good charge
extraction properties of the NiO, layer. The lower magnitude of
V.. in the FTO/TiO,/perovskite/NiO,/Ni device than the
same structure of FTO/TiO,/perovskite/spiro-OMeTAD/Ag
may be due to higher recombination in the interface of NiO,
and TiO,. Therefore, cell performance can be improved by
increasing the V. and fill factor, once the pinholes in the
perovskite are removed. We performed the dark J—V analysis to
study the recombination resistance of the prepared perovskite
solar cells prepared by NiO and spiro-OMeTAD as HTM. In
addition, to present the pinholed perovskite effect, the prepared
cells with and without perovskite layers were investigated. As
shown in Figure 7c, despite the high charge recombination
resistance in the NiO and TiO, interface, this interface shows
lower recombination resistance in comparison to the same
architecture prepared by spiro-OMeTAD as an HTM. As
shown in Figure 7c, the existence of pinholed perovskite layer
between NiO and TiO, or spiro-OMeTAD and TiO, layers did
not considerably affect the dark J—V results and current density
of the cells, probably due to large number of pinholes in the
perovskite layer.

4. CONCLUSION

In summary, we introduced a successful technique of physical
deposition of NiO, as an HTM on the perovskite layer for
strong charge extraction. In this paper, we depicted whole
inorganic sandwiched PSC with an efficient champion PCE of
7.28%. Use of a new reactive magnetron sputtering technique
was discussed for gaining good coverage and junction between
perovskite and NiO, layer at low deposition temperature.
According to sputtering deposition method for NiO, described
in the main text, this technique can be used for other perovskite
deposition procedures, resulting in various perovskite structures
even with pinholes. Upon removal of NiO, thin film strain by
time passing (long time room temperature annealing), the cell
performance enhances from 1.3% to 7.28%. The prepared cells
showed an interesting long-term durability over more than 2
months, while the performance of the same structure with
spiro-OMeTAD as HTM and silver as back contact quickly
declined within the first days of working and completely
deteriorated by 12 days. In addition to valuable cell
performance and long-term durability, the preparation cost of
the cell with the FTO/TiO,/CH;NH,Pbl, Cl/NiO,/Ni
structure is quite low compared to that of the FTO/TiO,/
CH;NH;Pbl; Cl,/spiro-OMeTAD/Ag structure. Hence, this
structure has great potential to hit the PSC market.
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