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Copper(l) lodide as Hole-Conductor in Planar Perovskite
Solar Cells: Probing the Origin of ]-V Hysteresis

Gaveshana A. Sepalage, Steffen Meyer, Alexander Pascoe, Andrew D. Scully,
Fuzhi Huang, Udo Bach, Yi-Bing Cheng, and Leone Spiccia*

Organic—inorganic lead halide perovskite solar cells are promising alterna-
tives to silicon-based cells due to their low material costs and high photovol-
taic performance. In this work, thin continuous perovskite films are combined
with copper(l) iodide (Cul) as inorganic hole-conducting material to form a
planar device architecture. A maximum conversion efficiency of 7.5% with an
average efficiency of 5.8 + 0.8% is achieved which, to our knowledge, is the
highest reported efficiency for Cul-based devices with a planar structure. In
contrast to related planar 2,2,7,7'-tetrakis-(N,N -di-4-methoxyphenylamino)-
9,9’-spirobifluorene (spiro-OMeTAD)-based devices, the Cul-based devices do
not show a pronounced hysteresis when tested by scanning the potential in a
forward and backward direction. The strong quenching of photoluminescence
(PL) signal and comparatively fast decay of open-circuit voltage demonstrates
a more rapid removal of positive charge carriers from the perovskite layer
when in contact with Cul compared to spiro-OMeTAD. A slow response on

a timescale of 10-100 s is observed for the spiro-OMeTAD-based devices. In
comparison, the Cul-based device displays a significantly faster response as
determined through electrochemical impedance spectroscopy (EIS) and open-
circuit voltage decays (OCVDs). The characteristically slow kinetics measured
through EIS and OCVD are linked directly to the current-voltage hysteresis.

of these devices, two configurations of the
photoactive layer have been employed: (i) a
mesoporous-structured layer in which the
photoactive organo lead iodide perovskite
(APDI;) is infiltrated into the mesoporous
material® or (ii) a thinner dense planar-
structured APbI; film,[®1% where A is an
organic cation, typically alkylammoniuml!
or formamidinium,!'*'? usually deposited
onto an electron-extracting layer. Both
the mesoporous and planar films have
produced high device efficiencies when
effective electron-transporting and hole-
transporting materials (HTMs) have been
utilized.3-7] Titanium dioxide has been
used widely as an efficient and stable
electron-extracting layer, although other
materials such as ZnOU! or [6,6]-phenyl-
Cgp-butyric acid methyl ester (PCBM)[1%201
have also resulted in devices with high
performance, whereas devices without
an electron-extracting layer have been
reported with up to 14% efficiency.?!l A
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1. Introduction

Hybrid organic—inorganic perovskite solar cells are attracting
significant interest as a result of the rapid increase in record
power conversion efficiencies (PCEs) from 3.6% to values cur-
rently exceeding 20% within a few years.'””] For the majority
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different structure in which the hole-con-

ductive layer is deposited directly onto the

substrate followed by the perovskite layer
and electron-conductive material on the top of the HTM, usu-
ally referred to as “inverted” in the perovskite solar cell field,
has also been reported.[20-22:23]

In the first reports of perovskite solar cells, liquid-state elec-
trolytes based on I7/I;~ redox couple were employed, which
resulted in inferior performance.l'?* In contrast, the application
of solid-state organic HTMs, such as 2,2",7,7'-tetrakis-( N,N-di-4-
methoxyphenylamino)-9,9’-spirobifluorene (spiro-OMeTAD),®2]
poly(triarylamine)  (PTAA),”'® and poly(3-hexylthiophene)
(P3HT)20 in perovskite solar cells has resulted in outstanding
device efficiencies. Perovskite-based devices largely derive their
origins from dye-sensitized solar cells (DSSCs). In DSSCs, the
mesoporous n-type semiconductor and adjacent HTM sepa-
rate the electrons and holes generated by the light absorption
of the dye.?”] In this regard, the aforementioned HTMs served
as charge-separating materials as well as hole-conducting mate-
rials. Perovskite-based cells are characterized by the rapid dis-
sociation of excitons within the perovskite layer,?®! and free car-
riers are generated within the light-absorbing material itself.!!
Due to this distinction, the design of HTMs for high efficiency
perovskite-based devices differs from that for DSSCs, despite the
fact that both technologies have a common history.
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The organic HTMs are typically doped with lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) and 4-tert-butyl-
pyridine (+-BP) with the aim of improving the device perfor-
mance.’234 Although most high-efficiency perovskite solar
cells generally employ organic hole conductors, they appear
unlikely to feature in the commercialization of perovskite solar
cells due to their cost (e.g., for spiro-OMeTAD) and uncer-
tainties about long-term device stability. As device instability
mainly results from the degradation of perovskite by oxygen
and moisture,*>3% the presence of a hygroscopic lithium salt in
many organic HTMs is unfavorable.’’l Additionally, the other
common additive, +-BP, has been reported to interact with the
perovskite material,*® and organic polymers with 7-conjugated
systems can be degraded by the presence of oxygen and light.1’]
Therefore, one of the current challenges in perovskite solar cell
research is either to design a stable HTM-free device or to find
a suitable, low cost, and stable HTM.

Inorganic HTMs are promising alternatives to organic
HTMs,“#1 ag are device structures that do not incorporate
an HTM layer.*243] Cul,#!l CuSCN, 044461 and NiOH 48] have
been successfully applied as inorganic HTMs and have led to
maximum PCEs of 6.0%, 16.6%, and 14.9%, respectively. The
meso-structured devices incorporated thick Cul or CuSCN
HTM layers, each about 1 pm, deposited by solution-processed
techniques on a mesoporous TiO,/perovskite structure.*%*1] In
comparison, the normal (i.e., non-“inverted”) planar devices uti-
lized a thinner perovskite film (=500 nm), and efficiencies up to
7.2% were reported for devices using CuSCN as the HTM.[#4#]
Although the perovskite film is more susceptible to being dam-
aged by polar solvents during the inorganic HTM deposition
process, the planar device architecture is highly attractive for
future solar cell fabrication as it does not require sintering of a
mesoporous scaffold.!718]

The current-voltage (J-V) hysteresis behavior of perovskite
solar cells has been discussed widely in recent literature.[*9->3l
The current response of the reverse scan from open-circuit to
short-circuit (V,.—V,) generally produces higher currents com-
pared to the forward scan from short-circuit to open-circuit
(Vo V). Defects that act as electron traps in the perovskite
film, conceivable ferroelectric properties of perovskite material,
and ion migration have all been proposed as possible explana-
tions for the hysteretic behavior.*>>* Kim and ParkP®!l reported
a reduction in the hysteretic behavior on introduction of a thick
mesoporous titania film and ascribed this to fast charge extrac-
tion by the TiO, scaffold. Electrochemical impedance spec-
troscopy (EIS) measurements indicated a decrease in the low-
frequency capacitance with the inclusion of a thick TiO, layer.
In other studies, a slow response in transient measurements
was attributed to the migration and accumulation of mobile
ions at relevant selective contacts.’335] However, despite much
research interest, the physical origins of the hysteresis are yet
to be fully described.

The present study investigates the application of a solution-
processed inorganic HTM (Cul) layer in planar-structured per-
ovskite solar cells. The challenges addressed in this investiga-
tion include: (i) how to avoid the dissolution of perovskite film
during inorganic HTM deposition; (ii) how to control the inor-
ganic HTM morphology; and (iii) how to achieve good inter-
facial layer contacts. Cul was chosen as the inorganic HTM
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due to its higher solubility in organic solvents compared to
CuSCN, and its higher hole mobility (Cul: 0.5-2 cm? V! 571 vs.
CuSCN: 0.01-0.1 cm? V=1 s71).5657] To the best of our knowl-
edge, there is only one reported application of Cul as an inor-
ganic HTM in a perovskite solar cell. Kamat and co-workers !l
achieved a maximum PCE of 6.0% and average PCE of 3.7%
for a cell-design consisting of a dense TiO, layer/meso-struc-
tured perovskite/Cul/gold. In the present work, an inorganic
HTM has been successfully applied in planar-structured
devices consisting of a dense TiO, layer/planar perovskite/Cul/
graphite, and significant improvements in device performance
were achieved. The Cul-based devices also displayed a greatly
reduced current-voltage hysteresis compared to the conven-
tional spiro-OMeTAD-based devices. The physical differences
between these two HTMs, including the differences in the hys-
teretic behavior, were explored using time-resolved photolumi-
nescence (PL) spectroscopy, EIS, and open-circuit voltage decay
(OCVD) characterization techniques.

2. Results and Discussion

2.1. Device Fabrication and Optimization

In the first step of device assembly, a dense TiO, layer (=50 nm)
was deposited by spray pyrolysis of a Ti(acac),('PrO), solution
on fluorine-doped tin oxide (FTO)-coated glass substrate. This
dense layer acted as a hole-blocking layer and avoided con-
tact between the HTM and the underlying FTO layer. As the
(CH;3NH;)PbI; perovskite layer used for planar device archi-
tecture is relatively thin, Cul can easily form short-circuits
between the electrode and counter electrode through pinholes
in the perovskite layer. Therefore, the coverage and thickness
uniformity of the TiO, blocking layer were important to obtain
reproducible devices with high performance.

The perovskite layer was deposited using a gas-assisted tech-
nique from a solution containing lead iodide and methylammo-
nium iodide in DMF, as reported by our group recently.”® This
technique enables the formation of perovskite grains that are
firmly adhered to the blocking layer and uniformly packed.l®l
The perovskite film thickness was optimized for the Cul-based
devices by varying the (CH3;NH;)PbI; content in the precursor
solution between 40 and 50 wt%, and applying a constant spin
speed during film deposition (Figure S1, Supporting Informa-
tion). The optimum was found to be 45 wt% leading to a per-
ovskite layer thickness of 300-400 nm, which was also found
previously to efficiently absorb sunlight in spiro-OMeTAD-
based devices.F®!

The Cul layer was deposited by doctor blading a solution of
Cul in di-n-propylsulfide/chlorobenzene solvent mixture under
ambient conditions, as described in the methods section and
reported previously by Christians et al.*!l To fabricate the Cul
film, it was important to move the hand-driven drawdown
bar (Figure 1a) rapidly to ensure that the di-n-propylsulfide
(Pr,S) solvent evaporates quickly and does not interact with
the underlying perovskite layer. The arrangement of the per-
ovskite and Cul layers are clearly visible in the scanning elec-
tron microscopy (SEM) images (Figure 2a,b). The images show
that there is a distinct separation between each layer. The Cul
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Figure 1. Schematic drawings (not to scale) of a) Cul deposition by

manual doctor blading and architectures of devices constructed with:
b) gold; c) graphite counter electrodes.

layer used in this study was approximately 400 nm thick and
consisted of small particles that are connected to form a 3D
structure (Figure 2b,c). The Cul surface was found to be rough
and showed gaps between particles (Figure 2c). No systematic
variation in device performance was found as a function of the
Cul film thicknesses, which ranged from <200 nm to 1 pm
(Figure S2, Supporting Information). An alternative method
involving spin coating of an equivalent solution was also tri-
aled, but did not produce a uniform Cul film. Therefore, the
doctor-blading method was employed in device fabrication.
Kamat and co-workers have reported mesoporous structured
Cul-based devices comprising a gold counter-electrode.*! In
the present study, planar-structured devices were fabricated
using either a gold or graphite counter-electrode. Graphite
layers fabricated using doctor blading resulted in devices with
superior performance (Figure 3) than devices comprising a
gold counter-electrode (Figure S4, Supporting Information). It
is thought that the rough Cul surface and the presence of gaps
between particles in the planar structure increase the possibility
of forming short-circuits upon deposition of gold. In contrast,
for the spiro-OMeTAD-based devices, the performance was sig-
nificantly increased using a gold counter electrode (Figure 3)
compared to the graphite counter electrode (Figure S6, Sup-
porting Information). For the latter, solvent-based graphite
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Figure 2. SEM images of a perovskite solar cell with Cul as HTM: a) cross
section; b) cross section at higher resolution; and c) top view of the Cul
surface. The devices were not coated with graphite for the cross-sectional
SEM images to obtain a clearer image and avoid graphite particles cov-
ering the cross section.

deposition was less successful because the spiro-OMeTAD layer
dissolved in the chlorobenzene present in the graphite disper-
sion. As an alternative method, a pressed graphite layer was
transferred on the top of the organic HTM in this study. A com-
prehensive overview of the various device-type performances as
a function of counter-electrode materials is presented in Table
S1 (Supporting Information). Based on these results, a gold
counter-electrode was used for spiro-OMeTAD-based devices
and a graphite counter-electrode for Cul-based devices in order
to achieve optimum device performances.

2.2. Device Characterization
2.2.1. Photovoltaic Performance

The photovoltaic performance of a batch of 38 perovskite/
Cul/graphite devices is shown in Figure 3a, and the distribu-
tion of the J-V parameters can be found in Figure S3 (Sup-
porting Information). These data were obtained by reverse
(Voc— V) scanning at 0.1 V s7! rate. On average, the Cul-
based devices achieved a short-circuit current density (J;) of
16.7 £ 1.0 mA cm™2, an open-circuit voltage (V,) of 672 £ 80 mV,
a fill factor (FF) of 0.52 + 0.04, and an efficiency (1) of 5.8
0.8%. The best-performing cell achieved an efficiency of 7.5%
(Table 1). The J-V results of a batch of 15 spiro-OMeTAD-
based devices made using the same conditions are also shown
in Table 1. The highest recorded efficiency was 15.8%, with
an average of 14.1 + 1.0%. The planar architecture adopted in
this study, in combination with a graphite counter electrode
has resulted in both higher performance and reproducibility
compared to previously reported meso-structured Cul-based
devices.*!l During the optimization process, a device efficiency
above 5% was measured regardless of the perovskite film com-
position. This indicates that comparatively high efficiencies can
be maintained despite changes in the thickness or texture of
the perovskite film (Figure S1, Supporting Information). The
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Figure 3. Characterization of planar-structured perovskite solar cells constructed with Cul as a HTM: a) PCE distribution for a batch of 38 devices;
b) J-V curve of the best-performing FTO/TiO,/perovskite/Cul/graphite device at 0.1 V s™' scanning rate in reverse direction (V,. — Vp); ) steady-state
current and efficiency of the best performing Cul-based device, measured at an applied bias of 530 mV; d) IPCE spectrum of the best performing Cul-
based device; e) stability data of a batch of six Cul-based devices stored under nitrogen atmosphere and dark conditions for 50 d and afterwards in air
for 25 d; f) J-V curve of the best performing FTO/TiO,/perovskite/spiro-OMeTAD/gold device at 0.1 V s™' scanning rate in reverse direction (V, — Vj).

PCE also remained above 5% when the Cul layer thickness
was varied between 75 and 1000 nm (Figure S2, Supporting
Information).

For the best-performing Cul-based device, a steady-state
efficiency of 7.6% was measured at an applied bias of 530 mV
corresponding to the maximum power output (Figure 3c). The
incident photon-to-current efficiency (IPCE) curve (Figure 3d)
shows that the devices effectively harvest light across the entire
visible spectral region, as has been documented previously for
perovskite solar cells.'”>°-%2 The integrated current density of
16.2 mA cm™2 calculated from the IPCE data is in good agree-
ment with the J value of 16.7 mA cm™ measured for the best
performing device. For comparison, the J-V performance of the
best spiro-OMeTAD-based device is shown in Figure 3f.

Theoretically, the Cul-based perovskite solar cells should
produce a V. of close to 1 V (cf. TiO, conduction band min-
imum at 4.2 eV, Cul valence band maximum at 5.2 eV).’l How-
ever, our devices only achieved a V. of 672 = 80 mV, although
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this is still higher than the 550 mV previously reported for
meso-structured perovskite devices using Cul as an inorganic
HTM.I*! This lower-than-expected voltage has been attributed
to rapid recombination at the perovskite/Cul interface based on
the high hole-mobility of Cul (0.5-2 cm? V! s71)P compared
to spiro-OMeTAD (1.6 x 1072 cm? V! s71).3% The average V,.
and average ], values in this study were significantly higher
than Cul-based meso-structured devices*!l but the fill factors
(FFs) were lower.

The improved V.. and J,. of the new Cul-based device
architecture are postulated to arise from reduced interfacial
electron-hole recombination and short-circuiting,®3l and to the
improved reproducibility of the device performance. It is also
possible that the rapid deposition of the thin HTM layer used
in this study minimizes artifacts generated in perovskite layer,
as discussed above. Additionally, a better Cul/counter electrode
contact has been achieved employing graphite compared to
gold, as evident from the performance of either device type;
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Table 1. Comparison of the photovoltaic performance of planar devices
based on Cul and on spiro-OMeTAD HTMs.

HTM/electrode Statistic  Js. [mA Voe FF n
] [mV] (%]
Cul/graphite Best 16.7 780 0.57 7.5

Cul/graphite Average 16.7+1.0 672+80 0.52+0.04 5.8+0.8
spiro-OMeTAD /gold Best 23.5 1030 0.655 15.8

spiro-OMeTAD/gold ~ Average 21.2+1.1 1030+30 0.65+0.03 14.1+1.0

see Figure 3b (Cul/graphite) vs Figure S4 (Supporting Informa-
tion) (Cul/gold). According to the latter J-V curve, Cul-based
devices with a gold counter electrode are strongly shunted, indi-
cating that gold penetrates into the nanostructured Cul during
the thermal evaporation process. Despite the increased per-
formance of Cul/graphite-based devices and excellent charge
transport properties of Cul, these solar cells did not reach the
high short-circuit currents exhibited by the spiro-OMeTAD-
based devices. This reduction in the current can be attributed,
in part, to the higher series resistance of the graphite elec-
trode, as seen in the comparison between the spiro-OMeTAD/
graphite and spiro-OMeTAD/gold devices (Table S1, Supporting
Information, Figure 3f, Figure S6, Supporting Information).
The average J,. of Cul/graphite (J,c = 16.7 mA cm?) is reduced
by approximately 20% compared to the high performing spiro-
OMeTAD/gold devices (Ji = 21.2 mA cm™2). Another factor that
leads to a decreased photocurrent is faster interfacial recombi-
nation at perovskite/Cul interface, as observed in the OCVD
measurements (see below) and previously reported by Kamat
and co-workers for meso-structured Cul-based devices.[*!] The
low V,. observed in Cul-based devices as discussed above and
the low recombination resistance shown by EIS measurements
(see below) further confirm the faster rate of recombination. If
recombination is fast enough to compete with charge extraction
at short circuit, the short-circuit current (J) will be reduced.

2.2.2. Stability

The stability of a batch of six non-sealed devices was recorded
over a period of 50 d of storage under nitrogen in the dark
(Figure 3e). These cells were exposed to air for ca. 1 h during
each J-V characterization measurement before being returned
to the nitrogen enclosure. The average PCE for these cells
remained constant throughout the 50 d, indicating little deg-
radation of the devices. After 50 d, the same devices were
exposed to air for a further 25 d. The device performance
declined rapidly, most likely due to the degradation of per-
ovskite layer. It has been reported previously that moisture is
capable of decomposing the perovskite material, leading to
the formation of yellow-colored PbI, precipitate.®*%] In com-
parison, meso-structured perovskite/Cul/Au devices have
been exposed to air over a period of 54 d with little variation of
device performance.l!! This implies that Cul HTM layer itself
is suitably stable in air. The porosity of the graphite layer, cou-
pled with a thinner Cul layer, used in the present work means
that the devices are more susceptible to moisture ingress and
subsequent degradation of the perovskite layer. Therefore,
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encapsulation of the active area is required for the sustained
operation of the planar devices.

2.2.3. J-V Dependence on Scan Rate

Given the well-documented “hysteretic’ behavior of normal
(i-e., non-“inverted”) planar-structured perovskite solar cells,
the performance of the optimized Cul-based and spiro-
OMeTAD-based devices was measured at a range of scan
speeds in both forward (V, —»V,) and reverse (V,. —V;) direc-
tions (Figure 4). Scans at 0.1, 1, and 0.04 V s7! for Cul-based
devices (Figure 4a—c, respectively) and spiro-OMeTAD-based
devices (Figure 4d,e, respectively) illustrate the relatively minor
hysteresis observed in the Cul-based device at all scan rates;
the results are independent of scan rate, within experimental
uncertainty. In contrast, the spiro-OMeTAD-based device dis-
plays a strong hysteresis at higher scan rates, which is reduced
at lower scan rates. As an example, there were significant dif-
ferences in the J-V curves for the spiro-OMeTAD-based devices
at scan rate 0.1 V s7!. Efficiencies of 10.3% and 14.3% were
recorded in the forward and reverse directions, respectively. In
comparison, the Cul-based device showed efficiencies of 7.6%
and 7.5% in the forward and reverse directions, respectively.

2.2.4. Steady-State Current Measurements

In a typical J-V measurement, the current is recorded within
a short time (10-250 ms, respective to scan rates of 1 to
0.04 V s71) after the bias is applied and there is little time for
the systems to stabilize. The capacitive current that is stored or
released by the perovskite material is too large to be corrected
for this type of fast scans.ll This capacitive current can result
in a difference in the photocurrent measured during the for-
ward and reverse scans leading to J-V hysteresis. We measured
the steady-state currents of the devices with a 20 s settling time
at each applied potential. The potential sweeps were performed
in both forward and reverse directions. The results are shown
in Figure 5. Spiro-OMeTAD-based devices typically took more
than 20 s to deliver a stable current regardless of the scan direc-
tion (see Figure 5a,b). In contrast, the Cul-based devices dis-
played a much quicker response following each voltage step
and the current typically stabilized after 1 s, as is clearly shown
in Figure 5c,d. The faster response is suggestive of a lower
capacitive current and, consequently, less hysteresis when Cul
is used as the hole-conductor.

The results described so far pertain to J-V measurements
carried out on spiro-OMeTAD-based devices comprising a gold
counter-electrode and Cul-based devices comprising a graphite
counter-electrode. To ensure that the hysteresis observed for the
spiro-OMeTAD-based devices is unaffected by the counter-elec-
trode material, ]-V measurements were conducted on spiro-
OMeTAD-based devices having a graphite counter-electrodes
(FTO/dense-TiO,/CH3;NH;3PbI;/spiro-OMeTAD/graphite).
Similar -V hysteresis was observed for spiro-OMeTAD-based
devices irrespective of whether a gold or graphite counter-
electrode was used (Figures S6 and S7, Supporting Informa-
tion). This result also indicates that the J-V hysteresis in not

Adv. Funct. Mater. 2015, 25, 5650-5661
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Figure 4. J-V curves of the Cul-based device at scan rates of a) 1V s™';¢) 0.1V s™'; and e) 0.04 V s7'. J-V curves of a spiro-OMeTAD-based device at
scan rates of b) 1V s7';d) 0.1V s™'; and e) 0.04 V s7'. Reverse (V,. — Vo) and forward (V, — V,) scanning directions are shown for each scan rate.
Each scan was performed independently to reduce any polarization (memory) effect remaining from previous scan. There was a dark interval of 30 s

between each scan.

influenced by the lower performance of the Cul/graphite device
(5.8 £ 0.8% average PCE) compared to the spiro-OMeTAD/
graphite device (5.5 £ 2.1% average PCE), but more so by the
different interfacial effects of the perovskite in contact with the
Cul and spiro-OMeTAD materials.

2.2.5. Photoluminescence Quenching

Although the donor/acceptor interface is very important in
terms of the exciton separation and assoiated PL quenching in
organic photovoltaic systems, the low-exciton binding energy
(only a few meV) in the perovskite phase allows spontaneous
generation of free charge carriers upon photoexcitation under
the ambient laboratory temperatures used in the present

Adv. Funct. Mater. 2015, 25, 5650-5661

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

work.[?83% The PL emission from the perovskite phase is a
result of band-to-band radiative recombination of these free
charge carriers. The use of a contacting HTM results in the
quenching of PL from the perovskite film. Analysis of the PL
quenching behavior of these systems provides information
about the rate of the charge (hole) injection into the HTM
material from the perovskite layer relative to that of recombi-
nation of photoinduced charges created within the perovskite
phase.Therefore, PL emission measurements were performed
on planar perovskite films, perovskite/spiro-OMeTAD
bilayers, and perovskite/Cul bilayers (Figure 6a) formed
directly on plain glass substrates to ascertain the efficiency of
charge separation by the two hole conductors. The relative PL
quenching by a contacting Cul layer is markedly greater than
that of a spiro-OMeTAD layer. Similarly, the time-resolved PL
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Figure 5. Steady-state current measurements using forward and reverse stepwise voltage sweeps for the spiro-OMeTAD-based (a, b) and Cul-based

(c, d) devices.

decay data show that perovskite/Cul sample produces a faster
decay compared to the perovskite/spiro-OMeTAD sample
(Figure 6b). This is attributed to a more rapid injection of
holes into the Cul layer, preventing the radiative recombina-
tion of carriers within the perovskite film. The PL results and
J-V hysteresis observation cannot be directly related because
the timescales of these two processes differ by several orders
of magnitude.

—o—Perovskite
4.5 .~ Perovskite/Spiro b)
11— Perovskite/Cul

Y
~

Counts / 1000
N
e

—— Perovskite/Spiro
—— Perovskite/Cul

2.2.6. Electrochemical Impedance Spectroscopy

EIS measurements can provide insights about charge trans-
port, recombination, and accumulation of charges within
the perovskite-based devices. Previously reported impedance
studies of mesoscopic and planar structures typically observed
two or three impedance features, including observations of a
transmission-line response within both the mesoporous scaf-
fold and the perovskite film itself.l*”-7%) However, subsequent
reports of EIS in planar perovskite devices indicated that the
observation of a transmission-line response,
due to charge transport and recombina-
tion within the perovskite layer, is highly
unlikely.”") We have previously proposed
an equivalent-circuit model, expanding on
other formative studies,”! to assign the two
impedance features seen in planar perovs-
kite devices.’l The high-frequency feature

§ig] 10 is attributed largely to charge accumulation
o at the interface between the perovskite layer
0.0 et . ‘ . : i, [ B . | [ . and the hole-selective or electron-selective
700 720 740 760 780 800 820 840 160 200 240 280 320 360 400 materials’®%”73 whereas the lower-frequency
Wavelength / nm Time / ns feature is suggested to be associated with

Figure 6. Photoluminescence emission spectrum of: a) perovskite film, perovskite/Cul bilayer
and perovskite/spiro-OMeTAD bilayer systems; b) PL emission decay at 775 nm of perovskite/
spiro-OMeTAD and perovskite/Cul bilayer systems. The films were coated on glass and illumi-

nated from glass side.
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the dielectric response of the perovskite
layerP271 and the slow structural changes
associated with this dielectric response.’*
Whether this characteristically slow response
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Figure 7. a) Nyquist plots obtained for a Cul-based device (circles) and a spiro-OMeTAD-based device (squares). Fits are shown in the dashed lines
and the equivalence circuit used for fitting the impedance response is provided in the inset. b) Variation in Ry, and Cy, as a function of potential for both
devices. Impedance measurements were performed under constant illumination. ¢) OCVD measurements for Cul-based and spiro-OMeTAD-based
devices; and d) their corresponding instantaneous relaxation time constants, T, as a function of the V,..

is due to the dielectric polarization of the perovskite material, %%
or the movement of ionsP4 is yet to be shown conclusively. The
equivalent-circuit used to describe these two features comprises
the series resistance, R, the interfacial recombination resist-
ance, R, the selective contact capacitance, C,, the dielectric
relaxation resistance, Ry, and the dielectric contact capacitance,
Cy; (Figure 7a). The equivalent-circuit elements describing the
dielectric impedance response, Ry, and Cg, are based on the
widely used Debye relaxation model.”>! The Ry, and Cg, values
calculated from the low-frequency feature reflect the dielec-
tric polarization of the perovskite material. The slow dielectric
response of the perovskite material, which is given by the low-
frequency feature of EIS, has been cited as a possible source of
the anomalous hysteresis seen in perovskite solar cells.[*’]

The Nyquist plots shown in Figure 7a illustrate the high-fre-
quency and low-frequency impedance features typically observed
in planar perovskite solar cells.”%7? The low-frequency intercept
of the Z,. axis provides an indication of the interfacial recombi-
nation resistance, R,...”!) The curves in Figure 7a suggest that
the interfacial recombination resistance in the Cul system is
significantly lower than that of the spiro-OMeTAD system. This
can be attributed to the relatively fast recombination rate at the
perovskite/Cul interface, which was also observed by Christians
et al.*!l The faster interfacial recombination in the Cul-based
system was equally observed through photovoltage transients, as
shown in Figure S5 (Supporting Information). Figure 7b shows
the fitted Ry, and Cy, values for both the Cul-based and spiro-
OMeTAD-based devices. The latter device type displays a higher
dielectric relaxation resistance as well as a higher dielectric
relaxation capacitance than the Cul-based device. As has been
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mentioned previously, these two equivalent-circuit parameters
relate to the dielectric polarization of the perovskite material in
the interfacial regions.”? The higher Cy, and Ry, values in the
spiro-OMeTAD-based device imply that there is both a stronger
polarization of the perovskite material, and that this polarization
is more resistant to relaxation.

In the case of the Cul-based devices, it is likely that the rela-
tively fast charge recombination at the perovskite/Cul interface
results in a smaller charge build-up, and a lower ensuing elec-
tric field at this interface. The electric field-induced response
of the perovskite has been cited as a prominent factor affecting
this slow behavior,”® and it is likely that this response is most
apparent at the high-field strength interfacial regions.””) The
weaker electric field experienced at the perovskite/Cul interface
region may account for the reduced polarization of the perovs-
kite dipoles in this interfacial region as seen in EIS results.
Previous reports have discussed the effects of ion accumulation
at the perovskite/contact interfaces and how this accumulation
influences the slow response of perovskite solar cells.>>7% The
introduction of lithium salts into the spiro-OMeTAD material
serves as an additional source of positive ions present at the
perovskite/HTM interface. We postulate that excess positive
charges present at this interface may be balanced by the polari-
zation of the perovskite material. In the case of the perovskite/
Cul interface, the number of balanced positive and negative
charges is proposed to be significantly lower than at perovskite/
spiro-OMeTAD interface. In this regard, perturbations to the
quasi-Fermi level produce a faster response in the Cul-based
devices. This effect can be further studied through transient
techniques, such as photo-voltage decay.
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2.2.7. Open-Circuit Voltage Decay

OCVD measurements were performed by illuminating a device
at open circuit and then monitoring the decay of the voltage
as carriers recombine after the illumination is switched off.’’]
OCVD studies have been recognized as a simple and fast tech-
nique to determine recombination lifetime (7,) and have been
used to investigate DSSCs.”” Given that the open-circuit poten-
tial is governed by the separation of electron and hole quasi-
Fermi levels within the perovskite layer, OCVD measurements
provide valuable information concerning the density of charges
remaining in the device. Therefore, OCVD measurements may
reflect the polarization of the perovskite material and the trap-
ping of charges at the perovskite/contacts interfaces. There have
been some reports of OCVD measurements for perovskite solar
cells describing two distinct stages in the decay;P>%% a rapid
decay in the millisecond timescale followed by a slow decay
in 10-100 s scale.’% The faster decay (Figure S5, Supporting
Information) of V, has been attributed to the recombination of
free charge carriers®! and the slower decay (Figure 7c,d) to the
relaxation of electric dipoles in perovskite film.’? An instan-
taneous relaxation time, 7, can be used to quantify the slow
component of the OCVD response. In this work, we have used
non-ideal relaxation, i.e., a function of voltage, which is deter-
mined through the following equation.®%

avy?
(V) ”("%d_‘:) )

Figure 7c depicts the slow component of the OCVD decay for
both Cul-based and spiro-OMeTAD-based devices. The decay
is significantly faster when Cul is employed as the HTM com-
pared to spiro-OMeTAD (Figure 7c). The magnitude of 7, as a
function of the voltage reveals a significantly shorter relaxation
time constant for the Cul-based device, which is several orders
of magnitude smaller than for the spiro-OMeTAD-based device
(Figure 7d).

The OCVD and EIS measurements indicate that the slow
decay process is much slower in the spiro-OMeTAD-based
device than in the Cul-based device. This comparatively slower
response supports our postulate that the strong accumulation
of positive charges in the spiro-OMeTAD layer is counterbal-
anced by the polarization of the interfacial perovskite layer. The
sustained separation of these charges after the illumination
is switched off leads to the slow OCVD response seen in the
spiro-OMeTAD system. The Cul system, however, is unable to
sustain this charge separation due to its lower interfacial capac-
itance and faster recombination dynamics.

The schematic diagram in Figure 8 depicts the relative
electric-field gradient (the dark blue area shown in the per-
ovskite phase) in the presence of different HTMs. Stronger
polarization occurs at the perovskite/spiro-OMeTAD interface
and weaker polarization at perovskite/Cul interface (relative
strength of polarization shown by the distance between the
positive and negative charges). The origin of this polarization
is still in question as mentioned above. In both the EIS and
OCVD measurements, the extremely slow response that is
characteristic to spiro-OMeTAD-based devices was not observed
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a)

b)

Figure 8. Schematic diagrams showing the strong dipoles and electric
field produced at the a) perovskite/spiro-OMeTAD interface compared to
weak field and dipoles at b) perovskite/Cul interface.

for the Cul-based devices and cells incorporating a Cul HTM
equally displayed little or no hysteresis in -V measurements.
We anticipate that relaxation of the polarization at the perovs-
kite/HTM interface contributes to the hysteretic effect in the
current—voltage response.

The perovskite/HTM interface therefore determines the rela-
tive extent of interfacial charge accumulation and the resulting
electric-field strength and, consequently, the characteristi-
cally slow response of the device. In addition to the dielectric
response of the perovskite material factors such as, for example,
mobile ions®>7% or trap-state discharging!*! could also be con-
tributing to the J-V hysteresis. However, even if the dielectric
response, as measured through EIS and OCVD transients, is
not the only responsible factor, it is likely to contribute signifi-
cantly to the observed -V hysteresis phenomenon.

3. Conclusion

Thin films of methylammonium lead iodide perovskite as the
photoactive layer and Cul as an inorganic HTM were deposited
by rapid solution-based processes and used in the assembly of
a planar-structured perovskite solar cell. The planar-structured
devices exhibit a higher V,. and J. than previously reported
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meso-structured perovskite/Cul solar cells. Moreover, this
architecture resulted in a maximum PCE of 7.5% (average PCE
of 5.8 + 0.8%) for Cul-based devices with significantly dimin-
ished J-V hysteretic behavior in comparison to spiro-OMeTAD-
based devices. It was demonstrated, using PL quenching data,
that hole extraction at the perovskite/Cul interface is faster than
at the perovskite/spiro-OMeTAD interface. Faster polarization
relaxation was observed using EIS and OCVD for the perovs-
kite/Cul system compared with the perovskite/spiro-OMeTAD
system. We postulate that the magnitude of the charge sepa-
ration is smaller at the perovskite/Cul interface compared to
the perovskite/spiro-OMeTAD interface. This would lead to
a smaller local electric field generated in the perovskite/Cul
system compared to perovskite/spiro-OMeTAD system and,
consequently, less polarization in the perovskite layer. Thus,
the diminished hysteresis in J-V measurements of planar
Cul-based devices is attributed mainly to the fast polarization
relaxation.

4. Experimental Section

Materials: Most chemicals were purchased from Alfa Aesar (lead
iodide) or Sigma—Aldrich (methylamine solution, hydriodic acid solution,
t-BP, di-n -propylsulfide (Pr,S), lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI), graphite powder <20 ym) and used as received. Spiro-
OMeTAD was purchased from Luminescence Technology Corporation.
FTO glass (3.2 mm thick, 8 Q sq™' sheet resistance) was purchased
from Dyesol. CH3;NH;l was synthesized by mixing solutions of CH3NH,
(20 mL, 0.23 mol, 40 wt% in water) and HI (10 mL, 76 mmol, 57 wt% in
water) in water (100 mL). After stirring for 1 h, all volatiles were removed
on a rotary evaporator at 60 °C. The product was dried in high vacuum
(107 bar) at 60 °C for 24 h. The graphite suspension used for counter
electrode fabrication was prepared by dispersing graphite particles
(20 pm) in chlorobenzene (10 wt%) and ball milling for 4 h.

Dense TiO, Layer Fabrication: FTO-coated glass was laser engraved
to separate the two electrodes and cleaned by ultra-sonication in 1%
Helmanex surfactant solution, water, and ethanol, respectively. After
drying, a dense TiO, layer was deposited onto the FTO substrate by spray
pyrolysis of a Ti(acac),(PrO), (bis(isopropoxide)bis(acetylacetonato)
titanium(IV)) solution (1:9 Ti(acac),(PrO),:ethanol) at 450 °C.[*2
Approximately 4 mL of this solution was sprayed on to the 10 x 10 cm
substrate.

Perovskite ~ Deposition: ~ Various ~ (CH3NH;)Pbl;  perovskite
compositions between 40 and 50 wt% were used in optimization
of the device performance (Figure S1, Supporting Information). For
example, to prepare the 45% (CH;NH;)Pbl; perovskite solution,
stoichiometric amounts of lead iodide (Pbl,) (289 mg, 0.627 mmol)
and methylammonium iodide (CH3;NH;l) (99.7 mg, 0.627 mmol)
were dissolved in dimethylformamide (500 pL), and the solution was
stirred for 10 min. Other solutions were prepared by the same method.
The perovskite solution (25 pL) was spin coated at 6500 rpm onto
a substrate with an approximate area of 1 cm? using a gas-assisted
deposition process.’®l Subsequently, the film was annealed at 100 °C on
a hotplate for 10 min. The deposition and annealing were performed in a
dry box under a nitrogen atmosphere.

Cul Deposition: Cul was deposited on the (CH3;NH3)Pbl; film in air
by rapid doctor blading of a 0.1 m Cul solution (1:39 mixture of Pr, S/
chlorobenzene) following the procedure of Christians et al.*!l Two drops
of Cul solution were first placed on the edge of the glass substrate,
which was maintained at 70 °C, and were allowed to heat for 30 s. The
drawdown bar was then moved back and forth rapidly (approximately
5 cm s71) over the surface of the perovskite film until a thin layer of
solution remained on the surface (Figure 1a). Once the solvent had
evaporated, the process was repeated until four coating cycles were
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completed. The film was then left to dry on the hot plate at 70 °C for
1 min.

Spiro-OMeTAD Deposition: A spiro-OMeTAD solution was prepared by
dissolving spiro-OMeTAD (20.8 mg, 17.0 mmol), LiTFSI (3.9 pL, 6.8 pmol
of a 500 mg mL™" stock solution in acetonitrile) and ¢-BP (8.4 pL,
57 pmol) in chlorobenzene (250 pL). A 25 pL aliquot of this solution was
coated on the perovskite film by spin-coating at 3000 rpm for 30 s.

Counter-Electrode Fabrication: To complete the devices, two types of
counter electrodes were used as follows (Figure 1b,c):

Type A (Gold): An elemental gold layer (100 nm) evaporated on the
HTM layer using a thermal evaporator.

Type B (Graphite): For Cul-based devices, graphite particles (10-20 pm)
were dispersed in chlorobenzene (10 wt%) and doctor bladed onto the
Cul HTM layer and heated at 70 °C for 3 min. A Cu adhesive tape was
placed on the graphite and a small pressure applied by hand with a
Scotch adhesive tape in order to fix the Cu plate to the cell. The cathode
cable was then soldered to Cu tape to complete the devices.

For the spiro-OMeTAD-based devices, the dispersion of graphite in
chlorobenzene was doctor bladed on to poly(ethyleneterephthalate) film
and dried in air. The graphite pad was then placed on the spiro-OMeTAD
layer and pressed at 20 kpsi by cold isostatic pressing. The cathode
cable was soldered to the substrate as it is in contact with graphite.

J-V Characterization: The |-V characteristics of the devices were
recorded using a Keithley 2400 Source Meter. The device was illuminated
using a xenon lamp source (100 mW cm™2) provided by an Oriel solar
simulator with an AM1.5 filter. A non-reflective mask with an aperture of
0.16 cm? was used to keep the irradiation area constant. The J-V scans
were conducted at 10 mV steps with settling times of 10 ms (1 V s7),
100 ms (0.1 V s7"), and 250 ms (0.04 V s7') in reverse (V,. — V) and
forward (Vo — V,) directions. For the stepwise steady-state measurements,
a bias was applied in 0.1 V increments until the V,. of the device was
reached. The current was measured at 0.01 s intervals for 20 s. Scanning
was done in both V,. — V; and Vy — V,. directions. IPCE spectra were
recorded using a Keithley 2400 Source Meter under 300 W xenon lamp
irradiation with an Oriel Corner-stone 260 %4 m monochromator.

Scanning Electron Microscopy Imaging: SEM images of the film surface
and cross-sections of the perovskite solar cells were recorded on a FEI
Nova NanoSEM 450 FEG microscope using a 5 kV acceleration voltage.
The devices were prepared using the methods described above but
without a counter electrode. For the cross-sectional images, devices
were cut on the backside using a diamond glasscutter and broken in
two.

Photoluminescence ~ Measurements:  PL  measurements  were
performed using an Edinburgh Instruments Ltd. FLSP920 time-
correlated single-photon counting (TCSPC) spectrometer. Steady-state
measurements used a xenon lamp illumination source, while time-
resolved measurements used a 465.8 nm pulsed diode laser excitation
source (EPL-475, Edinburgh Instruments Ltd.) having a =100 ps
pulse width and a peak laser excitation density of =0.2 nj cm™. The
luminescence was collected using a grating monochromator. Three
types of samples were prepared on glass microscope slides with film
areas of approximately 1 cm? (i) perovskite film; (ii) perovskite film
with Cul deposited on top; and (iii) perovskite film with spiro-OMeTAD
deposited on top.

Electrochemical Impedance Spectroscopy: The devices were illuminated
using a 435 nm LED powered by a PP210 potentiostat. The EIS data were
recorded using a 10 mV perturbation with varying applied potentials
ranging from 0 V to the V,, performed in 0.05 V increments. A Zahner
Zennium electrochemical workstation ECW IM6 was used as a frequency
response analyzer, and impedance measurements were performed in the
4 MHz to 50 mHz frequency range. Impedance data were analyzed using
Zview equivalent circuit modeling software (Scribner). Complete devices
based on spiro-OMeTAD together with gold electrode and devices based
on Cul together with graphite electrode were used to carry out the EIS
measurements.

Open-Circuit Voltage Decay: Devices were illuminated with a 630 nm
LED source with a switch-off response time of =20 ps. Voltage transients
measured using NI-DAQMX USB-6212 data acquisition card. Complete
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devices based on spiro-OMeTAD together with gold electrode and
devices based on Cul together with graphite electrode were used to carry
out OCVD measurements.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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