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Post-treatment of perovskite solar cells with CuSCN hole-transport layers to enhance their photovoltaic performance was investigated. Crystallinity
and uniformity of CuSCN layers were improved by recrystallisation caused by oleylamine (OA) treatment. Further, the OA adsorbed on CuSCN
tuned the VB edge potential and improved the hole extraction from perovskite materials. Power conversion efficiency of the CuSCN-based
perovskite solar cells improved from 8.58% to 11.4%. © 2023 The Japan Society of Applied Physics
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rganometallic halide perovskite materials have at-
O tracted enormous attention as light absorbers for

solar cells.'™ Their strong light absorption in the
visible range and long photocarrier diffusion length (~zm)*
are favourable for obtaining high-performance solar cells.
The power conversion efficiency (PCE) of perovskite solar
cells (PSCs) reached 25.7%, which is close to that of Si solar
cells (26.7%).> Additionally, low process temperature and
solution processability of perovskite materials enable roll-to-
roll mass production of solar cells using flexible
substrates,” " leading to a significant decrease in fabrication
cost. Furthermore, the tuneable band gap energy of perovs-
kites by ion composition'® makes them applicable to tandem
solar cells."*™!

However, PSCs face serious challenges in terms of their
stability for practical applications. Organic semiconductors,
such as 2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamino)-
9,9’-spirobifluorene (spiro-OMeTAD), are used as hole-
transport layers to fabricate PSCs with high PCE by solution
processing. However, such organic materials can be easily
degraded by light,'®'” heat,'"®2” and humidity,'®**"
resulting in PSCs with low stability.

To address this issue, inorganic and cost-effective CuSCN
hole-transport materials (HTMs) have been developed for
PSCs.”*?” The inorganic CuSCN-based PSCs exhibited
higher stability than conventional spiro-OMeTAD-based
PSCs owing to the robustness of CuSCN.

However, CuSCN-based PSCs have a lower photovoltaic
performance (PCE of 15%-20%) than spiro-OMeTAD-based
PSCs (>20%). These low performances were due to the poor
crystallinity and morphology of CuSCN which had many
defects, leading to carrier recombination losses. Currently, to
improve the performance of CuSCN-based PSCs, the composi-
tion of perovskite™ and modification of the perovskite-HTM
interface” 2 have been studied to decrease charge-recombina-
tion loss. However, controlling the crystallinity and morphology
of CuSCN is challenging, and it is essential to obtain a highly
crystalline CuSCN layer with high coverage on the perovskite
surfaces to avoid shunting to enhance the PSC performance.

Recently, we have found that aging CuSCN at high
humidity improved crystallinity and photovoltaic perfor-
mance of PSCs.?” In this study, we focused on controlling
the crystallinity and electrical properties of CuSCN by post-
treatment, which is easier than controlling humidity, to
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further improve CuSCN crystallinity and enhance the photo-
voltaic performance of CuSCN-based PSCs. We employed
oleylamine (OA), which is an amphiphilic material that is
usually used as a surfactant to dissolve inorganic semicon-
ductor nanoparticles in organic solvents,”® to induce recrys-
tallisation of CuSCN crystals.

The surface of the CuSCN layers was dissolved and
recrystallised using 2-propanol containing OA, and the
crystallinity and uniformity of the layer was improved.
Moreover, the electron band shift of CuSCN caused by
electron donation from adsorbed OA improved the hole
extraction from perovskite materials. The dark current
density was suppressed by an order of magnitude to improve
the open-circuit voltage (Voc) by 13%. Consequently, the
PCE of the CuSCN-based PSCs improved from 8.58% to
11.4%.

The CuSCN-based PSCs were fabricated as follows. Indium
tin oxide (ITO)-coated glass substrates were treated with UV
ozone. A SnO, colloidal solution (44592, Alfa Aesar) was
spin-coated on the substrates at 2000 rpm for 30 s and dried at
150 °C for 1 h to form SnO, electron collector. The ITO/SnO,
substrates were cleaned again by UV ozone treatment (20 min),
and Csp05(FA0.83MA.17)0.05Pb(lo.83B10.17)3 (FA = CH(NH,),,
MA = CH;NH;) perovskitezg) was deposited in dry air (dew
point —30 °C). FAI (1 M), MABr (0.2 M), Pbl, (1.1 M), and
PbBr, (0.2 M) were dissolved in a mixed solvent of anhydrous
N,N-dimethylformamide, and dimethyl sulfoxide (DMSO)
(volume ratio of 4:1) with a 4 vol% additive of CslI (1.5 M)
in DMSO. The solution was spin-coated on the substrates
through a two-step programme of 1000rpm for 10s and
4000 rpm for 30s. To induce perovskite crystallisation, chlor-
obenzene was poured on the substrate 20 s before the end of the
spin-coating, and the substrates were annealed at 105 °C for 1 h.
A diethyl sulfide solution containing 80 mgml~' CuSCN was
spin-coated at 6000 rpm for 30s in ambient atmosphere. OA
dissolved in 2-propanol (25 mM) was spin-coated on the
substrates at 6000 rpm for 30s and dried at 80 °C for 5 min
in ambient air. The substrates were aged overnight in dry air.
Au electrodes were then formed by vacuum deposition on
substrates (3 x 3 mm). The photoelectric conversion character-
istics of the PSCs were evaluated under 1-sun illumination
using a solar simulator (WXS-80C-3, WACOM) through a
black mask (aperture size = 3 x 3 mm) with a source meter
(R6243, ADVANTEST) in ambient air at RT (scan speed =

© 2023 The Japan Society of Applied Physics
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Fig. 1.
images of the CuSCN film. (g) VB edge potential of perovskite and CuSCN.

0.1 Vs~ dwell time = 0.05 s). To adjust the incident intensity,
a reference crystal Si cell (J-NIMCO1, calibrated and certificated
by Japan Quality Assurance Organization) was used.

An X-ray diffractometer (SmartLab, Rigaku) with a CuKa
source, scanning electron microscope (SEM) (S4800,
HITATHI), atomic force microscope (NanoNavi, HITACHI),
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X-ray diffractometer pattern of the CuSCN film in the range of (a) 260 = 10°-50° and (b) 20 = 15.5°-17.0°. (c), (d) AFM images and (e), (f) SEM
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photoelectron-yield spectroscopy system (PYS; BIP-KV200,
Bunko Keiki), and photoluminescence (PL) spectrometer
(C12132, Hamamatsu Photonics) were used for characterisa-
tion.

The results of the X-ray crystallographic analysis of the
CuSCN films formed on glass substrates are shown in

© 2023 The Japan Society of Applied Physics
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Fig. 2. (a) Schematic and (b) cross-sectional SEM image of solar cells used for J-V analysis, J-V curves of the CuSCN-based PSCs measured under 1-Sun
illumination (c) and in dark (d), (e). Forward (—0.2 V — 1.3 V) and backward (1.3 V — —0.2 V) voltage scans are indicated with solid and dashed line,
respectively.

Table I. Solar cell parameters of CuSCN-based PSCs (scan direction —0.2 V — 1.3 V). Data were collected for no less than 9 cells.

HTL Jo/mA cm 2 Voo/V FF PCE/%
Untreated CuSCN 16.34 + 0.93 0.96 + 0.03 0.549 + 0.032 8.58 + 0.23
OA-treated CuSCN 14.94 + 0.34 1.08 + 0.04 0.704 + 0.020 114 +0.62
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Fig. 3. (a) PL spectrum and (b) PL intensity decay (wavelength; 750 nm) of glass/perovskite/CuSCN substrates (incident wavelength 532 nm, 0.51 mW).
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Figs. 1(a), 1(b). Diffraction peaks at 16.1°, which correspond
to diffraction at the (003) plane of CuSCN>? were observed.
The peak intensity was significantly increased by OA treat-
ment, suggesting improved crystallinity of the CuSCN. The
CuSCN crystal size was estimated from width of the peak
using the Scherrer equation. The crystal size of CuSCN treated
with OA was 37.1nm and that without OA treatment was
21.4 nm. This indicates that OA dissolved amorphous surface
of CuSCN and induced the recrystallisation. The rms rough-
ness (Ry,s) values of the OA-treated CuSCN surface estimated
by atomic force microscope (AFM) [Fig. 1(d)] was 6.1 nm,
which is smaller than that of untreated CuSCN [Fig. 1(c), Ry
= 9.1 nm]. This suggests that the OA treatment dissolved and
recrystallised the CuSCN surface. SEM observations
[Figs. 1(e), 1(f)] indicate that recrystallisation by OA treatment
reduced the size and number of pinholes and defects.

PYS measurements were performed on CuSCN and
perovskite formed on ITO substrates to determine the VB
edge potentials [Fig. 1(g)]. The VB edge potentials of the
CuSCN and perovskite films were similar at 5.50 eV. The
potential of the OA-treated CuSCN film was 5.00eV,
indicating that the electron-donating ability of OA adsorbed
on CuSCN shifted the VB edge.

The structure and cross-sectional SEM images of the
CuSCN-based PSCs are shown in Figs. 2(a), 2(b). The
thicknesses of the SnO,, perovskite, and CuSCN layers
were 100, 400, and 250 nm, respectively. We estimated solar
cell parameters (Table I and Table SI for —0.2V — 1.3V and
1.3V — —0.2V voltage scan) from J-V curves measured
under 1-Sun illumination [Fig. 2(c)]. The PSCs with OA
treatment exhibited a higher PCE of 11.4% than those
without treatment (8.6%) owing to the improvement in Voc
and fill factor (FF).

The onset voltage of the dark J-V curve was larger for OA-
treated PSCs than for untreated PSCs, indicating that the
electron rectification was improved by the decreased pinholes
and defects on CuSCN [Fig. 2(d)]. Furthermore, the OA-
treated PSCs exhibited a smaller current density in the low-
voltage range (<0.8V) owing to the low trap density
[Fig. 2(e)]. CuSCN recrystallisation caused by OA treatment
decreased the trap density, improved carrier rectification, and
enhanced V¢ and FF. Moreover, the improved crystallinity
of the CuSCN film and the electron band shift caused by the
OA treatment are considered to have reduced the resistance
through the CuSCN film and the CuSCN/perovskite interface
for hole extraction.

To investigate the carrier dynamics of the perovskite/CuSCN
interface, we performed PL analysis on the glass/perovskite/
CuSCN substrates. Fig. 3(a) shows the PL emission spectra,
and Fig. 3(b) shows the PL intensity decay (wavelength:
750 nm). Peaks at ~750 nm were observed for all substrates.
This wavelength corresponds to the band gap wavelength of
perovskite, suggesting that the PL was due to radiative
recombination in the perovskite layers. We compared
the PL intensity decay of perovskites with that of
glass/perovskite and glass/perovskite/CuSCN substrates
[Fig. 3(b)]. The PL intensity decay of the glass/perovskite/
CuSCN substrates was faster than that of the glass/perovs-
kite substrate, owing to the hole extraction of CuSCN.
Compared to the untreated CuSCN substrate, the OA-treated
glass/perovskite/CuSCN substrates exhibited a stronger PL
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intensity [Fig. 3(a)] and longer PL lifetime [Fig. 3(b)]. The
PL intensity and lifetime of perovskite are reduced not only
by hole extraction to CuSCN but also by non-radiative
recombination in the perovskite and at the interface.
Therefore, the large PL intensity and longer PL lifetime of
the OA-treated glass/perovskite/CuSCN can be ascribed to
the reduction in traps at the perovskite/CuSCN interface,
which suppressed non-radiative recombination.

In conclusion, we treated a CuSCN hole-transport layer
with an OA solution to improve the photovoltaic perfor-
mance of PSCs. OA treatment of CuSCN improved the
crystallinity and yielded uniform CuSCN layers.
Furthermore, the electron-donating nature of OA shifts the
VB edge of CuSCN to improve hole extraction from the
perovskite. PSCs with OA-treated CuSCN exhibited a larger
PCE than those without OA treatment, improving Voc and
FF.
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