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We focused on fluorine tin oxide (FTO)-coated glass substrates for perovskite solar cells (PVSCs) and studied the effects of the optical properties
and surface morphology on the short-circuit current density (Jsc). The PVSC on our FTO substrate demonstrated a gain in Jsc by 1.4–1.6mA/cm2,
compared with the PVSCs on commercial FTO substrates. This is attributed not only to the low absorption of the FTO substrate but also to the
suppression of reflection loss, caused by the light trapping effect on the textured surface. Finally, the power conversion efficiency of our PVSC
reached >21% with less hysteresis. © 2017 The Japan Society of Applied Physics

O
rganic–inorganic hybrid perovskite solar cells
(PVSCs) have attracted enormous interest because
of their great promise of a low-cost manufacturing

process.1) Hybrid perovskite materials possess good advan-
tages such as high absorption coefficients, suitable direct
band gaps, small exciton binding energies, and large diffu-
sion lengths.2,3) Since Kojima et al. first reported perovskite-
based dye-sensitized solar cells, rapid progress has been
achieved in improving the photovoltaic performance of
PVSCs.4) To date, the power conversion efficiency (PCE)
has reached 22.1% in an active area of 0.09 cm2.5)

Most researchers have focused on fabrication techniques for
perovskite thin films,6–8) the composition of perovskite mate-
rials,9–12) and the synthesis of new carrier transport layers,13–15)

such as hole transport layers (HTLs) and electron transport
layers (ETLs), in order to improve the PCE and reliability. A
transparent conductive oxide (TCO) substrate is also consid-
ered to be one of the most important factors for determining
device characteristics in the field of thin-film solar cells such
as amorphous silicon and polymer solar cells; however, few
reports of PVSCs have focused on TCO substrates.16)

It is of interest to understand the effects of the optical
property and the surface morphology of the TCO substrate on
the characteristics of the thin-film solar cells.17–19) In general,
the device based on a highly textured TCO substrate exhibits
a light trapping effect, such as the suppression of reflection
loss and increased optical length, leading to the improvement
of the short-circuit current density (Jsc), compared with a
device with a flat surface. On the other hand, current leakage
often occurs owing to the insufficient coverage of films on the
textured surface.

Fluorine tin oxide (FTO) is commonly used as the TCO
substrate of PVSCs. Because of its outstanding heat proper-
ties, the physical properties of FTO can be maintained even
when the substrate is heated at ∼500 °C in the standard fabri-
cation process of PVSCs. It is well known that the surface
morphology of FTO can also be controlled by changing the
deposition method. Therefore, it is important to understand
the properties of FTO to maximize the device characteristics
of PVSCs.

In this study, we demonstrated the improvement of Jsc by
1.4–1.6mA=cm2, using the newly developed FTO substrate
with the textured surface, in comparison with two other com-
mercial FTO substrates. Because of the low absorption and
light trapping effect of our substrate, the PVSC showed a
PCE exceeding 21% with less hysteresis.

We prepared PVSCs by the fabrication method reported
by Saliba et al.11) The device architecture is FTO=compact
TiO2 (c-TiO2)=mesoporous TiO2 (m-TiO2)=perovskite=
2,2A,7,7A-tetrakis(N,N-di-p-methoxyphenylamino)-9,9A-spiro-
bifluorene (Spiro-OMeTAD)=Au. The composition of pero-
vskite is Cs10(MA0.17FA0.83)90Pb(I0.83Br0.17). On the basis of
their method, the TiCl4 treatment on the c-TiO2 surface and
the ultraviolet (UV)–ozone exposure prior to the deposition
of a perovskite layer are achieved. The TiCl4 treatment is
reported by other research groups.20,21)

Three types of FTO-coated glass substrates were chosen
to understand the effects of FTO properties on device char-
acteristics. 1-FTO and 2-FTO were commercial substrates
(Pilkinton TEC13 and TEC7), while 3-FTO was our newly
developed substrate. The FTO-coated glasses were sequen-
tially cleaned using detergent, acetone, and ethanol. A 20-nm-
thick c-TiO2 layer was deposited as the ETL on the cleaned
FTO by spray pyrolysis at 500 °C from a precursor solution of
0.3ml of titanium diisopropoxide in 4ml of ethanol. The
substrates were immersed in TiCl4 solution at 70 °C for 10min
and sintered at 500 °C for 30min, leading to higher c-TiO2

conductivity. A 150-nm-thick m-TiO2 layer was coated on the
substrates by spin coating at a speed of 5000 rpm for 30 s with
a ramp-up rate of 1000 rpm=s, by casting a diluted solution
of 18-nm-particle-size paste (Dyesol 18NR) in ethanol; the
weight ratio of TiO2 paste to ethanol is 15%. After spin
coating, the substrates were immediately preheated on a
hotplate at 100 °C for 30min and then sintered at 500 °C for
60min. The mixed perovskite solutions were deposited from a
precursor solution containing FAI (1.05M), PbI2 (1.1M),
MABr (0.2M), and PbBr2 (0.2M) in DMF : DMSO ¼ 4 : 1

solution. Then, 1.5M CsI in DMSO was added to the mixed
perovskite solution to obtain a triple cation composition.
Before coating the perovskite precursor, UV–ozone treatment
was applied to make the surface hydrophilic, and the sub-
strates were immediately transferred to a nitrogen-filled glove
box. The perovskite film was deposited by spin coating in a
two-step program at 1000 and 6000 rpm for 10 and 20 s,
respectively. During the second step, 150 µm of chloroben-
zene was drop-cast on the spinning substrate 5 s before the end
of the program. The substrates were then annealed at 100 °C
for 1 h. The HTL was spin-coated at 3000 rpm for 30 s using
Spiro-OMeTAD solution (70mM in chrolobenzene) with
added bis(trifluoromethylsulfonyl)imide lithium salt, tris[2-
(1H-pyrazol-1-yl)-4-tert-butylpyridine]-cobalt(III)tris[bis(tri-
fluoromethylsulfonyl)imide], and 4-tert-butylpyridien. The
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substrates were then annealed at 70 °C for 30min. Gold
rear electrodes of 100 nm thickness were thermally evaporated
on the HTLs with an area of 4 × 6.5mm2. Finally, current–
voltage (I–V ) and external quantum efficiency (EQE) meas-
urements were achieved with an aperture mask of 3 × 5mm2

(active area of 0.15 cm2) under the ambient condition. The I–V
measurement was taken using a source meter (Keithley
2611B) under AM 1.5G illumination at 100mW=cm2, with a
150W xenon light source (Bunkoukeiki BSX-150LC). The
light intensity was calibrated using a reference Si photodiode
(Bunkoukeiki BS-500BK) before the measurement. The scan
rate was fixed at 50mV=s. The I–V curve was first measured
in a backward scan from +1.2 to −0.1V, and subsequently,
the measurement in a forward scan was also achieved from
−0.1 to +1.2V for the evaluation of hysteresis. The measured
EQE was plotted as a function of the excitation wavelength
using monochromatic light from a 300W xenon lamp
(Bunkoukeiki BSX-300LC) passing through a monochroma-
tor. A silicon diode with a well-defined spectral response was
used as a reference.

First, we evaluated the basic properties of three FTO-
coated glass substrates, as shown in Table I. The sheet resist-
ances of 1-FTO, 2-FTO, and 3-FTO are 13, 7, and 10Ω=sq,
respectively. The surface morphology of the substrates is
observed by atomic force microscopy (AFM), as shown in
Figs. 1(a)–1(c). 3-FTO presents pyramid structures with a
root mean square (RMS) roughness of 36.3 nm and a maxi-
mum pyramid height of 294 nm. On the other hand, there are
small particles resulting in a small roughness of 13.8 nm on
the surface of 1-FTO, and a pyramid structure is partially
observed on 2-FTO. The haze parameters of 1-FTO, 2-FTO,
and 3-FTO are 0.5, 5.0, and 12.5%, respectively. The haze
parameter is consistent with the pyramid structure on the
FTO surface, as reported previously.21) Figure 1(d) shows the
transmittance spectrum of each substrate obtained by an
immersion (IM) method. By attaching diiodomethane liquids,
whose refractive index is close to that of FTO, to the FTO
surface, the scattering caused by the surface morphology of
TCO can be eliminated.19) Therefore, the differences between
the transmittance spectra obtained by the IM method are
derived from the absorption of each FTO substrate. It turns
out that 3-FTO has a low absorption in the measurement
range of the wavelength, while the absorption of 1-FTO at
wavelengths shorter than 700 nm is slightly lower than that of
2-FTO. However, there exists no sensitivity of transmittance
at 300–350 nm in the IM method, owing to the absorption
loss of diiodemethane liquids. The optical properties at
wavelengths of 300–350 nm can be obtained from the con-
ventional transmittance spectra obtained without the use of
diiodomethane liquids [Fig. 1(d)], although the scattering

effect remains on the FTO surface. This finding indicates that,
again, only 3-FTO has a low absorption at 300–350 nm.

Next, the EQE spectra of the PVSCs on three FTO sub-
strates were measured to gain insight into the effect of TCO on
Jsc. Figure 2(a) shows the EQE spectra of three devices.
All devices present a photoresponse onset at approximately
800 nm, which is consistent with the bandgap edge of the
perovskite material. The EQE of the 3-FTO-based PVSC is
higher than those of the other two devices at all wavelengths
between 300 and 800 nm. The EQE of the 2-FTO-based
PVSC is slightly higher than that of the 1-FTO-based PVSC
at 550–800 nm. As a result, the integrated Jsc values of the
PVSCs on 1-FTO, 2-FTO, and 3-FTO, calculated from EQE,

Table I. Basic properties of three FTO-coated glass substrates, and Jsc of
PVSCs on each substrate obtained from EQE and I–V measurements.

Sheet
resistance
(Ω=sq)

IM Trans.
at 500 nm

(%)

Haze
(%)

RMS
(nm)

Jsc
(EQE)

(mA=cm2)

Jsc
(I–V )

(mA=cm2)

1-FTO 13 86.3 0.5 13.8 20.9 21.2

2-FTO 7 84.5 5.0 28.2 21.1 21.3

3-FTO 10 88.7 12.5 36.3 22.5 22.6
(a) (b) (c)

(d)

Fig. 1. AFM images of the surfaces of (a) 1-FTO, (b) 2-FTO, and
(c) 3-FTO. (d) Transmittance spectra of 1-FTO, 2-FTO, and 3-FTO obtained
by IM method. Dashed lines show conventional transmittance spectra.

(a) (d)

(b) (c)

Fig. 2. (a) EQE spectra of PVSCs fabricated on 1-FTO, 2-FTO, and
3-FTO. ΔEQE, Δabs, and Δref (b) between 1-FTO and 3-FTO, and
(c) between 2-FTO and 3-FTO. (d) Reflection spectra of the PVSCs
fabricated on 1-FTO, 2-FTO, and 3-FTO.
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are 20.9, 21.1, and 22.5mA=cm2, respectively, indicating that
the Jsc of the 3-FTO-based PVSC is higher than those of
1-FTO- and 2-FTO-based PVSCs by 1.6 and 1.4mA=cm2,
respectively. In order to verify the accuracy of our results
calculated from EQE, Jsc was also measured under AM 1.5G
illumination at 100mW=cm2 in the I–V measurements. The
Jsc values of the PVSCs on 1-FTO, 2-FTO, and 3-FTO were
21.2, 21.3, and 22.6mA=cm2, respectively, as shown in
Table I. This indicates that the values of Jsc obtained under
EQE and I–V measurement conditions are almost the same.
One of the origins of the higher EQE in the 3-FTO-based
PVSC is considered to be the low absorption of the substrate.
This can be verified by comparing the absorption difference
(Δabs) of the FTO substrates, as estimated from the trans-
mittance spectra obtained by the IM method, to the difference
in the EQE spectra (ΔEQE). ΔEQE and Δabs relative to
3-FTO are plotted in Figs. 2(b) and 2(c). The plots indicate
that the ΔEQE values between 1-FTO- and 3-FTO-based
PVSCs, and between 2-FTO- and 3-FTO-based PVSCs
cannot be explained by only Δabs.

Thus, the reflectance spectra of the PVSCs were also
obtained to better understand the origin of the difference in
EQE. As shown in Fig. 2(d), the reflectance of the 3-FTO-
based PVSC is the highest among the three devices at
wavelengths below 450 nm. This can be explained by the
low absorption of 3-FTO in this region, which causes a
higher reflectance. The same properties are observed at
wavelengths above 750 nm. In addition, the intensities of
reflectance spectra of the devices are lower in the order of
3-FTO, 2-FTO, and 1-FTO at wavelengths between 450 and
750 nm. The change in reflectance in this region is considered
to originate from the textured surface of FTO, which indi-
cates that a highly hazed surface leads to the suppression of
reflection loss owing to a light trapping effect. The previous
study also revealed that the gain of EQE in amorphous silicon
solar cells at longer wavelengths is caused by the light
trapping effect.10) The difference in Jsc between 1-FTO- and
3-FTO-based PVSCs, and between 2-FTO- and 3-FTO-based
PVSCs for light trapping is estimated to be 0.26 and
0.15mA=cm2, respectively.

The difference between these reflectance spectra (Δref)
is added to Δabs in Figs. 2(c) and 2(d) and the sum of the
spectra (Δabs + Δref) is compared with ΔEQE. This shows a
fair agreement with the ΔEQE values of 1-FTO and 3-FTO,
and 2-FTO and 3-FTO, except for the discrepancy between
2-FTO and 3-FTO in the region of short wavelengths.
The origin of the discrepancy is still unclear; however, it is
thought to be derived from the difference in the crystallinity
of perovskite layers, which affects the absorption properties.

Here, we report the device characteristics of the PVSC
formed on the 3-FTO substrate with an antireflective coating
on the glass surface. The I–V measurements of the 3-FTO-
based PVSC were carried out in the forward and backward
directions at 50mV=s, as shown in Fig. 3(a). The values given
below are the maximum values measured after device fabri-
cation. The I–V parameters of the device are as follows:
Jsc = 24.1mA=cm2, open-circuit voltage (Voc) = 1.15V, fill
factor (FF) = 77.3%, and PCE = 21.50% in the forward scan;
Jsc = 24.1mA=cm2, Voc = 1.15V, FF = 77.8%, and PCE =
21.53% in the backward scan (Table II). The PCE of 21.5%
obtained in our device is compatible with that in a previous

paper.11) There appears a significantly small hysteresis in
our PVSC, as proven by J–V curves shown in Fig. 3(a).
Regardless of the scan direction, a Jsc of 24.1mA=cm2 is
obtained, and Voc also exceeds 1.15V. Although the FFs in the
two directions are also almost the same, there still exists a
slight difference in series resistance (Rs), which is associated
with the favorable ionic movement in the perovskite layer, as
pointed out in the previous paper.10) The shunt resistance (Rsh)
values in both scan directions are so high that current leakage
does not occur, even if the PVSC is formed on highly textured
3-FTO. This can also be confirmed in the cross-sectional
scanning electron microscopy (SEM) image [Fig. 3(b)],
which indicates the sufficient coverage of PVSC on 3-FTO.

Long-term stability is also an inevitable subject of PVSCs.
Figure 3(c) shows time-dependent I–V parameters of a bare
cell within 9 d of device fabrication. The I–V measurement
was carried out under ambient conditions, and the device was
stored inside a vacuum desiccator in the dark after measure-
ment. Compared with the initial measurement, the increasing
ratio of the PCE exceeds 20% after 1 d, particularly when Voc

and FF increased by ∼10%. The time to reach the best PCE is
dependent on the PVSCs themselves, although it is within a
few days at most. Afterwards, the gradual decay of FF and Jsc
occurs with Voc remaining constant. Although the reason for
this is still unclear, we believe that the highest PCE can be
maintained by encapsulation in the near future.

(c)

(a) (b)

Fig. 3. (a) I–V curves of the PVSC on 3-FTO measured in forward and
backward scans. (b) Cross-sectional SEM image of the PVSC on 3-FTO.
(c) Long-term stability of the 3-FTO-based PVSC after device fabrication.

Table II. I–V parameters of the 3-FTO-based PVSC in forward and
backward scans.

Scan
direction

Jsc
(mA=cm2)

Voc

(V)
FF
(%)

PCE
(%)

Rs

(Ω cm2)
Rsh

(Ω cm2)

Forward 24.1 1.15 77.3 21.50 3.1 4800

Backward 24.1 1.15 77.8 21.53 2.2 5250
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In conclusion, we fabricated a PVSC on a newly devel-
oped FTO substrate and improved Jsc by 1.4–1.6mA=cm2

compared with other devices fabricated on commercially
available FTO substrates. This improvement was attributed to
not only the lower absorption of our FTO substrate but also
the improved reflection loss. The PCE of the PVSC exhibited
time dependence and reached up to 21% with less hysteresis
approximately a few days after device fabrication.
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