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Organic—inorganic perovskite solar cells based on tin halides
exhibit a small open-circuit voltage (Voc) because of a large
photon energy loss from band-gap energy, as large as 0.8—-1.0eV.
In this study, we discussed the origin of the Vpc loss in
CH;3;NH;Snl;3-based devices by measuring the temperature
dependence of Vpc. As a result, we found that the large loss
in Voc is mainly due to the surface recombination at the interface
rather than the bulk recombination in the perovskites.
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Organic—inorganic perovskite solar cells based on lead
halides (CH3;NH;3Pbl;_,Cl,) have attracted much attention of
many researchers owing to their superior optical and electronic
properties, such as high absorption coefficient and charge carrier
mobility, small exciton binding energy, and long diffusion
length of charge carriers.' Moreover, they have shown a steep
increase in the power conversion efficiency (PCE) from 3.8%
in 2009* to more than 22% in 2016>° and hence are recently
considered as a promising next-generation photovoltaic device.
However, the use of toxic material (Pb) still remains a major
obstacle for the commercialization of these devices. Thus,
it is highly desirable for environmental friendly devices to
replace lead(Il) with other nontoxic metal elements, such as
germanium(IT), tin(IT), and bismuth(T1T)."-'?

Very recently, several groups have successfully fabricated
organic—inorganic perovskites solar cells based on tin halides
(CH3NH;3Snl3), which yields the best PCE in the range of
5-6%.%'112 However, the device performance of tin-based
perovskite solar cells still lags far behind that of lead-based
counterparts. In particular, the open-circuit voltage (Voc) is
typically much smaller than the band-gap energy (E,). In other
words, the photon energy loss (Ejs) from E, is as large as 0.8—
1.0eV, which is larger by 0.3-0.5eV than that for lead-based
devices.!>"!> Hence, it is highly required to study the origin of
the Vo loss for further improvements in the device performance
of tin-based perovskite solar cells.

Herein, we have fabricated the CH3NH;Snl3-based solar
cells with a layer structure as shown in Figure la, and studied
the origin of the photon energy loss Ej. = E; — qVoc (g is
the elementary charge) by measuring the temperature depend-
ence of Vpoc. As a result, we found that the dominant
recombination mechanism in these devices is the surface
recombination at the interface rather than the bulk recombination
of the perovskite layer, eventually resulting in a large loss in
Voc.
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Figure 1. a) Schematic illustration of the device structure of
tin-based perovskite solar cells with a layer structure of FTO/
dense TiO, (d-TiO,)/mesoporous TiO, (mp-TiO,):CH;NH;-
Snl;/poly(triarylamine) (PTAA)/Au and b) a photographic top
view of an encapsulated solar cell. The gray square sheet at the
center is a water getter.

Organic—inorganic perovskite solar cells based on tin
halides (CH3;NH;3Snl;) were fabricated as follows. A 20-nm-
thick layer of dense TiO, (d-TiO,) was coated onto an F-doped
SnO, (FTO; Asahi Glass) substrate by plasma-enhanced atomic
layer deposition (a source material was titanium(IV) isoprop-
oxide (TTIP)). Mesoporous TiO, (mp-TiO,) films were depos-
ited onto the d-TiO,/FTO substrate by spin-coating a TiO,
paste (Nikki Syokubai Kasei, PST-18NR) diluted by ethanol
(1:3 by weight). The samples were calcined at 500 °C for 1h.
The samples were transferred to a nitrogen-filled glove box.
Methylammonium iodide (CH3;NH;3I), Snlp, and SnF, were
dissolved in dimethyl sulfoxide (DMSO) at a molar ratio of
1:1:0.2. The concentration of CH3NH;3Snl; was 39.9 wt %. The
mixed solution was then coated onto the mp-TiO,/d-TiO,/FTO
substrate by spin-coating at 3000 rpm for 60s. During the
spin-coating procedure, toluene was dropped onto the substrate,
and dried on a hot plate at 65°C for 1h. A poly(triarylamine)
(PTAA)/toluene (15mg/1 mL) solution with added 7.5 uL Li-
bis(trifluoromethanesulfonyl)imide (Li-TFSI)/acetonitrile (170
mg/1 mL) and 7.5 uL tert-butylpyridine (+~-BP) (1 mL #-BP/1 mL
acetonitrile) was spin-coated on the CH3;NH;Snl;/mp-TiO,/d-
TiO,/FTO substrate at 3000 rpm for 60 s and dried on a hot plate
at 65°C for S5min. A gold electrode was deposited by vacuum
evaporation. The active area of the cell was 0.49 cm?. Figure 1a
shows the thickness of each layer in the device fabricated. The
device was encapsulated by a glass cap using a UV cure resin
and a water getter was inserted into the space between the
substrate and the glass cap, as shown in Figure 1b.
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Figure 2. X-ray diffraction (XRD) pattern for CH3;NH;3Snl;
perovskites fabricated from DMSO.

Current density and voltage (J-V) characteristics were
measured with a direct-current (DC) voltage and current source/
monitor (Keithley, 2611B) in the dark and under the illumination
with AMI.5G simulated solar light with 100mW cm™2. The
light intensity was corrected with a calibrated silicon photodiode
reference cell (Bunkoh-Keiki, BS-520). Temperature depend-
ence of the J-J characteristics was measured with a DC voltage
and current source/monitor (Advantest, R6243) in a vacuum
prober system (ALS Technology, VPS3-50) under the illumina-
tion from a 100W Xe lamp (Asahi Spectra, LAX-C100)
equipped with a uniform illumination lens unit (Asahi Spectra,
RLQLS80-0.5). The temperature was controlled by the cryocooler
(Twinbird Corp., SC-UF01) and monitored by the temperature
controller (Panasonic, KT2). The external quantum efficiency
(EQE) spectra were measured with a spectral response measure-
ment system (Bunko-Keiki Co., ECT-250D). The power of the
incident monochromatic light was kept under 0.05mW cm™2,
which was measured by a calibrated silicon reference cell. All
encapsulated devices were measured with a metal mask to give
an active area of 0.09 cm?.

Figure 2 shows the X-ray diffraction (XRD) pattern for
CH;3;NH;Snl; perovskites fabricated from DMSO. As shown
in the figure, sharp diffraction peaks were observed at 14.7,
29.2, 38.7, 44.1, 52.1, and 59.8°, which are ascribed to the
(100), (200), (220), (221), (222), and (400) planes, respectively.
These peaks indicate the pseudocubic phase of CH3NH;Snl;
perovskites, which is in good agreement with the previous
literatures. 11121617

Figure 3a shows the J-V characteristics of CH3NH;Snl;3
perovskite solar cells, which were measured from —0.50 to
0.70 V (forward scan) and from 0.70 to —0.50 V (reverse scan)
with a delay time of 1s under 100mWcm=2 AM 1.5G solar
illumination condition. Note that the histograms of device
parameters are summarized in Figure S1 (see Supporting
Information (SI)). As summarized in Table 1, the short-circuit
current density (Jsc) was as large as 26 mA cm™2, which is
slightly larger than that (ca. 24 mA cm™2) of lead-based counter-
parts.>!5 This is because CH3NH;Snl3 perovskites can absorb
many more photons in the near-infrared region up to 1000 nm.
Such a high Jsc obtained from the J-V curve is in good
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Figure 3. a) J-J characteristics of CH3;NH;Snl; perovskite
solar cells: forward scan (blue open squares) and reverse scan
(red open circles). b) EQE spectra of CH3NH3Snl; perovskite
solar cells. The inset shows [E x EQE]? plotted against the
photon energy E of this device.

Table 1. Photovoltaic parameters of CH3;NH3Snl; perovskite
solar cell employed in this study

Jsc/mA cm™2 Voc/V FF PCE/%
Forward 26.0 0.232 0.386 233
Reverse 26.2 0.229 0.387 232

agreement with that calculated from the EQE and solar spectra,
as shown in Figure 3b. On the other hand, V¢ was as small as
0.23 V and a fill factor (FF) was as small as 0.39, both of which
are significantly smaller than those of lead-based counter-
parts.>!> Note that no J-V hysteresis was observed for all the
devices studied. These findings clearly indicate that the small
Voc and FF are the major loss in CH3;NH;Snl; perovskite solar
cells.

To estimate the voltage loss, we evaluated the E, of the
CH;3NH;Snl; perovskite from the EQE spectra.'>!® From the x-
axis intercept of [E x EQE]? plotted against the photon energy
E, as shown in the inset of Figure 3b, E, was estimated to be
1.23 eV, which is in good agreement with previous reports.®!?
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Figure 4. Temperature dependence of n;q (open circles) and
Jsc (open triangles).

Consequently, the photon energy loss Ejos is estimated to be as
large as 1.0eV. This is larger by 0.5¢V than that reported for
CH;NH;Pbl; perovskite solar cells.!3!3 Therefore, there should
be an additional recombination loss channel in CH3;NH;3Snl;
perovskite solar cells.

We next measured the temperature dependence of J-V
characteristics to discuss the origin of voltage loss in tin-based
devices. On the basis of the equivalent circuit model under
typical condition, Vo is given by

ks T
Vo = MiakeT (ﬁ) (1)
q

Jo

where nyq is the ideality factor, kg is the Boltzmann constant, 7
is the temperature, and J; is the saturation current density at
reverse bias. As reported previously,'® Jy can be given by the
Arrhenius equation

l’lidkB T

where Jy is the pre-exponential factor and E, is the activation
energy of the diode. From these equations, eq 3 is obtained.

E,
Jo = Joo CXP<— ) 2

qVoc = E, — nigkgT In <@> 3)
Jsc

Here, njg was estimated from a slope in Vo plotted against the
logarithm of Jgc on the basis of eq 1.!° As shown in Figure 4,
the my and Jsc values were ca. 1.3 and ca. 26 mAcm™2,
respectively, both of which were independent of temperature
over the temperature range measured. Consequently, £, can be
evaluated to be 0.39¢eV from a linear extrapolation at 0K, as
shown in Figure 5. On the other hand, as shown in Figure 5, the
temperature dependent energy loss E, — gVoc was as small as
0.16eV even at room temperature.

Finally, we discuss the origin of voltage loss in tin-based
devices on the basis of the results obtained. As reported
previously, the activation energy of the diode E, is nearly equal
to E, for bulk recombination in the absorber layer such as
direct recombination and Shockley—Read—Hall (SRH) recombi-
nation.?%2> However, this is not the case for our CH;NH;Snl;
solar cells, because E, is much smaller than E,. Rather, the
smaller E, is attributed to the surface recombination at the
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Figure 5. Temperature dependence of gVoc for CH;NH;Snl;
perovskite solar cells. The solid line is a linear fit to experi-
mental data with eq 3. The broken line represents a band-gap

energy (E).

buffer/absorber interface.?>?*2° In such case, E, is nearly equal
to the barrier height &, at the interface, which is typically
smaller than E, (Dy < E,). In addition, the temperature-depend-
ent voltage loss (0.16 eV) that we observed cannot be explained
in terms of the bulk recombination such as direct and trap-
assisted SRH recombination. If the bulk recombination were
dominant, the temperature-dependent voltage loss would be
larger than 0.3 eV at least because of the thermodynamically
inevitable loss in Vo due to an intense absorption coefficient
(10*-10° cm™").1317:27-30 Fyrthermore, an additional voltage loss
would be involved because of the nonradiative recombination,
which is typically in the range of 0.2-0.3eV as reported
previously.'>?°3! In addition, the ideality factor n;q as small as
ca. 1.3 also suggests that dominant recombination is surface
recombination rather than trap-assisted recombination in our
CH;NH;Snl; solar cells.?*32 We therefore conclude that the
primary voltage loss mechanism in CH;NH;3;Snl; perovskite
solar cells is the surface recombination at the interface rather
than bulk recombination in the perovskite absorber layer. This
is the origin for the large photon energy loss (Ej,s = 1.0eV).
This finding suggests that CH3NH;3Snl; perovskite devices are
controlled by surface recombination at the interface rather than
the bulk recombination of perovskite layer, which is the primary
cause of the large loss in Vpc.

In summary, we studied the origin of voltage loss in tin-
based perovskite solar cells with a layer structure of FTO/d-
TiO,/mp-TiO,:CH3NH;3Snl;/PTAA/Au. The device exhibited a
significantly small V¢ of 0.23 V, which is far below the optical
band gap E, = 1.23 eV obtained from the EQE spectra. Thus,
the photon energy loss is evaluated to be as large as Ejo =
1.0eV, which is almost two times larger than that reported
for CH;NH;PbI; perovskite solar cells. In order to discuss the
dominant recombination mechanism in the cell, we measured
the temperature dependence of Vc. From a linear extrapolation
at 0K, the activation energy of the diode E, was evaluated to
be 0.39 eV, which is significantly smaller than E, = 1.23¢V. In
addition, the temperature-dependent energy loss E, — gVoc was
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as small as 0.16eV even at room temperature. From a slope in
Voc plotted against the logarithm of Jsc, njq for CH3NH;Snl;
perovskite solar cells was also evaluated to be ca. 1.3, which is
closer to unity than 2. We therefore conclude that such a large
energy loss is primarily ascribed to the surface recombination at
the interface rather than the bulk recombination in the perovskite
layer. In other words, the surface recombination at the interface
should be suppressed for further improvements of tin-based
perovskite solar cells.

This study is based on the results obtained from a project
commissioned by the New Energy and Industrial Technology
Development Organization (NEDO).

Supporting Information is available on http://dx.doi.org/
10.1246/c1.160994.
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