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Abstract: Inverted perovskite solar cells (IPSCs) have attracted tremendous research interest in recent years due to their applica-
tions in perovskite/silicon tandem solar cells. However, further performance improvements and long-term stability issues are
the main obstacles that deeply hinder the development of devices. Herein, we demonstrate a facile atomic layer deposition
(ALD) processed tin dioxide (SnO,) as an additional buffer layer for efficient and stable wide-bandgap IPSCs. The additional buf-
fer layer increases the shunt resistance and reduces the reverse current saturation density, resulting in the enhancement of effi-
ciency from 19.23% to 21.13%. The target device with a bandgap of 1.63 eV obtains open-circuit voltage of 1.19 V, short cir-
cuit current density of 21.86 mA/cm?, and fill factor of 81.07%. More importantly, the compact and stable SnO, film invests the
IPSCs with superhydrophobicity, thus significantly enhancing the moisture resistance. Eventually, the target device can main-
tain 90% of its initial efficiency after 600 h storage in ambient conditions with relative humidity of 20%-40% without encapsula-
tion. The ALD-processed SnO, provides a promising way to boost the efficiency and stability of IPSCs, and a great potential for
perovskite-based tandem solar cells in the near future.
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1. Introduction

Recently, a record power conversion efficiency (PCE) of per-
ovskite/silicon monolithic tandem solar cells has increased to
29.8%!"l, which has broken the theoretical efficiency of a
single junction silicon cells. With rapid progress in increasing
PCE, perovskite/silicon tandem devices have become an invent-
ive competitor in the photovoltaic performance racel-4l.
Even though the single-junction perovskite device with N-I-P
architecture presented power conversion efficiencies (PCEs)
of 25.5%, in tandem devices the highest performance was ob-
tained with inverted perovskite solar cells (IPSCs)>-7.. There-
fore, surmounting the performance loss and instability issues
of inverted perovskite devices are extremely important to ac-
celerate the commercialization of perovskite/silicon tandem
technology®l.

Up to now, the PCE of IPSCs has reached to 23.37% with
a certificate efficiency of 22.75%, which was the highest
value reported for IPVSCs. Compared with the normal N-I-P
type PSCs, the large open-circuit voltage (Vo) deficit is con-
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sidered as one of the main obstacles, particularly in wide
bandgap IPSCs, which slows its performance develop-
ment(0: 111 Actually, plenty of research has been done for
suppressing the Vo loss in IPSCs. These mainly include com-
ponents regulationl'2-14], crystallization control'>-'7], bulk or
surface defect passivation'’ 18-231 and energy level align-
ment24-27], Due to the easy solution coating process, the
good physical and electronic contacts with the perovskite lay-
er and the favorable passivation functionality, [6,6]-phenyl-
C61-butyric acid methyl ester (PCBM) is one of the popular ma-
terials for the electron transport layer in IPSCs[28-301, However,
the direct contact between PCBM and the top metal elec-
trode will lead to serious non-radiative recombination, thus res-
ulting in the failing collection of charge carriers to the cath-
ode. Bathocuproine (BCP) is the most common material used
in IPSCs to block hole transport and facilitate electron collec-
tion[® 18, 28-32] Nevertheless, this insulating layer needs to be
sufficiently thin to allow electron tunneling. In general, solu-
tion-processed perovskites have a rough surface, which
makes the thickness of the insulator layer difficult to control.
Therefore, a buffer layer that can achieve uniform coverage
on the rough perovskite surface is the most pressing need for
highly efficient IPSCs.

Besides the PCE, the main challenge for actual commercial-
ization in PSCs lies instability33-33], The electron transport lay-
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ers (ETLs) play a more important role in IPSCs towards stable
devices. Through rational design, the ETL can provide a self-en-
capsulating function. For instance, You et al. employed solu-
tion-processed zinc oxide (ZnO) nanoparticles as electron trans-
port layers, comparing with devices with organic charge trans-
port layers, which showed ~90% retention of its initial PCE
after 60 days storage in ambient3¢l, Fang et al. designed a
PCBM/cerium oxide (CeO,) nanocrystal bilayer structure with
good long-term stability under ambient air storagel37), Tin diox-
ide (Sn0O,) with high electron mobility and a well band align-
ment with the perovskite absorption layer, which is a superi-
or material in single-junction planar PSCs or highly efficient
perovskite/silicon tandem solar cellsB8-49, Zhu et al. ex-
ploited the solution-processed SnO, nanocrystals (NCs) to act
as efficient ETLs in the IPSCs, a PCE of 18.8% with remarkable
ambient stability was obtained“'l. Raninga et al. used atmo-
spheric pressure chemical vapor deposition (CVD) to achieve
a pinhole-free and conformal SnO, layer, and thus protect
the perovskite against mechanical and environmental destruc-
tion, resulting in a PCE of 19.4% in an IPSCs!2,

Here, SN0, using the atomic layer deposition (ALD) meth-
od was designed as an additional buffer layer on the BCP lay-
er for improving efficiency and stability in wide bandgap
IPSCs. Compared with previous methods, ultra-thin and com-
pact SnO, could be obtained by ALD process. Moreover, vacu-
um conditions and suitable for large area fabrication also
make it great potential for future commercialization. It was
found that SnO, layer was homogeneously coated on the
sample surface eliminating the possible leakage current and
thus raising the shunt resistance (Ry,) and reducing the re-
verse current (Jy). Finally, 21.13% efficiency was obtained in
the wide-bandgap (1.63 eV) inverted perovskite device with a
SnO, additional buffer layer. Moreover, ALD growing SnO, lay-
er with a great compactness which enhanced the moisture
contact angle and improved stability of the perovskite
device.

2. Experimental section

2.1. Device fabrication

ITO substrates were cleaned by detergent, DI water, acet-
one and isopropanol for 30 min, respectively. Then the sub-
strates were treated by UV-ozone for 20 min. And then, PTAA
(5 mg/mL in CB) solution was spin-coated onto the sub-
strates at 5000 rpm for 30 s and annealed at 100 °C for 10
min in the glovebox with nitrogen condition. 1.5 M Pbl, : Pb-
Br, (83 : 17) precursor solution was spin-coated onto PTAA at
the speed of 3000 rpm for 30 s and annealed at 70 °C for 1
min. And then, a mixture solution of organic salt (FAI : MABr :
MACI =90 : 6 : 9) was spin-coated onto the film at a speed of
3500 rpm for 30 s followed by annealing at 150 °C for 20 min
in ambient air (30%-40% humidity). The passivation layer
GABr (3 mg/mL in IPA) was fabricated by spin-coating at
5000 rpm for 30 s followed by annealing at 100 °C for 5 min.
Subsequently, PCBM solution (20 mg/mL in CB) was spin-
coated onto the perovskite film at a speed of 1500 rpm for
30 s. BCP solution (0.5 mg/mL in IPA) was spin-coated onto
the PCBM film at a speed of 5000 rpm for 30 s. And then, the
devices were moved into ALD devices to deposit SnO, film
with different thicknesses. The deposition of the SnO, with

the following processing sequence: 0.5 s TDMASN pulse, 15 s
purge (20 sccm N,), 0.1 s deionized water pulse, and 15 s
purge (20 sccm N,) at 85 °C. Finally, 150 nm of Cu top elec-
trode were thermally evaporated under vacuum with a shad-
ow mask. The area of the cells is 0.12 cm?2, when measuring, a
0.0887 cm? mask was used to define the accurate aperture
area for the cells.

2.2. Material and device characterizations

2.2.1. Materials

Lead bromide (PbBr,), chlorobenzene (CB), dimethylsulfox-
ide (DMSO), N, N-dimethylformamide (DMF) and isopropyl alco-
hol (IPA) were purchased from Sigma-Aldrich. Polybis (4-
phenyl) (2,4, 6-trimethyl-phenyl) amine (PTAA), [6,6]-Phenyl
C61 butyric acid methyl ester (PCBM), bathocuproine (BCP),
lead iodide (Pbl,), bromide guanidine (GABr), formamidinium
iodide (FAI), methylammonium bromide (MABr), and methyl-
ammonium chloride (MACI) were purchased from Xi‘an Poly-
mer Light Technology Corp.

2.2.2. Device characterizations

Scanning electron microscopy (SEM, FEI NanoSEM650)
was used to characterize the morphology of the SnO, films
and also the cross-sectional image of the fully device. The cur-
rent density-voltage (J-V) characteristics of the devices were
measured by Keithley 2400 Source meter under AM 1.5G illu-
mination with Xenon-lamp based solar simulator (Enli. Tec.,
Taiwan). The intensity of the light was calibrated with KG-5
filter Si photodiode. And the area of the solar cells was
0.08875 cm2. When measuring the device performance, a met-
al mask was used to reduce the influence of the scattered
light. The forward scan (0-1.2 V, scan rate 20 mV/s, delay
time 20 ms) and reverse scan (1.2-0 V, scan rate 20 mV/s,
delay time 20 ms) were applied. External quantum efficiency
(EQE) spectra were conducted by Enli Tec (Taiwan) measure-
ment system in the wavelength from 300 to 900 nm with a
scanning step of 10 nm. The photoluminescence (PL) and
time-resolved photoluminescence (TRPL) spectroscopies were
measured with a laser wavelength of 475 nm and power of
0.2 mW (Edinburgh FS5). The root mean square (RMS) rough-
ness of different films was taken from atomic force micro-
scopy (AFM) images measured with ARTCAM-130-SIINT (AR-
TRAY Co. Ltd., Japan).

3. Results and discussion

Firstly, SnO, with different thickness as an additional
buffer layer is designed. Fig. 1(a) presents the illustration
of the IPSCs devices with a structure of ITO/PTAA/Perovskite/
PCBM/BCP/SnO,/Cu. The thickness of perovskite film is
around 550 nm (Fig. S1). Current density-voltage (J-V) curves
of the devices with SnO, films of different thicknesses (0, 10,
20, 30, 40 nm) are shown in Fig. 1(b). The results demon-
strate that the devices with SnO, layer obtain a higher V¢
and fill factor (FF), short-circuit current density (Jsc) is also
slightly increased. The control device without SnO, layer
achieves a PCE of 17.47%. When the thickness of SnO, film in-
creased from 10-30 nm, the PCE is enhanced to 17.60, 18.29
and 20.02, respectively. While the thickness of SnO, in-
creased to 40 nm, the performance of IPSCs decreased to
19.82%, which may be due to the thick SnO, film introdu-
cing a high series resistance. The performance of IPSCs with dif-
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Fig. 1. (Color online) Device structure and performance with different SnO, thickness. (a) The architecture of the device in this work. (b) J-V
curves with different SnO, thickness. (¢, d) The champion devices J-Vand EQE curves with 30 nm SnO, buffer layer, respectively.

ferent scanning directions are presented in Fig. S2 and Table
S1. And the statistical diagrams of the device performances
are shown in Fig. S3. After optimization, the device of 30 nm
SnO, exhibited champion performance with a Vo of 1.19 V,
Jsc of 21.86 mA/cm?, FF of 81.07%, and the corresponding
PCE of 21.13%. While, the control device only with a PCE of
19.23%.

J-V and external quantum efficiency (EQE) curves are
presented in Figs. 1(c) and 1(d), respectively. The integral cur-
rent densities of the devices are 21.41 and 21.67 mA/cm?
which are well matched with the J¢ in J-V measurement.
The bandgap of the perovskite can be determined by the tan-
gent of the curve to the base line which is also presented.
The ultraviolet-visible absorption of perovskite material and
(ahv)? versus energy of perovskite film are shown in Fig. S4. It
can be found that the bandgap of the perovskite is about
1.63 eV. Therefore, the Voc deficit (Ey/g-Voc) is only of 440
mV. This value is a lower Vo loss which compares to other
wide bandgap IPSCs as present in Table S2. Moreover, device
performance of different SnO, thicknesses with or without
BCP are also investigated (Fig. S5). BCP is essential when a thin-
ner Sn0O, is deposited. With increasing the thickness of SnO,,
the role of BCP is gradually diminished. Devices with BCP and
a suitable thicker SnO, buffer layer achieved a higher FF and
PCE.

Time-resolved photoluminescence (TRPL) is employed
to investigate the transport and recombination dynamics of
photoinduced carriers in perovskite films without and with

30 nm SnO, buffer layer (Fig. 2(a)). The biexponential func-
tion is applied to fit the TRPL decay curves (Eq. (1))#3!:

Y=Ae ™+ ae 4y,

(1)

where 1, and 1, are the lifetimes for the carrier transport and
recombination, and A; and A, are the corresponding amp-
litudes. 1, is due to the carrier transport occurring in the sur-
face of the perovskite film, whereas 1, could be attributed to
the bulk and surface recombination. The devices without
SnO, obtained 1; = 42.01 ns and T, = 146.43 ns, respectively.
While 7, = 37.65 ns and 1, = 181.59 ns are given with SnO,.
The decrease of 1 indicates faster electron transfer from per-
ovskite to ETL with the presence of SnO,. The increased 1, in-
dicates a slower recombination rate. The film with defferent
thickness of SnO, film were also presented in Fig. S6, and the
fitting value of the carrier transport and recombination life-
time were shown in Table S3. The results illustrate that per-
ovskite film with SnO, additional layer achieves a faster carri-
er extraction and a lower carrier quenching between the act-
ive layer and the transport layer, which is a good agreement
with the higher FF and V(. Ry, of the devices without or with
30 nm SnO, are also calculated (Fig. 2(b)). The higher R, bene-
fits the enhancement of the FF, which further confirms the ex-
cellent function of the SnO, buffer layer.

Fig. 2(c) shows the dark J-V curves of the devices
without and with a 30 nm SnO, buffer layer. According to the
Schottky junction model, diode ideality factor (n) and J, can
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Fig. 2. (Color online) Device performance without the SnO, buffer layer and with 30 nm SnO, buffer layer. (a) TRPL curves of the devices. (b) Ry, of
the devices. (c) J-V curves of the devices under dark condition. (d) Fitting curves for calculation the n and J, from the dark J-V data.
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Fig. 4. (Color online) (a, b) The water contact angle of the device without and with SnO,. (c—f) Normalized V¢, Jsc, FF and PCE of perovskite
devices without and with 30 nm SnO, kept in the atmosphere (25 °C, 20-40 RH%) without encapsulation for 600 h, respectively.

be obtained by fitting the linear J-V curve (exponential di-
ode behavior region) as shown in Fig. 2(d). The Eq. (2) shows

in the following#4:
eV
J=Jy|exp|l—=-1
"[ p(nkT )}

where Jis the current density value, Vis the applied voltage,
T is the absolute temperature, k is the Boltzmann constant, e
is the electron charge. From the equation we can find that n
and J; are close related with the slope and intercept of the lin-
ear fitting of In(Jy) versus V. The control device has a slope of
16.41, while the device with 30 nm SnO, film has a slope of
19.38. The larger the slope, the smaller the n, which proved a
better diode characteristic. The corresponding J, values of
1.10 x 102 and 1.22 x 108 mA/cm? are obtained of the
devices with and without SnO, film. The results clearly indic-
ated that device with SnO, film has a lower J,, which means a
smaller leakage current, resulting in a higher V.

A top-view scanning electron microscope (SEM) is primor-
dially verified to show the surface morphology of the devices
with or without SnO, (Fig. 3). Figs. 3(a)-3(e) were the SnO,
film morphologies with the thickness of 0, 10, 20, 30 and 40

()

nm on the structure of glass/ITO/PTAA/perovskite/PCBM/BCP,
respectively. As expected, SnO, films with different thickness-
ness demonstrate different coverage, and the surface be-
comes increasingly compact as the thickness increases. SnO,
with 10 nm obtains the poorest coverage while all of the
devices with thickness over 20 nm show uniform and dense
morphology, and the device with 30 nm SnO, has the best cov-
erage. Fig. 3(f) shows a clearer morphology of SnO, with the
thickness of 30 nm, and it further illustrates that the com-
pact SnO, layer can uniform coverage of the ETL layer, ob-
structing the immediate contact with the metal electrode.
And the illustrations present the corresponding surface mor-
phology of the films with different thicknesses of SnO, by an
atomic force microscope (AFM). The root-mean-square (RMS)
roughness of the films is shown in Fig. 3(g), SnO, film depos-
ited by ALD can effectively reduce surface roughness. The as-
sumed schematic diagrams of the performance improve-
ment are demonstrated in Figs. 3(h) and 3(i). Perovskites with
a rough surface, so the solution method BCP with a thinner
thickness may not cover the PCBM completely. This supplies
an opportunity of direct contact between PCBM and metal
electrode, causing a non-radiative recombination center and
reducing the R, and thus degrading the performance of the
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devices. Whereas, the ALD method SnO, can conformal
growth on the uneven surface which completely prevents
the current leakage. That more distinctly illustrates the reas-
on of the increased Vo and FF of the devices with SnO, addi-
tional buffer layers.

The water contact angles are presented in Figs. 4(a) and
4(b). It is evidently shown that the film with a 30 nm SnO, lay-
er has a larger contact angle which can better resistance to
moisture and then stabilize the device. The devices without
and with 30 nm SnO, are stored in a glove box with nitro-
gen (N,) condition (Fig. S7). Both of the devices show relat-
ively high stability, the device performance with SnO, is basic-
ally keeping the same efficiency without decay after 600 h.
Figs. 4(c)-4(e) show the normalized Voc, Jsc and FF of the
device with and without SnO, layer in the air atmosphere
with relative humidity between 20%-40% without encapsula-
tion, respectively. Fig. 4(f) presents the normalized PCE of the
devices with or without SnO, layer. It is clearly shown that
the device with SnO, still maintains 90% of initial efficiency
after 600 h. Nevertheless, the efficiency of the device without
SnO, drops down to less than its 70%. We can find that the at-
tenuation of the PCE is mainly due to the decrease of FF and
Voc, while the Jsc are barely changed. Fig. S8 presents the
changes of series resistance (R,) for the two devices, we sup-
posed the increased R, is the reason for the FF and Vqc
losses.

4. Conclusions

In summary, we have demonstrated that the ALD-pro-
cessed SnO, as an additional buffer layer in IPSCs is a gener-
al approach to enhance the device’s performance and stabil-
ity. The results show that this additional buffer layer can signi-
ficantly increase the Ry, and reduce the leakage current, thus
enhancing the FF and Vc. Meanwhile, the uniform SnO, film
with good hydrophobicity to repelling moisture, which can re-
tard the decomposition of perovskite film. The device with a
SnO, buffer layer achieves over 90% of its initial efficiency
after 600 h under an ambient condition with relative humid-
ity of 20%-40%. Instead, the control device only exhibits 70%
of its initial efficiency. This work provides a facile way of boost-
ing the efficiency and stability of IPSCs, which also gives guid-
ance for perovskite-based tandem solar cells for future com-
mercialization.
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