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(iTSE) strategy is adopted to grow
hollow domed SnO2 nanotube array.

� The growth mechanism of such SnO2

nanotubes is proposed based on a
series of controllable experiments.

� Stable perovskite solar cells with
SnO2 nanotubes as effective ETL
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For typical planar perovskite solar cell, an electron transporting layer (ETL) plays an important role in
extracting electrons from a perovskite layer and blocking electron-hole recombination at the perovskite/-
conductive substrate interface. To date, TiO2 or ZnO ETLs are mainly adopted in both forms of film and
nanostructure due to their ease of preparation. Nevertheless, the photoinstability of TiO2 and thermal
instability of ZnO/perovskite interface remain the major challenges limiting their potential commercial-
ization. Herein, we demonstrate an effective in situ template self-etching (iTSE) strategy to grow the novel
hollow domed SnO2 nanotubes array with ZnO nanorods as sacrifice templates and the growth mecha-
nism of such SnO2 nanotubes has been proposed based on a series of controllable experiments. Using
such SnO2 nanotube as ETL for perovskite solar cell demonstrates a high photocurrent density of
15.9 mA/cm2 at a based-voltage of 760 mV, leading to a stable power conversion efficiency of 12.1% over
1000 s under the simulated AM 1.5G one sun illumination. This work highlights the importance of the ETL
material selection and provides insights into achieving an ideal ETL/substrate homojunction to facilitate
electron transporting.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Organic-inorganic hybrid perovskites have been established as
an important class of materials for photovoltaics, and unprece-
dented progress in increasing their power conversion efficiency
(PCE) from 3.8% to 22.1% [1–12] was demonstrated in the past
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few years. Such a rapid PCE increase is largely attributed to the
continuous device structure developing, in which perovskite active
layer is commonly sandwiched between a hole transporting layer
(HTL) and electron transporting layer (ETL). Owning to the proper
energy level matching and carriers transport property, photogener-
ated charge carriers are separated and extracted by ETL and HTL
from perovskite film to external circuit with minimized energy loss
[4]. Typically, such organic-inorganic hybrid perovskite solar cells
(PSC) are of planar or mesoporous device structure depending on
the morphology of ETL/HTL [5]. As a critical element of PSC, ETL
plays a key role in achieving high-efficiency PSC benefiting from
its function in setting up build-in electric field and selective trans-
porting property for electrons. Actually, zinc oxide (ZnO) [8–10]
and titanium dioxide (TiO2) [11] are the most widely utilized ETL
materials both in terms of dense film for planar device and nanos-
tructure like nanoparticles or nanorods for mesoporous device.
Although high efficiency solar cells were readily realized for both
TiO2 and ZnO, they still may exhibit some shortfalls. For example,
the undoped TiO2 ETL usually has relatively low electron mobility
[13] but high processing temperature (100–450 �C). Moreover,
TiO2 is a typically great photocatalyst, which makes TiO2 based
cells less stable. Recently, Snaith et al. reported that perovskite
solar cells using mesoporous TiO2 are sensitive to ultraviolet
(UV) illumination [14]. ZnO as a formidable competitor possesses
a seemingly promising prospect. Nevertheless, any attempting to
anneal the perovskite films grown on ZnO will lead to decomposi-
tion of the dark brown perovskite back into yellow PbI2. Such
apparent thermal instability of the perovskite/ZnO interface will
undoubtedly have a deleterious effect on the long-term stability
of the final devices and the physical reason is still under research-
ing [15–18].

Tin dioxide (SnO2), as an n-type semiconductor with a wide
direct band gap of 3.6 eV at 300 K [19–21], is one of the promising
multifunctional materials, which is more stable than TiO2 under
UV illumination [22,23]. Fluorine-doped SnO2 (FTO) is already a
robust transparent conducting electrode that has been widely uti-
lized for PSC construction. Growing SnO2 ETL on FTO substrate is a
typical homogenous growth and will form an ETL/substrate inter-
face with few defects, which is beneficial to electron transporting
[24]. Previously, gelled SnO2 nanoparticles have been used as ETLs
for dye-sensitized solar cells (DSSC) [25]. In addition, Fang et al.
first reported the low-temperature solution-processed SnO2 film
as an alternative ETL for planar perovskite solar cells with a PCE
of 16%. They also improved the photovoltaic performance of such
SnO2-based planar perovskite solar cells by high-temperature
magnesium doping [26,27]. Moreover, nanostructured SnO2 is
known to have higher electron mobility than nanostructured
TiO2 [23] and also a much more negative conduction band mini-
mum (CBM) [28]. Exploitation of the low CBM of SnO2 should facil-
itate increasing the open-circuit voltage of the PSC. Therefore,
nanostructured SnO2 is an interesting photoanode material, which
could in principle facilitate efficient charge injection and charge
collection. Although the photovoltaic conversion efficiency for cells
employing SnO2 are relatively poor in DSSC [25,29,30], it already
shows great promise in PSCs [26,27,31]. For example, Murugadoss
et al. [28] reported that a planar CH3NH3PbI3 perovskite solar cell
fabricated with SnO2 film as ETL showing a PCE of 8.38%. However,
to the best of our knowledge, SnO2 nanotubes have not yet been
reported for PSCs applications. One possible reason is the growth
difficulty of one-dimensional (1D) and well-ordered SnO2 nanor-
ods or nanotubes on a given substrate for device fabrication. For
example, till now, only a two-step nanowire template-assisted
method was proved to be effective for SnO2 nanotube growth,
where the vapor phase growth of shell [32] and a second acid etch-
ing step [32,33] are necessary but either expensive or time-
consuming. Synthesis of SnO2 nanotube arrays on FTO glass sub-
strate for device applications with a simplified process still
remains a challenge.

Herein, we proposed a simple but effective in situ template self-
etching (iTSE) strategy to grow domed SnO2 nanotube array (SnO2-
DNTs) with ZnO nanorods (NRs) as templates and demonstrated
their successful application as effective and stable ETL for per-
ovskite solar cell. A direct growth of SnO2-DNTs based on the dis-
solving ZnO cores during the hydrothermal synthesis process of
SnO2 shell due to the in situ generated alkaline environment is
achieved and the growth process is systematically investigated
with a series of controlled hydrothermal experiments. Moreover,
it provides a scenario for utilizing such SnO2 nanostructure as an
effective and stable ETL in perovskite solar cell. With the device
configuration of glass/FTO/SnO2-DNTs/perovskite/P3HT/Au, it is
the first time to adopt SnO2-DNTs scaffold layer to fabricate per-
ovskite solar cell. Owning to its larger contacting area, prolonged
incident optical length, and more effective photo carrier collecting
ability, a stable PCE over 12% for such SnO2 nanotube based solar
cell is realized.
2. Experimental section

2.1. Synthesis of ZnO NRs and SnO2-DNTs

First, a vertical array of ZnO NRs was grown on FTO/glass (sheet
resistance �15X/square, 1.7 ⁄ 1.8 cm) substrate with a seeds-
assisted approach, as we previously reported [34], which are uti-
lized as the starting sacrifice templates. In addition, the dimensions
of the substrates that used to fabricate the devices and the active
area of the fabricated PSC are shown in Fig. S1. The preparation
of SnO2-DNTs was achieved with the in situ template self-etching
(iTSE) strategy, as shown in Scheme 1.

Briefly, sodium stannate (6 mM) and urea (4 mM) were added
into 15 mL of ethanol/water (60 vol% ethanol) mixed solvents, with
magnetic stirring for about 10 min. Then the suspension was trans-
ferred to a 25 mL Teflon-lined stainless steel autoclave where the
ZnO NRs grown on FTO/glass substrate was placed at an angle
(�45�) against the wall of the autoclave, and heated in an electric
oven at 170 �C for various time (15–90 min). With a hydrothermal
reaction, the ZnO NRs are coated with a uniform nanostructured
porous SnO2 shell, which is constructed by tiny SnO2 particles.
Meanwhile, the ZnO NRs templates are in situ etched off by the
self-generated alkali conditions with the reaction time prolonging,
attributing to the hydrolyzation of urea. When the autoclave was
cooled to room temperature, the substrate was rinsed with ultra-
pure water and allowed to dry at 60 �C in ambient air. A typical
optical image of the SnO2-DNTs grown on FTO substrate is pre-
sented in Scheme 1. This facile growth strategy provides a new
way to prepare dense and uniform SnO2-DNTs array with control-
lable wall thickness.
2.2. Perovskite solar cell fabrication and characterizations

Methylammonium iodide (MAI, 160 mg) and PbI2 (461 mg)
were dissolved in DMF at molar ratio of 1:1 to form the perovskite
precursor solution. 30 lL of above solution was dropped onto the
domed SnO2 nanotube array (SnO2-DNTs) coated substrate and
spin-coated at 3000 rpm for 30 s, in which 150 lL chlorobenzene
was dropped onto the center of spinning substrate after 8 s. Then
the substrate was annealed at 100 �C for 1 h. P3HT solution was
prepared by dissolving 20 mg P3HT in 1 mL chlorobenzene, and
then 20 lL P3HT solution was spin-coated at 1000 rpm for 30 s
to form the HTL. Finally, 50 nm Au electrodes were thermally evap-
orated at rate of 0.2 Å/s in vacuum. In addition, the PSCs employed
ZnO NRs and TiO2 NRs as ETLs were fabricated with the same pro-



Scheme 1. The schematic of preparation process. The SnO2-DNTs were grown on FTO/glass substrates via a hydrothermal in situ template self-etching (iTSE) strategy with the
as-prepared ZnO NRs as sacrifice templates.
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tocol. What’s more, TiO2 NRs were prepared with the hydrothermal
method, as we previously reported [35]. The XRD measurements
were carried out by using BRUKER-D8. The UV�visible (UV�vis)
optical absorption spectrums were measured with a Shimadzu
UV-3600 spectrophotometer and the incident light came from per-
ovskite film side. The solar cell current density versus voltage (J–V)
characteristics (from forward to reserve and from reverse to for-
ward) were measured using a Keithley Source Meter 2612A under
simulated AM 1.5G irradiation (100 mW/cm2) using a Xenon lamp
based solar simulator (San-Ei, Class 3A, 150 W). Before measure-
ments, the lamp was turned on for 15 min and the light intensity
was calibrated using a NREL-traceable KG5 filtered silicon refer-
ence cell. The compliance was set at 3 mA, and the scanning step
was 0.3 V/s without delay time. The maximum-power output sta-
bility of the solar cells was measured by monitoring the current
density (J) output at the maximum-power voltage bias (obtained
from the reverse J–V curves scan). The J-output is converted to
PCE output using the following relation: PCE = J(mA/cm2) � V
(V)/100 (mW/cm2). The incident photon to current conversion effi-
ciency (IPCE) was measured using a QEX10 photoresponse system
(PV Measurement). The wavelength interval was 10 nm and the
intensity of the incident light from the monochromator was cali-
brated using a Si photodiode. The beam size of the incident light
is smaller than devices area. The long-term stability of PSCs based
on SnO2-DNTs, TiO2, and ZnO nanorods serving as ETL are carried
out in glove box. In addition, the UV-irradiation stability of PSCs
was also investigated with a UV lamp (267 nm, 16W) in glove
box. All the solar cells were directly tested without any encapsula-
tion and the measurements were performed in ambient
atmosphere.
3. Results and discussion

3.1. Characterizations of SnO2-DNTs

Fig. 1(a–h) exhibit the representative plane and cross-sectional
SEM images of ZnO NRs before and after the SnO2 shell growth
using sodium stannate and urea precursors with the different con-
centrations, while keeping the ratio of 1:9 and the reaction time of
60 min unchanged. Generally, the diameter of obtained products
increases monotonously with the increasing precursor concentra-
tion in comparison with the pure ZnO NRs (Fig. 1a). However,
almost no length change is observed (Fig. 1e–h). Actually, as shown
in Fig. 1(a and e), the as-prepared ZnO NRs with smooth surfaces
vertically grow on the FTO/glass substrate and the diameter is
approximately 40 nm (Fig. 1a inset) while the length is approxi-
mately 500 nm. After a hydrothermal reaction with the 2 mM pre-
cursor, the nanorods surfaces become rough with numerous tiny
SnO2 particulates as shown in Fig. 1(b and f). Such tiny SnO2 parti-
cles construct the porous nanorod shell.

When the precursor concentration is increased to 6 mM,
smoother SnO2 shells with denser particles are observed, as seen
in Fig. 1(c) and inset. However, from the corresponding SEM image
of Fig. 1(g), we could clearly find that the ZnO NRs cores disappear,
which means the obtained SnO2 sample are dome-like hollow nan-
otubes rather than core-shell nanorods. The ZnO core NRs were
in situ etched off during the SnO2 nanotube formation. Compared
with Fig. 1(a), the distinct increase of diameter of the obtained
SnO2-DNTs (Fig. 1d) was observed when the precursor concentra-
tion increased to 15 mM. As seen from Fig. 1(d and h), the exces-
sive precursor continues to deposit on the SnO2-DNTs, and it is
difficult to distinguish the tubular structure.

The XRD patterns of the corresponding samples are shown in
Fig. S2. The pure ZnO NRs present typical hexagonal wurtzite peaks
of (100), (002), and (101). With the increasing concentration of
stannate salt and urea, the intensity of the ZnO XRD peaks decrease
and already disappear for the 6 mM sample. Meanwhile, the SnO2

peaks at (110), (101), and (211) planes could be observed, which
also confirms a gradual formation of SnO2-DNTs and the etching
process of ZnO NRs core. In addition, the optical absorption spectra
of ZnO NRs and SnO2-DNTs are measured and the bandgaps of ZnO
nanorods and SnO2-DNTs are indicated by the dashed lines, as
shown in Fig. S3.

To further investigate the detailed microstructure of the
obtained SnO2-DNTs, transmission electron microscopy (TEM)
characterization was carried out. TEM images exhibit clearly the
dome-like morphology of SnO2 nanotube with a diameter of about
100 nm and a shell thickness of about 30 nm, which is composed of
SnO2 nanoparticles as shown in Fig. 2(a and b), where the concen-
tration of sodium stannate salt was fixed at 6 mM. Fig. 2(c) shows
clearly that the SnO2 tube wall is composed of nanoparticles. The
lattice fringes of nanoparticle with a spacing of 0.34 nm corre-
sponds to the (110) plane of rutile SnO2. The TEM image and the
corresponding FFT image (Fig. 2b, c and inset) also reveal that the
SnO2-DNTs have a typical polycrystalline structure in nature and
O elements, respectively.



Fig. 1. The SEM images of ZnO NRs before and after SnO2 shell coating with hydrothermal method. The SnO2 precursors concentration are set at 0 mM (as-prepared ZnO NRs),
2 mM, 6 mM, and 15 mM, and the plane SEM images are shown in (a–d) and (e)–(h) present the corresponding cross-sectional SEM images, respectively.
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To further confirm the composition of the SnO2-DNTs, Fig. 3(a)
displays an STEM image of a single sample collected with a high
angle annular dark field detector (HAADF) attached to a TEM. The
compositional line profiles (Fig. 3b) probed by energy-dispersive
X-ray spectroscopy (EDS) show well-correlated Sn and O signals
across the nanotube. Moreover, the signal intensity of Sn and O
are stronger in the shell, which is further prove that the rod-
shaped nanostructure is a hollow SnO2 nanotube. To determine
the surface chemical states of the resulting SnO2-DNTs, X-ray
photo-electron spectroscopy (XPS) spectra were measured. The
high-resolution XPS spectra for Sn 3d (Fig. 3c) reveals the symmet-
ric spin-orbital splitting of the Sn 3d5/2 and Sn 3d3/2 core level
states of tin centered at 486.8 and 495.3 eV, respectively, which
were assigned to the lattice tin oxide. The separation between
the Sn 3d5/2 and Sn 3d3/2 level (8.5 eV) corresponds to the standard
spectrum of Sn in SnO2 reported in the literature [36,37]. The XPS
peak at about 531.8 eV (Fig. 3b) corresponds to the O 1s state,
which is the O2- state in SnO2.

3.2. Growth mechanism of SnO2-DNTs

After determining the composition and structural characteris-
tics of SnO2-DNTs, we try to understand its growth mechanism
by studying the morphological evolution from ZnO NRs to SnO2-
DNTs. Taking the precursor concentration of 6 mM as an example,
TEM images of the samples grown at different periods during the
hydrothermal synthesis are shown in Fig. 4. As depicted in Fig. 4
(a), when the reaction time is 15 min, the sample exhibits the
ZnO/SnO2 core/shell nanorod structure with a porous SnO2 shell
of about 20 nm thick wrapping the surface of the ZnO NRs. At this
time, the ZnO NRs cores retain its rod-shaped structure as marked
by red circle. As the reaction time increases to 30 min, the core
templates begin to be partially etched off as shown in Fig. 4(b),
but some incomplete ZnO NRs core still remain. Moreover, the
ZnO NRs are smashed into numerous tiny patches, indicating an
in situ self-etching process. Meanwhile, the nanotube shell thick-
ness increases to 30 nm at this reaction stage. With prolonging
the reaction time to 60 min, the tubular structure with a thicker
wall is already formed completely as shown in Fig. 4(c), which
implies that almost all the ZnO NRs are etched off. Intriguingly,
the resulting nanotube is covered with a dome-like cap on one
tip, which is in good agreement with SEM observation. Finally, if
the reaction time prolongs to 90 min, the SnO2 shells become thick
enough to fill the nanotube. Therefore, in order to grow the SnO2-
DNTs by this iTSE strategy, the reaction time should be appropriate
controlled, and the shell thickness can be tuned. The influence
from the sodium stannate precursor concentration are also investi-
gated by fixing the reaction time at 60 min, and the corresponding
TEM images of the SnO2-DNTs are shown in Fig. S4. In our case, the
optimized reaction time is 60 min for 6 mM sodium stannate.
Under this condition, the SnO2-DNTs array with well-defined
structure and proper diameter is obtained.

Based on the above discussion, the chemical formation process
of SnO2-DNTs was proposed as illustrated in Fig. 5. Firstly, the ZnO
NRs are synthesized on FTO glass substrate, and then during the
hydrothermal growth process, the deposition of SnO2 shell and



Fig. 2. Low magnification TEM images (a, b) and high-resolution TEM image (c) of
SnO2-DNTs. The inset shows typical FFT pattern of (b).

Fig. 3. (a) Dark field TEM image of a single tubular SnO2 structure (b) compositional lin
resolution XPS spectra for Sn.
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the etching of ZnO NRs template proceed at the same time. The for-
mation of SnO2 derives from the interactions of sodium stannate
and urea. With the increase of temperature, urea starts to hydro-
lyze, generating carbon dioxide (CO2) and ammonia (NH3) via CO
(NH2)2 + H2O? CO2 + NH3. Simultaneously, sodium stannate could
gradually react with CO2, and produce SnO2 crystallites via Na2-
SnO3 + CO2 ? SnO2 + Na2CO3 [19]. Besides that, with the hydroly-
sis of urea under hydrothermal conditions, an alkaline solution is
formed via NH3 + H2O?NH4

++OH�, which provides the chemical
dynamics to form the hollow tube-shaped structure. As ZnO is a
typical amphoteric oxide, ZnO NRs could be in situ dissolved by
the self-generated OH�. Essentially, the consumption of OH� by
ZnO NRs could accelerate the hydrolysis of urea, in turn, leading
to produce more CO2, which induces more sodium stannate con-
sumed and promotes the synthesis of SnO2 shell onto the ZnO
NRs. With the reaction continuing, more OH� is generated and
ZnO NRs are gradually etched off [38]. Importantly, it should be
mentioned that the initial ZnO seed layer modified onto the surface
of FTO substrate through pulsed laser deposition method is partly
preserved after the transformation to SnO2-DNTs [39], as shown in
Fig. S5, which is essential for the perovskite solar cell application as
an electron transport layer should be maintained.
3.3. SnO2-DNTs as effective ETL for perovskite solar cell

Although ZnO film and nanostructures are reported to be a good
ETL candidate for perovskite solar cell, the thermal stability of ZnO/
perovskite interface is still a problem [40]. To further confirm its
application in perovskite solar cell, we first check the thermal sta-
bility of the SnO2-DNTs/perovskite interface. Namely, CH3NH3PbI3
perovskite films were spin coated onto the SnO2-DNTs that was
synthesized under different reaction time. Then those bilayers
were annealed for 10 min, 30 min and 60 min, respectively. Fig. 6
(a) presents the optical images of SnO2-DNTs/perovskite bilayer
e scanning profile along the orange line indicated in (a); (c) and (d) are the high-



Fig. 4. Time-dependent growth process of SnO2-DNTs. Typical TEM images of the
SnO2-DNTs grown under the different reaction time: (a) 15 min, (b) 30 min, (c)
60 min, (d) 90 min.

Fig. 5. Chemical illustration of the growth mechanism for SnO2-DNTs. (a) ZnO NRs
covered with a thin and discontinuous SnO2 nanoparticle layer; (b) the OH� ions as
the by-product of SnO2 can etch the ZnO NRs off; (c) SnO2-DNTs with preserved ZnO
NRs array morphology on substrate.

Fig. 6. (a) Perovskite films were spin-coated on SnO2-DNTs grown on FTO/glass
substrate and annealed at 100 �C in glove box for different time (X-axis). Y-axis
indicates the growth time of SnO2-DNTs including 15 min, 30 min, 60 min, and
90 min. Black color means the perovskite/SnO2 interface is stable while the yellow
color (PbI2) means the perovskite decomposition. (b–e) show absorption spectra of
the perovskite/SnO2-DNTs bilayers in (a). Insets are the corresponding optical
images.
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annealed at different time and Fig. 6(b–e) and Fig. S6 are the corre-
sponding absorption spectra and XRD patterns. Obviously, the
degraded perovskite film with a certain amount of PbI2 is observed
for SnO2 partially coated ZnO NRs if the growth time is short, e.g.
15 min or 30 min. With the gradual formation of SnO2-DNTs, the
thermal stability of perovskite film on ZnO/SnO2 nanostructure is
improved, which derives from the depletion of ZnO NRs template.
Particularly, since ZnO NRs templates are completely exhausted for
the 60 min and 90 min simples, the perovskite/SnO2 shows a supe-
rior thermal stability and phase purity, indicating a good device
performance can be expected.

After confirming the growth controllability of such SnO2 nanos-
tructure and thermal stability of perovskite/SnO2 interface, we fab-
ricated perovskite solar cells with a configuration of glass/FTO/
SnO2-DNTs/perovskite/P3HT/Au, as displayed in Fig. 7(a), where
the SnO2-DNTs with optimized morphology are used as ETL. The
cross sectional SEM image of the device is shown in Fig. 7(b), and
such SnO2-DNTs array is fully filled with dense perovskite film,
on top of which P3HT as HTL and Au electrode are further
deposited.

In Fig. 7(c–d), we plot the current density-voltage (J–V) curves
and the corresponding external quantum efficiency (EQE) of the
best performance, where the SnO2-DNTs were grown by of the
above iTSE strategy. The J–V characteristic delivers a short-circuit



Fig. 7. (a) Scheme of fabrication process of perovskite solar cell; (b) the corresponding cross-sectional SEM images of SnO2-DNTs and SnO2-DNTs/perovskite/P3HT/Au devices.
The scale bar is 500 nm; (c) I-V curves of the best SnO2-DNTs/perovskite/P3HT/Au device with different scanning directions (forward and reverse); (d) The corresponding EQE
spectrum and integrated current density; (e) Stable photocurrent and PCE output performance, where the bias voltage is fixed at 0.76 V. All of these measurements were
carried out under ambient atmosphere with relative humidity about 30%.

Fig. 8. (a) Long-term stability of SnO2-DNTs (red curve), TiO2-NRs (black curve), and ZnO-NRs (blue curve) based perovskite solar cells; (b) UV-stability comparison of SnO2-
DNTs (red curve) and TiO2 based (black curve) perovskite solar cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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current density (Jsc) of 18.38 mA/cm2, an open-circuit voltage (Voc)
of 0.94 V and a fill factor (FF) of 70.7%, which gives a PCE of 12.26%
for reverse scanning (Voc ? Jsc). Meanwhile, the forward scanning
exhibits a Jsc of 18.44 mA/cm2, a Voc of 0.94 V, and a FF of 65%
achieving a PCE of 11.3%, which shows a relatively weak hysteresis
phenomenon [41].

The integrated current density extracted from the correspond-
ing EQE curve (Fig. 7(d)) gives a value of 17.99 mA/cm2, which is
very comparable with the J–V scanning curves. In addition, to
further confirm the device stability and output property, the
steady-state photocurrent output at the maximum power point
as indicated with red dot is measured as shown in Fig. 7(c). The
steady-state photocurrent represents the real power output and
should be used to accurately characterize the device efficiency.
As shown in Fig. 7(e), the steady-state current can fix at
15.9 mA/cm2 with a stable PCE of 12.1% for a long duration over
1000 s. These device performances demonstrate that such SnO2-
DNTs possess a superior carrier transporting property and a proper
energy level matching with perovskite. It should be noted that,
compared with the generally adopted hole transport material
Sprio-OMeTAD, we select pure P3HT in this work, which has a bet-
ter chemical stability [42–45]. Without doping of Li-TFSI and the
oxidation procedure, it suppresses the decomposition of perovskite
film. Considering adopting the P3HT as HTM, this device with
stable output efficiency over 12% presents a high photovoltaic per-
formance [46].

Device performance distributions for a batch of 14 devices mea-
sured under AM 1.5 simulated solar irradiation are shown in
Fig. S7. The voltage was scanned from Voc to Jsc at a scan rate of
0.3 V/s. The average Jsc, Voc, and FF achieves a value of
17.9 mA/cm2, 0.93 V, and 68 %, respectively, and the average PCE
are calculated as over 10%. Devices performances provide direct
evidence that such novel SnO2-DNTs possess effective electron
transporting nature for perovskite solar cell application. One main
reason is that the well-matched crystalline interface between SnO2

nanotube and FTO substrate will minimize defects at this internal
surface, enabling ease of electron transfer from the perovskite to
the SnO2 and also avoid any extra internal trap sites, which would
otherwise be present in a heterojunction like ZnO/FTO ETL. In addi-
tion, the impedance spectrum of a solar cell device based on the
structure of SnO2-DNTs/perovskite P3HT/Au was measured under
light (0.5 sun) with 1V bias, as shown in Fig. S8.

Recently, the long-term stability and UV-stability of PSCs has
obtained much attention because PSCs must be able to withstand
these conditions for their commercialization. In this work, the
comparison of long-term and UV-stability of SnO2-DNTs based
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perovskite solar cell with traditional TiO2 and ZnO PSCs have been
carried out. Fig. 8(a) compares the normalized PCE of SnO2, TiO2

NRs, and ZnO NRs ETL based perovskite solar cells in 25 days, while
Fig. 8(b) shows the normalized PCEs of the unencapsulated SnO2

cell and TiO2 cell in a nitrogen-filled glove box with constant
267 nm UV lamp illumination. No matter in terms of long-term
stability or UV-stability, the PSC with SnO2-DNTs as ETL is much
better than the device with TiO2 or ZnO ETL.

4. Conclusions

In this work, we synthesized the novel hollow domed SnO2 nan-
otubes (SnO2-DNTs) utilizing the in situ self-etching template strat-
egy and demonstrated their successful application as effective and
stable ETL for perovskite solar cell. ZnO NRs template could be
etched off along with the formation of SnO2 shell, and the hydrol-
ysis of urea plays a critical role during the preparation process,
which provides CO2 and NH3. The former reacts with sodium
stannate and produces SnO2 crystallites, and the latter induces
an alkaline chemical surrounding to etch the ZnO template off.
Perovskite solar cells based on the novel SnO2-DNTs were fabri-
cated for the first time. With the structure of FTO/SnO2-DNTs/
perovskite/P3HT/Au, the best device presents a stable PCE of
12.1%, confirming the great electrons transporting property of the
SnO2-DNTs. Moreover, the PSC with SnO2-DNTs as ETL exhibits
better long-term stability and UV-stability than similar TiO2 or
ZnO PSCs. We suggest that the SnO2-DNTs array can be employed
in many fields including field emission devices, lithium ion battery,
and high-performance gas sensors.
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