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ABSTRACT

SnO, modified mesoporous ZrO, is used to replace the mesoporous TiO, layer and serves as a kind of mesoporous electron-transport layer
during the low-temperature fabrication of mesoscopic perovskite solar cells that are based on carbon electrode. X-ray/ultraviolet photoelec-
tron spectroscopy studies and electrical test observe that SnO, modification brought down the work function while increasing the conductiv-
ity of the mesoporous ZrO,. Transient photovoltage/photocurrent decay curves, impedance spectroscopy, and photoluminescence mapping
show that after the bottom layer of ZrO, is modified by SnO,, the charge extraction process is accelerated while recombination is retarded.
This modification helps to increase the power conversion efficiency from 4.70 (£0.85)% to 10.15 (£0.35)%, along with the optimized effi-
ciency at 13.37% (AM1.5G, 100 mW/cm?) for the low-temperature devices. In addition, the effects of modification layers of SnO, on the
power conversion properties are carefully studied. This study shows that SnO, modified mesoporous ZrO, could serve as an efficient

electron-transport layer for the low-temperature mesoscopic devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0087943

Organic-inorganic hybrid perovskite solar cells (PSCs) have
developed very fast since the pioneered work of Miyasaka et al.' The
power conversion efficiency (PCE) has increased from 3.8% (AM1.5G,
100 mW cm ) to the recorded 25.7%," ~ owing to the optimization
on light-absorbing material,’ charge-transport material,” device
structure,” and so on. Stability and cost are suggested to be the main
bottlenecks for the practical mass application. Carbon materials are
known by the high electrical conductivity and low price. Moreover,
carbon electrode owns a work function near 5.0 eV and sound corro-
sion resistance. As such, PSCs based on carbon electrode (noting as
CPSCs) have also developed quickly, and several structures have been
proposed, including mesoscopic (meso CPSCs),” * embedment,' "
quasi-planar,”” and planar structures.'”'” In 2021, Xiao et al. applied
acetamidine mixed perovskite to prepare the photoactive material and

achieved PCE higher than 18% in meso CPSCs.''” In 2019, Yang
et al. modified TiO, with PbTiO; to prepare the electron-transport
layer and achieved PCE of 16.37% in the embedment CPSCs.”’ In
2021, Wu and co-workers introduced a simple amphiphilic silane
interfacial linkage strategy and achieved a PCE of 18.64% in planar
CPSCs.”' Moreover, prolonged stability has also been demonstrated
for the CPSCs. For example, Han’s group tested the printable meso-
scopic perovskite solar cell that filled with (5-AVA),MA,;_,Pbl; at
55°C = 5°C for more than 9000 h, but no significant degradation was
observed.””

Among these carbon-electrode based devices, meso CPSCs are
unique for their architecture and air-compatible production procedures.
However, they are usually fabricated in high temperatures (400-450 °C),
partially due to the need to sinter TiO, (to obtain higher conductivity).
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This process adds to the production period and the cost. To reduce the
cost, low-temperature production is recommended, similar to that
done in metal-electrode based PSCs and other types of CPSCs.”” %
Honestly, in our previous work, low-temperature preparation of meso
CPSCs was realized with the architecture of “ITO/SnO,/meso-TiO,/
meso-ZrO,/carbon,”  which  was  successfully ~ produced in
temperatures <150 °C.”* However, during that work, TiO, was used as
the mesoporous electron-transport layer (meso-ETL). Without high
temperature (450 °C) sintering, the conductivity of TiO, was relatively
low, which affected device efficiency. As a result, it is essential to explore
a kind of meso-ETL that is compatible with low-temperature proce-
dures. SnO, has been shown to be a kind of excellent electron-
transport material that could be prepared in low temperatures.”’ >
Here, in this article, SnO, is used to modify mesoporous ZrO,, then
replace the meso TiO, layer and serve as the meso ETL.

The fabrication process of the low-temperature meso CPSCs is
shown in Fig. 1(a). The structure of “FTO/SnO,/meso-ZrO,@SnO,/
meso-ZrO,/carbon” is adopted. For comparison, the device is also pre-
pared using meso TiO, as ETL.” Details about the preparation proce-
dures are referred to the experimental section shown in the
supplementary material. Two points are worthy to note: (i) In order to
harvest photo-generated charge carriers, two-layer ETLs are adopted:
one is the compact layer and the other is the mesoporous layer. The
usage of meso ETL is to increase the contact area between the active
layer and the charge-extraction layer. During the past years, meso-
TiO, was used in most. Herein, such layer is replaced by SnO, modi-
fied meso-ZrO, (or noted by meso-ZrO,@Sn0,). Such layer is
obtained by spin-coating SnO, quantum dots (QDs) solution on top
of the ZrO, blocking layer. To examine the effect of the number of
modifying layers on device performance, the number of the modifica-
tion layers is changed from 0 to 3. After that, two more layers of meso

SnO, QDs

ARTICLE scitation.org/journal/apl

ZrO, layers are spin-coated on top to prepare the blocking layer
(between the bottom ETL and top carbon electrode). (i) The carbon
electrode is prepared using ZrO, inorganic sols, instead of TiO, sols.”?
This could avoid the photocatalytic effect brought by TiO,.”
Discussion on this topic will be detailed in a forthcoming work. Cross
section morphological properties of meso CPSCs are studied by scan-
ning electron microscope (SEM), along with element distribution maps
(EDS). Typical cross-section image is shown in Fig. 1(b). Clearly,
layered skeleton can be distinguished, such as meso-ZrO,@SnO,,
meso-ZrO,, and carbon electrode. After uploading of perovskite crys-
tallites, the three layers are united, which facilitates the power conver-
sion processes.

EDS mapping shows a similar result. Elements of I and Pb dis-
tribute throughout the mesoporous layers covering SnO,, ZrO,, and
carbon electrode, indicating that the perovskite precursor can pene-
trate to the bottom of the mesoporous skeleton. It is observed that the
number of modification layers brings less effect on the distribution of
perovskite in the device. Crystallographic characteristics of the devices
are studied by x-ray diffraction (XRD), as shown in Fig. S2. Peaks at
around 14.23°, 20.13°, 23.61°, 28.30°, 31.75°, 40.56°, and 43.16° can
be observed, corresponding to facet planes of (110), (112), (111),
(004), (310), (202), and (212) of (5-AVA),(MA); _,Pbls, respectively.”
No prominent peak is observed for Pbl,, implying that perovskite
crystallization could be harvested in the mesoporous skeleton.

Surface chemical properties and work function of the meso-ZrO,
are characterized by x-ray/ultraviolet photoelectron spectroscopy
(XPS/UPS). As shown in Fig. 1(c), before the SnO, modification, peaks
belong to Zr and O exist. After the modification (one-layer), new
peaks at 495.3 and 486.8eV appear, which belong to Sn3d;, and
Sn3ds,, respectively, implying SnO,QDs have been mounted on
ZrO,. According to the UPS study [Fig. 1(d)], the work function of

Carbon/Perov;kite

<710 JPerovskite

- Z10,@8N0;~
FTOISNO,

(a) meso skeleton meso CPSCs
5
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FIG. 1. (a) Schematic of the preparation process of low-temperature, mesoscopic CPSCs using SnO, modified meso-ZrO, as the electron-transport layer. (b) Cross-sectional
SEM image of meso CPSC after filling of perovskite. (c) X-ray photoelectron spectroscopy of meso-ZrO, and meso-ZrO,@SnO, thin layers. (d) Ultraviolet photoelectron spec-
troscopy of ZrO, and ZrO,@Sn05. (e) Current-voltage curve of meso-ZrO, modified by different layers of SnO,.
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4.37 eV could be recorded for ZrO,. After the SnO, modification, it
shifts upward to 3.68 eV. Such shift could be well-understood, since
SnO, is known to be a N-type semiconductor. To better illustrate the
electrical properties, the conductivity of the SnO, modified meso-
ZrO, is measured by current-voltage scanning using architecture
shown in Fig. 1(e). Clearly, the conductivity of meso-ZrO, increases
after the modification of SnO,.

The effect of the SnO, modification on the charge extraction
properties is studied. Photoluminescence (PL) mapping is performed
on devices by monitoring the spatial distribution of luminescence
wavelength of 765 nm (according to CH;NH;I, or MA based perov-
skite).”* From Fig. 2(a), one can see that before the SnO, modification
on ZrO,, PL signal with intensity higher than 10000 (upmost to
17500) is seen on the most part of the tested area. After one-layer
SnO, is coated, the PL intensity is weakened by ~70%, with the
upmost intensity lowering down to 5500. A similar distribution is
observed when more layers of SnO, are coated. According to the XRD
studies, crystallization behavior of perovskite is not affected by the
modification layers, and, thus, the lowered PL intensity is ascribed to
the improved charge extraction behavior across the interface between
perovskite and meso ETL.”” *” For comparison, time-resolved photo-
luminescence (TRPL) spectra are recorded on half-devices, where the
top carbon electrode is peeled off. Typical TRPL curves are shown in
Fig. S3(d), the fitted lifetime (7) is collected in Table S1. The averaged
715 68.30, 17.38, 17.65, and 17.95 ns for the modification at 0, 1, 2, and
3 layers, respectively. The reduced lifetime is also ascribed to the accel-
erated charge extraction, coinciding well with the PL mapping test.”*"

Charge-extraction and recombination dynamics of the meso
CPSCs device are further studied by transient photocurrent/photovoltage
(TPC/TPV) decay curves, and impedance spectroscopy (IS), typical
TPC/TPV curves, and the Nyquist plots are seen in Fig. S3. Charge

ARTICLE scitation.org/journal/apl

transition time (tq) and lifetime (t,y) of photo-generated charge car-
riers, series resistance (R;), and interfacial charge transfer resistance
(R are reduced from TPC/TPV curves and Nyquist plots and col-
lected in Figs. 2(e)-2(h), respectively. When ZrO, is not modified, the
transition time (t,) is 3.24 (+0.37) us, and after modified by one layer
SnO,, it decreases to 2.79 (+0.22) us, though it increases slightly to
2.89 (+0.15) and 3.13(*0.31) us for the two and three layer modifica-
tion, respectively. On the contrary, the lifetime (t.) is 4.96 (=0.85) us
before modification; after one-layer SnO, modification, it increases to
7.38(%0.56) us, though it drops little after more layer modifications.
As such, charge-extraction is accelerated, while recombination is
retarded. The accelerated extraction could also be reflected by the
evolvement of series resistance (R) and charge-transfer resistance
(R.). As for R, it is 50.94 (*+6.08) Q before modification while
decreasing to 35.62 (*3.04) Q after one-layer modification. As for R,
it is 139.92 (£20.67) Q before modification while dropping to 124.97
(%£10.03) Q after one-layer modification. These results show that SnO,
modified mesoporous ZrO, (or meso-ZrO, @ SnO,) can serve as effi-
cient ETL. After SnO, modification, the contact between perovskite
crystallites and ETL is strengthened, which benefits the charge-
extraction and recombination processes. It is noted that ion migration
might also affect the measurement. It is well-known that ion migration
is caused by defects and electrical stress in the device. Due to ion
migration behavior, ion accumulation could happen, and then which
leads to more defects and higher capacitance” affects aforementioned
tests. However, as to ion migration itself, it usually happens in time-
scale of seconds according to previous studies,”""* which is much
slower than the charge-extraction and recombination processes.
Accordingly, ion migration itself might bring less effect to these tests.
On the contrary, lifetime (7.y) derived from TPV reflects the recombi-
nation of photogenerated charge carriers in full device."” " It differs
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FIG. 2. (a)-(d) Photoluminescence (PL) mapping of meso CPSCs using SnO, modified mesoporous ZrO, (noted by meso-ZrO, @ SnO,) as ETL (all mappings were taken
from the substrate side). The effect of the SnO, modification layer on (e) transition time (t;) and (f) lifetime (<) of photogenerated charge carrier in the low-temperature devi-
ces. The effect of the modification layer of SnO, on (g) charge transfer resistance (Rq;) and (h) series resistance (Rs) of the low-temperature mesoscopic perovskite solar cells

based on carbon electrode.
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from the “lifetime (7)” measured from TRPL. However, when the
charge-transport layer is used, lifetime (t) could also be affected by the
interfacial charge-extraction process. Smaller 7 usually implies quicker
extraction process, given that similar perovskite is monitored.”**"”
The accelerated charge-extraction and reduced charge recombination
are beneficial for the power conversion processes. Typical current
density-voltage (JV) curves are shown in Fig. 3(a). When there is no
meso ETL, the “S-shape” JV curve appears, showing that the charge
extraction process is highly retarded. In fact, ZrO, is a kind of insulator
that could not serve as ETL. The observed JV curve is due to the possi-
ble contact between PVSK and the compact SnO, ETL, since the ZrO,
layer is mesoporous. Then, after the bottom layer of ZrO, is modified
by SnO,, meso ETL is provided, and normal JV curves appear, indicat-
ing that the fluent extraction process happens. For a detailed compari-
son, all of the four performance parameters are collected and shown in
Figs. 3(b), 3(c), 3(e), and 3(f) and Table S2, including open-circuit volt-
age (V,), short-circuit current density (J), fill factor (FF), and power
conversion efficiency (PCE). One can see that SnO, modification could
upgrade all of the four parameters, while one-layer modification comes
out with the optimized performance. Typically, after one-layer SnO,
modification, V,,. increases from 806 (*£86) to 912 (*£19) mV, J.
increases from 17.75 (+0.89) to 19.55 (+0.48) mA cm 2 FF rises
from 32.95 (£3.34)% to 56.78 (= 1.44)%, and PCE upgrades from 4.70
(£0.85)% to 10.15 (£0.35)% [statistical histogram on PCE is shown in
Fig. S4(a)]. In addition, examination of Figs. 2 and 3 shows that when
charge extraction is accelerated (seeing lower t4 and lower Ry), higher
Jic is harvested; when recombination is retarded (seeing increased 7),
higher V,, is the resultant. Such phenomenon is, indeed, similar to that

recorded by reverse scan). Statistics on performance parameters (reverse scans): (b) Vo, (€) Jsc, (€) FF, and (f) PCE. (d) Typical current-density voltage (J-V)

observed before,” ™" depicting close relation between these parame-
ters. It is worthy to note that as the modification layer increases, slight
decline is seen in performance parameters. One possible reason rises
from the fact of that more modification layers make the thicker SnO,
layer, which reduces the porosity of the ETL, and the contact between
perovskite and the ETL. However, more studies are needed in the
future.

The performance of the low-temperature meso CPSCs based on
meso-ZrO,@Sn0, is comparable to that based on meso-TiO,. Typical
JV curves are shown in Fig. 3(d), while corresponding performance
parameters and PCE histogram are shown in Figs. S4(b) and S5.
Meso-ZrO, @ SnO, based devices come out with slightly higher PCEs,
with the optimized value of 13.37% (reverse scan) compared to

(@)  without SnO, (b)

with SnO,

FIG. 4. (a) and (b) Schematics showing the effect of SnO, modification on the con-
tact and electron-extraction process between the interface of perovskite crystallite
and ETL.
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11.45% of meso-TiO, devices. From Fig. S5, one can see that the main
contribution is from V.. TPV study (shown in Fig. S6) observes longer
lifetime in the case of meso-ZrO, @ SnO,. Thus, lower recombination
is reduced. The reduced recombination might arise from difference
between the TiO, and SnO,. Usually, it is suggested that SnO, owns
lower conduction band bottom than TiO,.”””" Accordingly, one may
expect higher V. in meso TiO, devices, which differs from current
study. As a result, other causes should be considered. It is well-known
that, to obtain high crystallinity in TiO, nanoparticles, high tempera-
ture annealing (~450 °C) is usually needed. Without such high tem-
perature treatment, there exists risk of presence relative higher surface
defects. In contrast, low-temperature processed SnO, has helped to
obtain high V,. near 1000mV in low temperature planar CPSCs,"”
and V,. even higher than 1200mV in metal-electrode based PSCs.
Therefore, the reduced recombination might arise from the reduced
surface defect.

To explain the observations relating to SnO, modification, sche-
matics are shown in Figs. 4(a) and 4(b). When there is no meso ETL,
incomplete contact is obtained between perovskite crystallites and
ETL, leading to hindered electron-extraction. After the bottom ZrO,
layer is modified with SnO,, the contact is strengthened, ensuring
effective electron-extraction and power conversion processes. Storage-
stability is also tracked by storing the device in open air (relative
humidity of 40%-50%, without encapsulation). As shown in Fig. S7,
after 3000-h storage in the open air, no apparent decline is seen in
efficiency. Moreover, slight increase is observed in the first few day
storage, which relates to the slow coarsening process of perovskite
grains in the mesoporous framework."”

Honestly, performance parameters of the currently studied low-
temperature processed meso CPSCs are relatively lower than counter
devices prepared by high temperature procedures.'” The main prob-
lem lies on the lower V, and FF. In addition, hysteresis is observed
(shown in Fig. S8), which is caused by defects."’ These problems are
relating to the relatively poor crystallinity of perovskite in the confined
structure, and, thus, more studies are needed.

In summary, SnO, modified meso ZrO, is used to be a kind of
mesoporous ETL for the low-temperature mesoscopic PSCs based on
carbon electrode. With the combination of PL mapping, TRPL, TPC/
TPV, and IS studies, it is shown that SnO, modification could accelerate
electron-extraction while retard recombination, which helps to obtain a
conversion efficiency of 13.37% (reverse scan) (AML.5G, 100 mW cm )
and storage-stability up to 3000 h for the low-temperature devices. As a
result, SnO, modified meso ZrO, could serve as an efficient ETL.

See the supplementary material for the device preparation and
characterization; cross-sectional SEM image and corresponding ele-
ment distribution maps (EDS) (Fig. S1); x-ray diffraction patterns (Fig.
S2); typical TPC/TPV decay curves; Nyquist plots and time-resolved
PL (Fig. S3); statistic histogram on PCEs (Fig. S4); statistics of perfor-
mance parameters (Fig. S5); TPV decay curves for devices based on
meso-TiO, and meso-ZrO, @ SnO, (Fig. S6); storage-stability (Fig.
S7); hysteresis index (Fig. S8); fitted time constant from TRPL
(Table S1); and statistics on performance parameters (Table S2).
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