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ABSTRACT

A low-temperature fabrication routine is developed for hole-conductor-free and mesoscopic perovskite solar cells using a TiO, nanoparticle-
binding carbon electrode as the top electrode. Vacuum treatment is adopted to help the infiltration and formation processes of the organic—
inorganic hybrid perovskite crystallites. It is observed that such treatment not only condenses the mesoporous skeleton and improves film
conductance of the carbon electrode but also makes the perovskite crystallites grow in the core part of the mesoporous skeleton. As such, the
extraction process of photogenerated charge carriers is accelerated due to the strengthened interfacial contact between the perovskite crystal-
lites and the skeleton. Accordingly, the photo-to-electric power conversion efficiency of the low-temperature devices is upgraded from 7.38
(£1.40)% to 10.17 (+0.86)% (optimized at 12.29%, AM 1.5G, 100 mW/cm?). In addition, prolonged stability is observed. Due to the con-
densed device structure, storage stability of 225 days has been achieved in ambient air (with relative humidity of about 40-60%), even without
encapsulation. The proposed strategy is helpful in further reducing the production cost.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0025442

have shown not only prolonged stability™'*'* but also high efficien-
1015717 Specifically, photo-stability of 1000h, an outdoor-

Perovskite solar cells (PSCs) are well-known for their competitive
power conversion efficiency (PCE)'~ and low production cost.”® cies.

Usually, PSCs are fabricated using a metal film as the top electrode.
Due to the corrosive nature of the organic-inorganic hybrid perovskite
(PVSK hereafter) material, the stability problem is always faced, which
hinders the potential application of PSCs in the future.”* Carbon elec-
trodes have long been used as electric-connecting components in dry
cells and lithium batteries,” and they could bear heavy electrochemical
corrosion. As such, it would be appealing to replace the metal electrode
by the carbon electrode in PSCs. Owing to the pioneering works done
by Han et al., carbon electrode-based PSCs (or CPSCs) have been con-
structed and several kinds of structures have been proposed, for exam-
ple, mesoscopic CPSCs (meso CPSCs for short),'1 embedment
CPSCs," planar CPSCs,'" and quasi-planar CPSCs."” These CPSCs

working-stability of 1 month, and storage stability of over 1 year were
achieved in the meso CPSC modules, even without encapsulation."”
With bulk engineering of the perovskite crystallite [using 4-(amino-
methyl) benzoic acid hydroiodide], an efficiency of 15.6% (AM 1.5G,
100 mW/cm?) was obtained in the meso CPSCs.' Meanwhile, an effi-
ciency of 14.77% and storage stability of 5months (no encapsulation)
were gained in planar CPSCs."" Very recently, 16.51% and 15.28% were
achieved for meso CPSCs and planar CPSCs, respectively.'*'* The pro-
longed stability is due to two facts: one is the inert nature of carbon elec-
trodes and the other is the barrier provided by them. Such carbon
electrodes usually come with thickness up to 10 um or more, which
retards the penetration of the H,0/O, from air.”
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Amongst these device structures, meso CPSCs are known by the
advantage of low-cost fabrication. They could be prepared in open air,
thus excluding the usage of a nitrogen gas glove. This is appealing to
reduce the levelized cost of electricity (LCOE).””' However, the meso
CPSCs were usually prepared in high-temperature processes
(400-450°C). To further reduce the production cost, it is essential to
lower the fabrication temperature, like that done in metal electrode-
based PSCs.””** Here in this article, one such strategy is developed.
With the assistance of low-temperature mesoscopic skeleton and
vacuum-assisted perovskite formation technique, power conversion
efficiency (PCE) > 12% and storage stability >220days have been
obtained.

Low-temperature fabrication procedures of the carbon electrode-
based hole-conductor-free and mesoscopic perovskite solar cells (or
low-temperature meso CPSCs) are mimicked in Figs. S1(a)-S1(f) in
the supplementary material, as well as the related experimental details.
Briefly, after the mesoporous skeleton was constructed, a perovskite
precursor was added on top and then heated at 50°C for 0.5h in a
vacuum chamber [Fig. 1(a)], with pressure of about ~1 x 10*Pa.
Then, low-temperature meso CPSCs [Fig. 1(b)] were prepared and
ready for performance evaluation. The skeleton of “ITO/SnO,/
mp-TiO,/mp-ZrO,/carbon” was adopted and prepared at low temper-
atures (<150 °C). For example, the carbon electrode (~20 um) was
prepared using TiO, nanoparticles (TiO,NPs) as binding agents like
that documented before.”* mp-TiO, and mp-ZrO, layers were made
from TiO, and ZrO, nanocrystallites, respectively. The nanocrystal-
lites are well-crystallized as reflected by Fig. S2 in the supplementary
material. Bilayer SnO, films were prepared like that described before,
with the first/second layers prepared from SnO, quantum dots™” and
SnCl, solution,”®*” respectively.

The crystallographic properties of the perovskite were studied by
x-ray diffraction (XRD). The whole device was irradiated from the top
of the devices. As shown in Fig. 1(c), peaks could be observed at
around 14.22°, 20.11°, 23.66°, 28.32°, 31.98°, 40.57°, and 43.31°,
which correspond to the (110), (112), (111), (004), (310), (202), and
(212) planes of (5-AVA), (MA),,Pbl, respectively.”® Thus, PVSK
crystallites could be crystallized in the low-temperature processed mes-
oporous skeleton. It is noted that the peak at 26.62" is due to the (110)
plane of graphite. In addition, no obvious peaks could be observed for
PbL,.

Cross-sectional morphological properties of the devices were
studied by scanning electron microscopy (SEM). The typical results
are shown in Fig. 2. It could be seen that for device treated in air, plates

> *3 Vacuum
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3| T =g esa
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(a) Vacuum-assisted  (b) Schematic of low- ) XRD 26(°)

PVSK formation temperature meso CPSCS

FIG. 1. (a) Schematic of the vacuum-assisted formation process of perovskite crys-
tallites. (b) Device structure of low-temperature meso CPSCs. (c) X-ray diffraction
patterns of bare skeleton and full devices with perovskite crystallites formed in air
or vacuum.
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FIG. 2. Typical cross-sectional scanning electron microscope (SEM) images and the
corresponding element distribution maps of the low-temperature processed meso
CPSCs with the perovskite formed: (a) and (b) in air and (c) and (d) in vacuum.
White rectangles represent the distribution regions of perovskite crystallites.

stack loosely, and for that treated in vacuum [Fig. 2(c)], the stack is
condensed. These plates are suggested to be graphite according to the
experiment. As such, vacuum treatment has modified the structure of
the mesoporous skeleton, making it more condensed. On the other
hand, the formation behavior of the perovskite crystallites has also
been modified. From element distribution maps (EDS) [Figs. 2(b) and
2(d)], one could see that elements of Pb and I distribute uniformly
over the whole skeleton (marked by the white rectangle) for devices
treated in air. However, for that done in vacuum, Pb and I mainly
distribute in the bottom part of the skeleton or the region including
mp-TiO,, mp-ZrO,, and the bottom part of the carbon electrode. In
fact, this region is the core part of the meso CPSCs, whereas photo-
generated electron-hole pairs are generated, separated, and collected.
Such condensed distribution is helpful for the power conversion
processes, as will be revealed later.

The effect of vacuum treatment on film conductance of the car-
bon electrode was examined. A group of carbon films were prepared
on bare glasses and heated at 150 °C in air for 5h [denoted by “Air” in
Fig. 3(a)]; after the film thickness (d) and sheet resistance (Ry,) were
measured (details referred to the supplementary material), they were
further heated at 50°C in vacuum for 1h [denoted by “Air
+ Vacuum” in Fig. 3(a)], after which the film thickness and sheet
resistance were measured again. It was observed that when carbon
films were treated in air, the film thickness was about 71.6 m and the
sheet resistance (Ry,) was about 10.50hm/sq, and after the carbon
films were further treated in vacuum, they decreased to 65.8 um
and 9.3 ohm/sq, respectively. Accordingly, the average conductivity
increased from 13.3 S/cm to 16.4 S/cm. As a result, vacuum treatment
has condensed the mesoporous carbon electrode and improved the
film conductivity.

Charge-extraction dynamics of the meso CPSCs were studied by
the transient photocurrent (TPC) decay curve measurement. As
shown in Figs. 3(b) and 3(c), exponential decaying behavior was
observed. Charge-extraction time (t;) was picked by fitting the curves
by the exponential function. It is found that for devices treated in air,
tyis 2.76 (=0.61) us, while for those treated in vacuum, it decreases to
1.94 (£0.52) ps. Thus, the extraction process has been accelerated.
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Published under license by AIP Publishing

117, 163501-2


https://doi.org/10.1063/5.0025442#suppl
https://doi.org/10.1063/5.0025442#suppl
https://doi.org/10.1063/5.0025442#suppl
https://doi.org/10.1063/5.0025442#suppl
https://scitation.org/journal/apl

Applied Physics Letters ARTICLE

~1.0
90 - Thickness 5 o Air
% 08 o Vacuum
':E: 751 ﬁ . £ 06 Cirfittingl _
= 60} o —— Vacuum fitting
© 2 04f
N
45 . X S 02
= Sheet resistance g )
L 16| 200 N "
c r . b “0 10 20 30 40
s 12F s (b) Time(us)
« # 3
8r s1ol@@ar ;
' N I 77/ Vacuum|
18 - Conductivity g ]
— =} '7
o
§ 15} % o5 %
25 3 7
5 12} o %%é
£ .
9 1 L | 5 0.0 D000
ir Ai z 2 3 4
(a) Air  Air+tVacuum (c) t(us)

FIG. 3. (a) Effect of vacuum treatment on the film thickness and conductivity of the
TiO,NPs-binding carbon electrode. (“Air” denotes “heating at 150 °C in air for 5h,”
while “Air+Vacuum” denotes “heating at 50 °C in vacuum for 1 h” after the air treat-
ment.) (b) Typical transient photocurrent (TPC) decay curves of the low-
temperature meso CPSCs with PVSK crystallites formed in air or vacuum. (c)
Charge-extraction time picked from the TPC decay curves.

The improvement is ascribed to two facts: one is the concentrated dis-
tribution of PVSK crystallites and the other is the strengthened contact
between PVSK crystallites and charge-extraction layers (mp-TiO, and
the carbon electrode). Due to the above two reasons, the photo-
generated charges could be extracted more quickly.

Photo-to-electric power conversion properties of the low-
temperature meso CPSCs were studied by recording the current densi-
ty-voltage (JV) curves under simulated illumination (AM 1.5G, 100
mW/cm?). Typical JV curves and performance parameters are pre-
sented in Fig. 4. It could be found that vacuum treatment has
improved all of the four performance parameters, like open-circuit
voltage (Voc), short-circuit current density (Jsc), fill factor (FF), and
power conversion efficiency (PCE). Concretely, V¢ increases from
898.6(+16.3) mV to 927.4 (*11.9) mV, Jsc increases from 18.10
(£2.29) mA/cm? to 22.67 (*=0.58) mA/cm?, FF rises from 45.04
(£3.61)% to 48.34 (*=3.12)%, and PCE upgrades from 7.38 (*1.40)%
to 10.17 (*+0.86)%. The optimized device performance reaches
12.29%. Such performance is comparable to the previously reported
high-temperature meso CPSCs”* ™ and also to the device assembled
from high-temperature mp-TiO,/mp-ZrO, and low-temperature car-
bon electrodes.”'

The improved performance could be understood from four
aspects. The first is the vacuum-assisted perovskite formation. As
stated above, PVSK crystallites could be concentrated to the core part
of the mesoporous skeleton (mp-TiO,/mp-ZrO,/bottom of the carbon
electrode). This could accelerate the extraction, while retarding the
recombination of the photo-generated charge-carriers. The second is
the improved conductivity of the TiO,NPs-binding carbon electrode,
which is also helpful in elevating the FF. The third one is the low-
temperature compatible SnO, layer. As shown by You, Fang, and
co-workers, ~***** the SnO, thin film processed at low temperature
could serve as an excellent electron-extraction layer due to the good
conductivity and favorable energy level. Finally, like that done in
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FIG. 4. (a) Typical current-density voltage (JV) curves of the low-temperature meso
CPSCs (under simulated illumination with the spectrum standard of AM 1.5 G, 100
mW/em?, the test area is 0.0514 cm?, recorded by reverse scan, marked by RS).
Statistics on performance parameters (reverse scan) of (b) PCE, (c) Voc, (d) FF,
and (e) Jsc.

low-temperature dye-sensitized solar cells, the mp-TiO, film produced
from well-crystallized TiO, nanocrystallites could serve as an efficient
electron-extraction material too.””’* From the PCE distribution
[Fig. 4(b)], one can also find that a higher yield is obtained for devices
using vacuum-assisted perovskite formation. In addition, less hystere-
sis was also observed for devices treated in vacuum (Fig. S3 and Table
S1). As a consequence, such a low-temperature strategy is reproduc-
ible. Honestly, the device efficiency obtained currently is relatively
lower than other kinds of PSCs. The main problem lies on the rela-
tively low Vo and FF. Both of these relate closely to the charge trans-
fer and recombination processes. First, the formation process of the
perovskite crystallites is confined by the mesoporous structure. Thus,
relative heavier recombination might be involved due to small perov-
skite crystallites formed in the mesoporous skeleton. Second, the hole-
extraction ability of the carbon electrode should be further improved.
Compared with the star hole-conductor, for example, the spiro-
OMeTAD (with the valence-band maximum of about —5.22eV"),
the work function of the carbon electrode is relatively low. To further
upgrade the device efficiency, it is essential to reduce the charge
recombination and accelerate the charge extraction processes.

The storage stability of the low temperature meso CPSCs was
tested by storing the devices in the dark (with a relative humidity of
40%-60%, without encapsulation). As shown in Fig. 5, for devices
treated in air, the efficiency decreases from the initial one of ~6% to
that of ~2% after about 2 months. However, for those treated in vac-
uum, the efficiency remained nearly unchanged for more than
7 months (225 days). Similar behavior was observed in all of the other
three performance parameters or Jsc, Voc, and FF. Such an improve-
ment is due to the modification to the mesoporous skeleton, which
has been brought by the vacuum treatment.

The improved stability is ascribed to two key parameters: one is
the vacuum treatment and the other is the TiO,NPs. Vacuum treat-
ment has condensed the porous skeleton and concentrated perovskite
distribution. As shown in Fig. 6(a), when it is pumped, negative
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FIG. 5. Storage stability of the low-temperature meso CPSCs with PVSK crystallites formed: (a) in air and (b) in vacuum (no encapsulation was used, and the relative humidity

was 40%-60%).

pressure appears between the skeleton and the vacuum chamber.
Thus, the residential gas could move to the outside of the skeleton
[Fig. 6(b)], which in return helps the penetration of the perovskite pre-
cursor into the deeper part of the skeleton. Meanwhile, the dehydra-
tion reaction could take place in the carbon electrode [Fig. 6(d)]. As
documented before, there exist much surface hydroxyl groups (-OH)
on both TiO,NPs and carbon particles.””* When it is heated in vac-
uum, H,O molecules are easier to escape. As such, the dehydration
process is accelerated, which condenses the mesoporous carbon elec-
trode [Fig. 6(c)], which prevents the moisture to penetrate and pro-
longs the device stability. In fact, the condensing behavior was also
revealed during the early trivial of the study. We treated the mesopo-
rous skeleton in vacuum but happened to find that the obtained

Condensed
skeleton

(c)

30000000
—

@) A (b)

FIG. 6. Schematics showing the effect vacuum treatment on the construction of
low-temperature meso CPSCs. (a) Schematic of the vacuum treatment, (b) infiltra-
tion process of the perovskite precursor, (c) resultant device with the condensed
skeleton and compactly distributed perovskite crystallites, and (d) schematic figure
of the dehydration process.

skeleton could hardly be penetrated by the precursor, as shown by the
photoimage in Fig. S4(b).

Finally, efficient and stable hole-conductor-free, mesoscopic
perovskite solar cells based on the carbon electrode (meso CPSCs)
have been fabricated by low-temperature procedures. With the assis-
tance of the vacuum-assisted perovskite formation technique and the
low-temperature ~ mesoporous  skeleton,  power  conversion
efficiency > 12% and storage stability > 220 days have been achieved,
which are helpful to further reduce the production cost.

See the supplementary material for the device preparation and
characterization, diagram of fabrication of the mesoporous skeleton
for the low-temperature meso CPSCs (Fig. S1), x-ray diffraction pat-
terns of TiO, and ZrO, powders used in current work (Fig. S2), com-
parison between current density-voltage curves of low-temperature
meso CPSCs (Fig. S3), effect of vacuum treatment on the mesoporous
skeleton (Fig. S4), and hysteresis indexes of the low-temperature meso
CPSCs (Table S1).
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