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ABSTRACT

Crystallization of perovskite is monitored in carbon-electrode based, low-temperature, mesoscopic perovskite solar cells. Crystallographic
and morphological properties of the perovskite are examined through changes in the film thickness of carbon-electrode or the volume of
perovskite precursor. It is observed that, when a relatively thin carbon-electrode or large volume of perovskite precursor is used, perovskite
crystallites mainly form on the device surface, leaving the bottom part of the device un-wetted. However, if a thicker carbon-electrode or
less perovskite precursor is used, crystallization could be seen in the whole porous skeleton, and relative uniform distribution of perovskite
crystallites is achieved. As such, uneven crystallization is observed. Such behavior is due to solvent evaporation on the surface, which facili-
tates nucleation processes on the surface, while retards crystallization on the bottom due to the Ostwald ripening effect. Charge transfer/
recombination processes and photo-to-electric power conversion properties are studied. As expected, uneven crystallization results in
retarded charge transfer and increased risk of recombination, and poor power conversion efficiency, for example, ∼3%. In contrast, uniform
crystallization accelerates charge transfer and reduces recombination risk, and increases the efficiency to higher than 11% (AM1.5G,
100 mW/cm2).

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0120065

I. INTRODUCTION

Since 2009, huge success has been witnessed in perovskite solar
cells (PSCs) and the power conversion efficiency (PCE) of the new
photovoltaic technique has increased from 3.8% to 25.7%, though
most of the high efficiencies relied on electrodes based on gold or
silver.1–5 Usage of metallic electrodes increases the cost. On the
other hand, metal material is easily corroded by halide perovskite
material, thus deteriorating device stability.6,7 Carbon-electrode
based on graphite and carbon black is known by the advantages of
low price, abundant reserves, inert chemical nature, and excellent
conductivity. It has been widely used in daily life, like dry cells, and
lithium cells. To reduce the risk of corrosion, carbon-electrode has
also been applied in PSCs, leading to building a branch of carbon-

electrode basing PSCs (shortened by CPSCs). During the past 9
years, several structures have been proposed such as embedded,8,9

quasi-planar/planar,10–12 mesoscopic,13–15 and so on. Among them,
the mesoscopic structure (shortened by meso CPSCs) is unique for
the triple mesoporous layer of “TiO2/ZrO2/carbon,” with perovskite
crystallites filling in the mesoporous skeleton. Since the pioneering
work of Han et al. in 2003, PCE of such devices has increased from
6.64%16 to 18.82%,17 though high temperature (∼450 °C) procedure
is adopted. To further reduce the fabrication cost of the meso
CPSCs, low-temperature fabrication routines have been developed.
For example, with the help of TiO2-nanoparticle binding low-
temperature carbon-electrode, and vacuum-assisted perovskite crys-
tallization, the fabrication temperature of meso CPSCs could be
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lowered to ≤150 °C, and PCE of 12.29% and storage stability >220
days were reported in 2020.18 Recently, PCE of 13.37% was obtained
by replacing the mesoporous electron-transport layer (ETL) from
TiO2 to SnO2-modified ZrO2 in the low-temperature CPSCs.19

However, the efficiency of low-temperature CPSCs is still far behind
that of metal-electrode basing devices, and, thus, it is quite essential
to break down the bottleneck.

It is well-known that obtaining high quality perovskite crystal-
lites is one of the key factors for high-performance PSCs. For
example, rapid crystallization usually leads to concentrated grain
boundaries in the perovskite film and a high density of defects,
lowering down efficiency and stability of metal-electrode basing
PSCs.20,21 Similar behavior has also been depicted in meso CPSCs.
To obtain better crystallization, Han et al. in 2020 proposed a strat-
egy to control the evaporation rate of solvent, which upgraded the
crystallization of perovskite in the mesoporous skeleton and raised
the PCE to 16.26%.22 In 2021, by inhibiting a rapid nucleation of
MAPbI3, they further promoted the crystallization and moved the
PCE up to 18.82%.17 Besides, the crystallization process was
observed to be affected by polarity, viscosity, and wettability of the
solvent,23 morphological properties of TiO2,

24 graphite,25,26 and so
on. Controlling the crystallization behavior plays a key role in
obtaining high quality crystallites.

According to the unique structure of the meso CPSCs, the
crystallization process of perovskite could be separated to four pro-
cesses: precursor penetration, solvent evaporation, nucleation, and
growth. Among these processes, “penetration” is always done at the
initial wetting process, though it is affected by the wettability
between the solution and mesoporous skeleton.23 The other three
processes are suggested to be highly “mixed.” With solvent evapo-
rating, nucleation could take place if super-saturation is reached;
meanwhile, previously formed particles and nucleus could also find
the opportunity to grow. As such, “solvent evaporation” provides
the basic driving force for the last two processes, nucleation and
growth. To manipulate the crystallization process, more attention
should be paid to the evaporation process, like that done in previ-
ous reports.17,22 Here in this paper, the crystallization of perovskite
is monitored in low-temperature meso CPSCs through changes in
the film thickness of carbon-electrode, and the volume of perov-
skite solution. As will be shown later, solvent evaporation could
cause uneven crystallization of perovskite in the device, which
affects the charge transfer and recombination, and hence, the
power conversion properties of the devices. Controlling such
uneven crystallization is found to be essential for efficient device
fabrication.

II. EXPERIMENTAL

A. Material and reagent

Graphite (99.85%), zirconium oxide powder (ZrO2, 99%),
ethanol (99.7%,) and acetone (99%), isopropyl alcohol (IPA), and
tin (II) chloride dehydrate (SnO2.2H2O, 98%) were purchased from
Sinopharm (Shanghai). Lead iodide (PbI2, 99%) and methylammo-
nium iodide (CH3NH3I, MAI, 99%) were bought from Xi’an
Polymer Light Technology Corp. Chitosan (CS, MW∼30 000) were
purchased from Macklin and used after dissolution. Carbon black
(Ketjen), γ-butyrolactone (GBL, 99.9%, Aladdin), n-Butanol

zirconium [Zr(OC4H9)4, 80 wt. %, Macklin], and HOOC
(CH2)4NH3I (5-AVAI, 99%) were purchased from the domestic
market and used as received. De-ionized water was prepared in the
laboratory.

B. Material synthesis

SnO2 quantum dots (SnO2QDs) colloid (0.15 M) was prepared
following the method described before.27 Typically, SnCl2⋅2H2O
(1015 mg) and CH4N2S (335 mg) were dissolved in de-ionized
water (30 ml), stirred for two days to form colloid, and then filtered
before usage. Carbon paste was prepared by ball-milling 2 g graph-
ite and 0.25 g carbon black in 20 ml alcohol for 24 h. 5 ml ZrO2

colloid was added as an inorganic binder. ZrO2 suspension was
prepared by ball-milling 3 g ZrO2 powder and 2 ml glycol in 20 ml
alcohol for 24 h. Perovskite precursor was prepared by dissolving
MAI (0.3975 g), PbI2 (1.146 g), and 5-AVAI (0.03 g) in 2.7 ml GBL.
The resultant concentration was 0.92 mol/l.

C. Device preparation

The mesoporous skeleton was fabricated by low-temperature
procedures, as shown in Fig. 1. First, the FTO substrate was ultra-
sonically cleaned by de-ionized water, acetone, and IPA for 20 min
each, dried in an oven, and then treated by UV/ozone for 20 min.
A compact electron-transport layer (ETL) was prepared by spin-
coating SnO2QDs colloid on FTO (3000 rpm) for 30 s and annealed
at 150 °C for 1 h in open air. Porous ETL was prepared as follows:
At first, the mesoporous ZrO2 layer was prepared by spin-coating
ZrO2 suspension on the compact ETL (5000 rpm, 30 s) and
annealed at 150 °C for 1 h. Then, one layer of SnO2 was deposited
by spin-coating diluted SnO2QDs colloid (0.1 M) at 3000 rpm for
30 s and annealed at 150 °C for 1h again. After that, three more
mesoporous ZrO2 blocking layers were prepared by spin-coating
(3000 rpm for 30 s) and annealing (150 °C for 1 h).
Carbon-electrode was prepared by the doctor blading method, fol-
lowed by annealing at 150 °C for 5 h in air. Film thickness of the
electrode was controlled by tape layers. Finally, 45 μl perovskite pre-
cursor was imported to the mesoporous skeleton and heated at
∼50 °C for 3 h in a vacuum oven. To study the effect of the film
thickness of carbon-electrode on the crystallization behavior of
perovskite, the volume of perovskite precursor was kept at 45 μl, in
which four kinds of film thickness or ∼5, ∼10, ∼13, and ∼17 μm
were applied by varying the tape layers from 1 to 4. Surface profil-
ing property and the relationship between the film thickness and
tape layers are shown in Fig. S1 in the supplementary material. In
contrast, in order to study the effect of the volume of perovskite
precursor on the crystallization behavior, different volumes like 10,
20, and 40 μl were used, while the carbon-electrode was kept at a
thickness of about 5 μm.

D. Material characterization and device performance
evaluation

Cross-sectional and surface morphological properties, as well
as the crystallographic properties of the low-temperature meso
CPSCs were characterized by scanning electron microscopy (SEM,
TESCAN MIRA3 lMU) and x-ray diffraction (XRD, D8 Advance,
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Bruker), respectively. Specific surface area and pore size distribu-
tion were measured by Monosorb direct reading specific surface
area analyzer (BET, Quadrasorb SI-3MP). The power conversion
efficiency of devices was tested under simulated sunlight
(ENLITECH SS-F7-3A, AM 1.5G, light intensity was calibrated to
be 100 mW/cm2). Current density–voltage (JV) curves were
recorded by a digital source-meter (Model 2400, Keithley Inc.).
Impedance spectroscopy (IS) was performed on an electrochemical
workstation (CHI 660D, Chenhua) under illumination (AM 1.5G,
100 mW/cm2) in the frequency range of 104–106 Hz. The obtained
Nyquist plots were fitted by home-made software. Transient photo-
voltage/photocurrent (TPV/TPC) decay curves were recorded using
a home-made system including a digital oscilloscope (DSO-X
3104A, Keysight) and N2 laser (NL100, 337 nm, Stanford). During
TPV measurements, a background open-circuit voltage (VOC) of
about 930 mV was generated by background illumination, and a
perturbed voltage (ΔVoc) of about 5% of the background voltage
was generated by the laser pulse.

III. RESULTS AND DISCUSSION

A. Uneven crystallization of lead halide perovskite in
the low-temperature meso CPSCs

Preparation procedure of the low-temperature meso CPSCs is
schematically shown in Fig. 1(a)–1(f ). All the procedures are done
in a temperature of 150 °C or lower. A typical cross-sectional SEM
image of a full device is shown in Fig. 1(g).

Crystallization behavior of the perovskite material is studied
by monitoring the morphological and crystallographic properties.
To study the effect of film thickness of the carbon-electrode on
crystallization, the thickness is changed, while the volume of the
perovskite solution is kept the same. Figure 2 shows SEM images of
both surface and cross section of low-temperature devices, as well

as the element distribution properties. For comparison, a bare skel-
eton is examined.

As shown in Figs. 2(a) and 2(f ), before perovskite loading, a
relative smooth surface is observed; meanwhile, a layered structure
is depicted, according to the cross-sectional image and the related
element distribution of Sn, Zr, and C. However, loose packing is
seen in the carbon-electrode layer. Then, after the perovskite mate-
rial is loaded, morphological property changes on both surface and
cross section. As shown in Fig. 2(b), a rough surface is obtained.
Concentrated pyramids with a size of several micrometers could be
seen. Such pyramids belong to the lead halide perovskite, as
reflected by the element distribution and following XRD studies.
For example, from the inset of Fig. 2(b), one can see a concentrated
distribution of Pb and I on the device surface. Meanwhile, from the
following XRD studies [Fig. 4(a)], one can see that perovskite crys-
tallization has taken place. On the other hand, perovskite loading
also changes the cross-sectional structure of the device. The
carbon-electrode region tends to be condensed, which is due to
perovskite loading. However, perovskite material only fills the
carbon-electrode region, leaving the bottom part less-wetted, as
reflected by element distribution maps on the right-hand side of
Fig. 2(g). Photo image observation comes with a similar result.
When taking a photo from the bottom side, the “bare” region
could be clearly observed, as shown in the inset of Fig. 2(g).
Therefore, at such a case or when the carbon-electrode is relatively
thin (∼5 μm), perovskite crystallization mainly takes place at the
top part of the device. This is what we name as “uneven crystalliza-
tion.” Such behavior retards the power conversion processes, as will
be shown later. However, after the carbon-electrode gets thicker,
the uneven behavior tends to be reduced. As seen in Fig. 2(c), fewer
pyramids are left on the device surface when the film thickness
increases to ∼10 μm for the carbon-electrode, even though the
same volume (45 μl) of perovskite precursor is used. However,
from Fig. 2(h) one can see that elements of Pb and I could

FIG. 1. (a)–( f ) Schematic for the preparation of low-temperature meso CPSCs. (g) Typical cross-sectional SEM image of the resulted low-temperature device.
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distribute in the middle meso-ZrO2 layer, even reaching the bottom
of the SnO2 layer. Photo image observation comes out with a
similar result. The bottom of the mesoporous skeleton could be
wetted by the perovskite material, as reflected by the photo pre-
sented in the inset of Fig. 2(h). As a result, uniform distribution
has been achieved just by increasing the film thickness of the
carbon electrodes. According to the unique device structure,
strengthened contact between the active layer and both top carbon-

electrode and bottom ETL is essential for power conversion. Such
features will be reflected later during the performance tests. In
more, a further increase in the film thickness of carbon-electrode
comes out with similar behavior for the distribution of perovskite.
However, as the film thickness increases to ∼17 μm, it becomes rel-
atively difficult for perovskite to penetrate into the bottom part of
the device. As reflected in Fig. 2( j), the intensity of Pb/I signals
drops quickly as it gets close to the bottom SnO2 layer. Such

FIG. 2. SEM images of the surface (left) and cross
section (right) of low-temperature mesoscopic perovskite
solar cells (meso CPSCs) prepared with different thick-
nesses of the carbon-electrode controlled by tape layers.
(a) and (f ) Porous skeleton (before perovskite is loaded,
the carbon-electrode is ∼5 μm in thickness, according to
one-layer tape); (b) and (g) one-layer (after perovskite
loading, so are the following three cases); (c) and (h) two-
layer; (d) and (i) three-layer; and (e) and ( j) four-layer.
Corresponding element distribution mapping (EDS) is
shown on the right side of each SEM image (both surface
and cross section). An optical image of the device (taken
on the glass side) is embedded inside the right column
cross-sectional SEM figures.
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behavior might be ascribed to the increased capillary effect. To
show more details, pore size distribution and specific surface area
of meso-ZrO2 and carbon-electrode are tested. As is shown in
Fig. 3, the pore size distributes around 27.2 nm for meso-ZrO2,
while around 3.8 nm (major peak) and 27.3 nm (minor peak) for
the carbon-electrode. In addition, meso-ZrO2 shows a specific
surface area of 17.8 m2/g, while the carbon-electrode comes
out with 141.7 m2/g. Obviously, the carbon-electrode shows a
higher specific surface area but a smaller pore size. Such a
structure will cause a heavy capillary effect, which could affect the

infiltration process of the perovskite precursor, and, thus, the
crystallization.

Crystallographic property of the perovskite is examined by
XRD using fresh devices that are picked after the crystallization of
the perovskite. Perovskite phase is observed in all four kinds of film
thicknesses. Concretely, peaks at around 14.19°, 20.12°, 23.58°,
28.48°, 31.84°, 40.60°, and 43.17° could be marked to facets of
(110), (112), (111), (004), (310), (202), and (212) of the perovskite,
respectively.18 Since perovskite tends to form at the device surface,
to reduce the effect of the surface perovskite layer, XRD is

FIG. 3. Pore size distribution recorded from BET test. (a) meso-ZrO2 film and (b) carbon-electrode. The insets are the specific surface area.

FIG. 4. (a) XRD patterns of the low-temperature device assembled from the carbon-electrode with varied film thickness. (b) 2-theta at full-width at half-magnitude
(2θ-FWHM) value of facet (110) of perovskite. (c) Average crystallite size of perovskite derived from Scherrer’s equation. (d) Schematic for the evaporation caused uneven
distribution.
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re-performed after the surface layer is brushed by tapes. The
detailed XRD patterns are shown in Fig. S3 in the supplementary
material. For a meaningful comparison, 2-theta full-width at half-
magnitude (2θ-FWHM) of peak (110) is picked. Corresponding
results are shown in Fig. 4(b). As the film thickness of the carbon-
electrode increases, the 2θ-FWHM decreases at first and then
increases. Similar behavior is observed for the brushed devices, but
a relatively larger 2θ-FWHM is obtained. Average crystallite size of
the perovskite is calculated according to Scherer’s formula, quoted
as (1),

D ¼ kλ
βcosθ

, (1)

where k is the Scherrer constant, noted as 0.89; λ is the x-ray wave-
length, for Cu target, it is 0.154 nm; β is 2θ-FWHM value but
recorded with the unit of “rad;” θ is the diffraction angle; and D is
the average crystallite size. As shown in Fig. 4(c), when the carbon-

electrode gets thicker, an inverse trend is obtained for the average
crystallite size. It becomes larger at first and then turns to be
smaller. As a result, the carbon-electrode has affected the crystalli-
zation of the perovskite. The relatively smaller crystallite size
obtained at the one-layer case (∼5 μm in thickness) is likely due to
the fast nucleation behavior on the solution surface. When the
carbon-electrode is relatively thin, void space in the mesoscopic
skeleton is not enough to hold the solution that is imported; thus
the solution is easy to be left on the surface. Due to the preferred
solvent evaporation on the surface, nucleation is easy to happen on
the surface layer of the perovskite precursor.27 Accordingly, a rela-
tively small crystallite size is obtained. As the carbon-electrode gets
thicker, less volume of precursor remains on the surface. The evap-
oration rate could be slowed down due to the confinement effect
brought by the mesoporous structure of the skeleton, which facili-
tates crystallite growth and, thus, increases the crystallite size. Such
behavior is similar to that observed by Han et al. in evaporation-
controlling experiment.17,22 However, as the carbon-electrode gets

FIG. 5. Effect of the film thickness of the carbon-electrode on charge transfer and recombination kinetics. (a) and (b) Transient photocurrent/photovoltage (TPC/TPV)
decay curves; (d) and (e) transition-time (td) and lifetime (τ) of photogenerated carriers fitted from the TPC/TPV decay curves; and (c) and (f ) series resistance (Rs) and
charge transfer resistance (Rct) picked from Nyquist plots in the impedance spectroscope study.
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to be too thick, an incomplete filling could take place, which
retards crystallization and leads to smaller perovskite crystallites. In
such a case, increasing the concentration of the solution was found
to be helpful for crystallization.28 On the other hand, after the
device surface is brushed by tapes, the average crystallite size
decreases by about 10 nm for all four cases. Such a phenomenon
implies that better crystallization takes place on the device surface,
since there is less confinement like that in the mesoporous
skeleton.

According to the above studies, it tends to show that when the
carbon-electrode is relatively thin or the volume of perovskite pre-
cursor is relatively large, solvent evaporation could cause fast nucle-
ation on the surface. The formed nuclei on the surface could take
advantage to coarsen. According to the Ostwald ripening theory,
the growth of these nuclei could extract solute from perovskite pre-
cursor stored by the bottom part of the device. Such a process leads
to the uneven crystallization of perovskite. Anyhow, one may
suppose the possible effect of hydrophobilicity on the uneven crys-
tallization behavior. To make it clear, we tested the water contact
angle of mesoporous frameworks with different carbon film

thicknesses. As is shown in Fig. S2 in the supplementary material,
a one-layer carbon-electrode shows a contact angle of 29.3°, while a
two-layer comes out with a contact angle of 43.5°, three-layer and
four-layer with 47.8° and 50.2°, respectively. As a result, it becomes
relatively hydrophilic when the carbon-electrode becomes thinner.
Such a phenomenon also implies that the “uneven crystallization
behavior” observed in the 1-layer case is not caused by the hydro-
phobicity of the mesoporous skeleton. To help the understanding
of this interesting behavior, a schematic is shown in Fig. 4(d). Such
a mechanism could well tell the cause of the above observations.

B. Impact of the uneven crystallization on power
conversion properties

Charge extraction and recombination behavior of the low-
temperature meso CPSCs are studied, with a combination of tran-
sient photocurrent/photovoltage (TPC/TPV) decay curves. Typical
TPC/TPV decay curves are shown in Figs. 5(a) and 5(b), respec-
tively. Transition-time (td) and lifetime (τ) of photogenerated carri-
ers in devices are fitted from the TPC/TPV decay curves. The fitted

FIG. 6. (a) Typical current density–voltage (JV) curves (reverse scans) of the low-temperature devices (tested under simulated illumination of AM 1.5G, 100 mW/cm2, with
a test area of 0.0514 cm2). Statistics on performance parameters (reverse scan) of the low-temperature meso CPSCs assembled from the carbon-electrode with different
film thicknesses (varied by layers of tapes in the doctoral blading method): (b) Voc, (c) Jsc, (e) FF, and (f ) PCE. (d) Hysteresis index of devices.
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results are shown in Figs. 5(d) and 5(e), respectively. It could be
seen that when the carbon-electrode is about 5 μm (1-layer tape),
the transition-time (td) is 3.18 (±0.35) μs. As the thickness increases
to ∼10 μm (two-layer tapes), it decreases to 1.87 (±0.27) μs. Further
increment in thickness brings an increase in the transition-time.
For example, it is 2.48 (±0.21) μs for the three-layer and 2.87
(±0.32) μs for the four-layer cases, respectively. As for the lifetime
(τ), it is 7.05 (±0.67) μs at the one-layer case (∼5 μm), then rising to
13.66 (±0.39) μs at the two-layer case (∼10 μm). However, a further
increase in tape layers observes shrinks in the lifetime. It is well-
known that solar cells are rate-determined devices. They are
sensitive to charge transfer/recombination dynamics. Shorter
transition-time (td) and prolonged lifetime (τ) are helpful for the
power conversion process. The above observation relates closely to
the crystallization behavior of perovskite in the low-temperature
CPSCs. When the carbon-electrode is relatively thin (∼5 μm),
charge extraction is slowed down due to the incomplete filling of
the active layer (or the poor contact between perovskite and bottom
ETL). After the carbon-electrode becomes thicker (∼10 μm or
more), perovskite crystallization becomes uniform, and the contact
is strengthened between the active layer and bottom ETL. As a
result, the extraction process is favored, and a shorter transition-
time (td) is harvested. In contrast, when charge extraction is
retarded, recombination is more likely to happen, thus shorter life-
time (τ) is seen in the one-layer case. After charge extraction is
accelerated, recombination is slowed down; thus longer lifetime (τ)
is obtained. Similar behavior is observed in impedance spectro-
scopy (IS) measurements. Typical Nyquist plots are shown in
Fig. S4 in the supplementary material. Then, series resistance (Rs)
and charge transfer resistance (Rct) are picked from the plots, and
are shown in Figs. 5(c) and 5(f), respectively. When the one-layer
tape is used (∼5 μm for the carbon-electrode), Rs is 74.42
(±10.21)Ω, but drops to 45.25 (±3.82)Ω at the two-layer case
(∼10 μm), although rises again after the thickness of the carbon-
electrode increase. As for Rct, it is 189.9 (±24.2)Ω at first, then
decreases to 108.7 (±9.8)Ω after the thickness rises to ∼10 μm
(two-layer tape), though it elevates again after the carbon-electrode
becomes thicker. In fact, these two resistances evolve in parallel
with each other. Again, the reduced value at moderate film thick-
ness (∼10 μm) is ascribed to the improved distribution of the
perovskite in the skeleton, and the strengthened contact between
the active layer and bottom ETL, like that observed before.18,19 As a
result, uneven crystallization retards charge transfer while increas-
ing recombination risk.

Uneven crystallization could bring an obvious impact on the
power conversion processes. As shown in Fig. 6(a), when the
carbon-electrode is relatively thin (∼5 μm), or uneven crystalliza-
tion happens, a “S-shape” characteristic appears in the JV curve,
which means a heavy barrier exists in the device. According to the
above studies and also a previous study,19 this behavior is due to
the incomplete contact between perovskite and bottom ETL. Then,
as perovskite crystallization becomes uniform, the contact is
strengthened, and normal J–V curves appear. Performance parame-
ters are picked from the J–V curves, including open-circuit voltage
(Voc), short-circuit current density (Jsc), filling factor (FF), as well
the PCE, which is shown in Figs. 6(b), 6(c), 6(e), and 6(f ), respec-
tively. Obviously, as uneven crystallization dominates, Voc of 728

(±32) mV, Jsc of 15.82 (±3.89) mA/cm2, FF of 25.47(±7.45)%, and
PCE of 2.93 (±1.36)% are obtained. After crystallization becomes
more uniform, Voc of 925 (±22.43) mV, Jsc of 21.42(±1.12) mA/cm2,
FF of 47.26(±3.58)%, and PCE of 9.69 (±0.74)% are obtained. Such
a phenomenon coincides well with the charge transfer/recombina-
tion studies. The accelerated charge extraction and the retarded
charge recombination are helpful for device efficiencies. Hysteresis
index (HI) is also collected according to formula (2):

HI ¼ PCEþ � PCE�

PCEþ þ PCE� , (2)

where PCE+/PCE− represents PCE recorded from reverse/forward
scans, respectively. Clearly, relatively higher HI is observed when
uneven crystallization behavior takes place, while smaller HI domi-
nates as the uneven behavior shrinks. Indeed, the HI is sensitive to
the crystallization quality of the perovskite particles. Crystal defects
usually cause heavy HI due to ion migration.29,30 According to
Fig. 2, relatively smaller crystallites are observed when uneven crys-
tallization dominates, leading to higher HI. As such, reducing
uneven crystallization is also helpful to reduce HI.

Storage stability of devices is monitored by keeping the
devices (without encapsulation) in open air (dark) with a relative
humidity of about 35%–40%. As shown in Fig. 7, when the carbon
film thickness is ∼5 μm (one-layer tape), less shrinking is observed
for the original 140 days, but then drops quickly. Similar behavior
could be seen for devices with a film thickness of ∼17 μm (four-
layer tapes). Such a phenomenon is related to uneven crystallization
behavior. However, in the other two cases, when the film thickness
is about 10–13 μm (two or three-layer tapes), prolonged stability is
observed, even after the devices were stored for nearly half a year.
The relative poorer stability in one-layer and four-layer cases is
related to the crystallization behavior of perovskite in low-

FIG. 7. Storage-stability test on the low-temperature meso CPSCs assembled
with carbon-electrode of different film thicknesses (relative humidity of 35%–
40%).
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temperature devices. As stated above, when the carbon-electrode is
relatively thin, perovskite crystallites tend to form at the surface
layer of the device. Since perovskite is highly hydrophilic, it could
be easily dissolved by moisture, leading to relatively poor storage
stability.

C. Effect of the volume of perovskite precursor and
hydrophilicity of meso-ZrO2 on the uneven
crystallization behavior

Uneven crystallization is also observed when changing the
volume of the perovskite precursor during device fabrication.
According to the above experiment, the film thickness is kept at
∼5 μm, and precursor volume is chosen to be 10, 20, and 40 μl,
respectively, since the above experiment has already shown that
“45 μl” caused “uneven crystallization.” Figure 8 shows the SEM

cross section and corresponding element distribution maps of low-
temperature meso CPSCs. When the volume is 10 or 40 μl, concen-
trated pyramids are seen on the device surface, while a void area
exists at the device bottom when taking photos from the glass side.
According to the above discussions, it could be well deduced that
uneven crystallization behavior appears in these two cases.
Similarly, the behavior also affects the charge transfer/recombina-
tion process. As shown in Fig. S5 in the supplementary material,
when uneven crystallization happens, a relative longer charge
transition-time (td) and shorter lifetime (τ) are obtained; mean-
while, larger residential resistance (Rs) and charge transfer resis-
tance (Rct) are observed. As such, charge transfer is retarded, and
recombination is favored when uneven crystallization takes place.
Accordingly, power conversion property of the low-temperature
device is also affected. As shown in Fig. S6 in the supplementary

FIG. 8. SEM images of surface (left) and cross section (right) of low-temperature meso CPSCs prepared with different volumes of perovskite solution (μl): (a) and (d) 10,
(b) and (e) 20, and (c) and (f ) 40 μl. Corresponding element distribution mapping (EDS) is shown on the right side of each SEM image (both surface and cross section).
Optical image of the device (taken on the glass side) is embedded inside the right column cross-sectional SEM figures. The carbon-electrode is ∼5 μm in thickness.
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material, smaller performance parameters are obtained when
uneven crystallization behavior appears.

It is also worth noting that the observed behavior is different
from the previous study in the high-temperature meso CPSCs,
where the film thickness of the carbon-electrode was also
changed.31 For example, even when the carbon-electrode was as
thin as 5 μm, the perovskite crystallite could form in the mesopo-
rous skeleton, reaching the bottom of the device. And thus,
the uneven crystallization behavior was not met in the high-
temperature device. Such a phenomenon might relate to the differ-
ence in the structure of the skeleton. For example, in previous
high-temperature meso CPSCs, mesoporous TiO2 was used as the
mesoporous ETL; while in the current work, such a layer is
replaced by SnO2-modified ZrO2. TiO2 is known by its high
surface activity; thus, might be more convenient for the loading of
perovskite crystallites.32 However, due to the high UV-sensitivity
and related photo-catalysis effect, in this work and previous work,
TiO2 is replaced.19 On the other hand, the uneven crystallization
behavior might also be related to the hydrophilicity of the skeleton.

Hydrophobicity could make such a behavior easier to happen,
while improving the hydrophilicity is helpful to reduce the uneven
crystallization effect. As is shown in Fig. S7 in the supplementary
material, adding chitosan (5 mg/ml) into ZrO2 could improve the
wettability of meso-ZrO2. In fact, another group of experiments is
added by incorporating Chitosan in ZrO2, after which the effect of
the thickness of carbon-electrode on the crystallization behavior,
and, thus, the power conversion properties are examined.
Interestingly, similar behavior is observed. SEM and EDS studies
are performed. Two typical samples are picked for comparison.
One is the one-layer carbon-electrode and the other is the two-layer
case; the results are shown in Fig. S8 in the supplementary material.
It could be seen that uneven crystallization also happens in the
one-layer case, while the two-layer comes out with improvement.
As a result, the uneven crystallization behavior could be well
repeated. Such behavior also affects the power conversion proper-
ties. Typical JV curves and corresponding performance parameters
are collected in Fig. S9 in the supplementary material. Again, the
two-layer carbon-electrode shows the best device efficiency, while
one layer is the worst. But due to the improved hydrophilicity in
meso-ZrO2, the PCE is slightly upgraded to 11.61%.

IV. CONCLUSION

In conclusion, uneven crystallization is observed in the low-
temperature meso CPSCs, which is due to the preferred solvent
evaporation on the surface. Such behavior leads to a relatively
poorer crystal quality of perovskite and also weak contact between
the active layer and bottom ETL, which retards power conversion
processes. Reducing uneven crystallization is then essential for the
fabrication of efficient and stable low-temperature meso CPSCs.

SUPPLEMENTARY MATERIAL

See the supplementary material for the carbon film thickness
test (Fig. S1), water contact angle test of the mesoporous skeleton
(Fig. S2), XRD pattern (Fig. S3), EIS test (Fig. S4), effect of precur-
sor volume on charge transfer and recombination kinetics (Fig. S5),
effect of precursor volume on performance parameters (Fig. S6),

optical images before and after riboglycan doping (Fig. S7), SEM
characterization after adding chitosan in meso-ZrO2 (Fig. S8), and
typical JV curves and performance parameters of devices with the
incorporation of chitosan in meso-ZrO2 (Fig. S9).
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