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ABSTRACT: The compact layer plays an important role in
conducting electrons and blocking holes in perovskite solar
cells (PSCs). Here, we use a two-dimensional titania
nanosheet (TNS) thin film as the compact layer in
CH;NH;PbI; PSCs. TNS thin films with thicknesses ranging
from 8 to 75 nm were prepared by an electrophoretic
deposition method from a dilute TNS/tetrabutylammonium
hydroxide solution. The TNS thin films contact the fluorine-
doped tin oxide grains perfectly. Our results show that a 8-nm-
thick TNS film is sufficient for acting as the compact layer.
Currently, the PSC with a TNS compact layer has a high
efficiency of 10.7% and relatively low hysteresis behavior.
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rganic—inorganic hybrid perovskite solar cells (PSCs)

have attracted great attention since their debut in
2009.'7° During these years, the structure of the PSC has
evolved from sensitization to a p—n junction, and the power
conversion efficiency (PCE) has been improved dramatically
from an initial 3.81% to 20.3%."*° Although there might be
some device configurations without a compact layer, two main
components are required for most high-efficiency PSCs: active
perovskite and a compact layer. The compact layer plays an
important role in conducting electrons, blocking holes, and
transmitting light. This requires the compact layer to have a
continuous, uniform, and ultrathin structure. Generally, the
compact layers were fabricated from a precursor TiO,
nanoparticle (TNP) onto a fluorine-doped tin oxide (FTO)
substrate by spin coating’ and spray pyrolysis.® Because the
FTO surface has a roughness of 20—30 nm, it is hard to make
an ideal compact layer with uniform thickness. Furthermore, to
avoid pinholes in the compact layer, the TNP film is usually
required to have a thickness of ~50 nm, which increases light
absorption in the compact layer and the series resistance of the
devices. Recently, thermal oxidation of a titanium thin film and
atomic layer deposition were also used to prepare the compact
layer with atomic thickness.”'® However, it is hard to scale up.
Two-dimensional (2D) materials are promising for preparing
uniform, atomic thick films in a large area. Up to now, there
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have been no reports on using 2D materials as the compact
layer in PSCs.

The titania nanosheet (TNS) is one of the 2D materials,
which has been introduced to photocatalysis, lithium batteries,
and dye-sensitized solar cells."" The TNS has a wide band gap
of ~3.8 eV and a high mobility of 5 X 10> cm® V™' 57!, which
make it possible to use in electronic and photovoltaic
devices.""* Generally, the TNS is prepared through chemical
exfoliation of a layered titanate crystal.'* By ion-exchange
reactivity, tetrabutylammonium hydroxide (TBA") was inserted
into the interlayer of a titanate crystal and formed an aqueous
colloidal solution with TBA* as the cation and TNS as the
anion. Because the TNS is negatively charged, it can be
assembled into a thin film layer by layer using an electro-
phoretic deposition (EPD) method.">'® Here, we fabricated a
high-quality TNS thin film in a large area from a TNS/TBA*
colloidal solution by the EPD method, where the TNS covers
the FTO grains nearly perfectly. PSCs using the TNS as a
compact layer were then investigated.

Figure 1a is an atomic force microscopy (AFM) image of the
TNS film prepared by dropping a few drops of a TNS/TBA"
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Figure 1. (a) AFM image of the TNS depositing onto a SiO,/Si substrate. (b) UV—vis—near-IR absorption spectrum of the TNS solution. Inset:

Plot of (ahv)1/2 versus hv showing an optical band gap of 3.8 eV.
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Figure 2. (a) Schematic diagram of the EPD process of the TNS. (b) Schematic diagram of the TNS depositing on the FTO glass. (c) Plot of the
deposition current versus time. (d) UV—vis absorption spectra of the TNS film prepared by different EPD times.

solution onto a SiO,/Si substrate. The TNS self-assembles to a
continuous film. The TNS edges can be clearly identified. The
TNS has a lateral size of 0.2—2 ym and a thickness of 1—3 nm.
Figure 1b shows an absorbance spectrum of a dilute TNS
aqueous solution, showing a strong absorption peak at ~270
nm and an ultralow absorption in the visible region. The
inserted graph in Figure 1b shows that the TNS has an optical
band gap of 3.8 eV, which is consistent with the value reported
previously.'>

Figure 2a shows a schematic diagram of the EPD process.
The TNS/TBA" solution was diluted to 40 mg L™ in ethanol.
When a working voltage of 10 V is applied, the TNS moves to
the working electrode, while TBA® moves to the counter
electrode. As illustrated in Figure 2b, the TNS covers the FTO
substrate and they overlap each other. There might be some
tiny holes in the TNS thin film at the beginning of deposition.
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The holes will be patched by the TNS quickly. Because of the
atomic thickness and high flexibility, the TNS can cover and
contact the FTO grains easily (see the right side of Figure 2b).
Because of the high electrical resistance of the TNS, the
deposition current changes during the EPD process. Figure 2c
shows a typical deposition current versus time curve. It is clear
that the current declines sharply at the first 40 s of the EPD,
which derives from deposition of the TNS. It can be deduced
that the FTO surface is fully covered by a continuous TNS film
in 40 s. As the EPD time is extended, the thickness of the TNS
film increases gradually. There are current fluctuation during
the EPD, which derives from gas (O, and H,) bubble
generation at high potential (10 V). When the bubbles break,
the TNS film will partially break, leading to an increase of the
deposition current. The TNS will patch the broken area
quickly, resulting in a decrease of the deposition current.
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Figure 2d shows absorption spectra of the TNS thin films
prepared by various EPD times. The bare FTO substrate was
used for baseline correction. As shown in Figure 2d, the TNS
thin films prepared by short-time EPD (<S min) have very low
absorbance in the visible region. When the EPD time exceeds
10 min, the absorbance of the TNS thin film increases
evidently. This indicates that the light harvest of solar cells will
be affected by the deposition time.

Figure 3a shows a tilt-viewed scanning electron microscopy
(SEM) image of the TNS thin film on the FTO substrate at the

Figure 3. SEM images of the TNS depositing on the FTO glass. (a)
Tilted-view (45°) SEM image at an initial deposition stage (EPD time:
30 s). (b) Top-view image of the TNS thin film (EPD time: S min).
(c—f) Side-view images of the TNS film prepared at EPD times of 2, S,
10, and 15 min, respectively.

initial stage of deposition (EPD time: 30 s). It is clear that the
TNS covers the FTO grains very well, which results in a wavy
TNS film. It is noted that there might be pinholes in some
samples prepared by short-time EPD (see Figure S1 in the
Supporting Information, SI). Figure 3b shows a top-view SEM
image of a TNS film prepared by S min of EPD. This shows a
continuous, uniform, and high-quality TNS thin film on the
FTO substrate. The TNS thin film is highly transparent,
through which the FTO grains are observed clearly. This
indicates that the interface between the TNS and FTO surface
is quite good for short-time (<5 min) deposition. Parts c—f of
Figure 3 show cross-sectional SEM images of the TNS films
prepared at different EPD times. The TNS thin films have
uniform thickness for all samples. The thicknesses, measured by
SEM under high magnification (see Figure S2 in the SI), are 8,
14, 43, and 72 nm for samples prepared at EPD times of 2, S,
10, and 15 min, respectively. The thickness of the TNS thin
film increases almost linearly with the EPD time (see Figure S3
in the SI). The TNS film with a thickness of less than 20 nm
has a good interface with the FTO substrate. However, for the
thick TNS film, it might be peeled off under stress (see Figure

3f). For comparison, we also prepared a TNP thin film on the
FTO substrate by a spin-coating method. The morphology of
the TNS film is quite different from that of the TNP layer (see
Figure S4 in the SI). It has a perfect interface between the TNP
and FTO substrate. Because of the rough FTO surface, the
TNP film has a smooth surface and a nonuniform thickness,
while the TNS thin film has a rough surface and a uniform
thickness.

We fabricated CH;NH;Pbl; PSCs through a two-step
method according to the literature'” using the TNS as a
compact layer. As shown in Figure 4a, the PSC consists of a
FTO substrate, a TNS compact layer, a mesoporous layer, a
CH;NH;PbI; perovskite capping layer, a hole-transport layer,
and a gold back-electrode. The device has a good interface
between the TNS layer and FTO, as well as the TNS and the
mesoporous layer. For comparison, PSCs with a TNP compact
layer are also fabricated by the same method. The TNP layer
has an average thickness of 50 nm (see Figure SS in the SI).
Figure 4b shows a SEM image of the CH;NH;Pbl; capping
layer. The CH;NH;Pbl; perovskite has grain sizes ranging from
200 to S00 nm and some holes (as shown by arrows) among
the grains. Figure 4c is an X-ray diffraction (XRD) plot of the
CH;NH;PbI; capping layer. The XRD peaks are consistent
with those reported recently.'®' Although there is some
residual Pbl, in the sample, the CH;NH;PbI; perovskite is well
crystallized.

Figure 4d shows light and dark current density—voltage (J—
V) curves of PSCs using a ~15 nm TNS thin film (EPD time: 5
min) and TNP as a compact layer, respectively. The dark J—V
curves of both cells give nearly ideal rectification performances.
This indicates that the TNS thin film can act as an ideal
compact layer. The PSC with a TNS compact layer shows a
PCE of 9.8% with an open-circuit voltage (V,.) of 979 mV, a
short-circuit current density (J,.) of 16.8 mA cm™, and a fill
factor (FF) of 0.59, respectively, which are slightly higher than
those using TNP as a compact layer (PCE = 9.3%, V,. = 964
mV, J,. = 17.1 mA cm™2, and FF = 0.56). It is noted that the
PCE:s of the solar cells using both TNS and TNP as compact
layers are not so high. We believe that the relatively low PCE of
the solar cell derives mainly from the quality of the
CH;NH;Pbl; layer rather than from the compact layer.
There is an intersection between the light and dark J—V curves
at high bias voltage for both PSCs, which indicates that the
recombination of the electron—hole pairs occurs in the
CH;NH;PbI; layer.

Table 1 summarizes the photovoltaic parameters of PSCs
using a TNS thin film with various EPD times as the compact
layer. For comparison, the photovoltaic parameters of the solar
cells using a TNP as the compact layer are also provided. Here,
we use the mean value and standard deviation of the solar cells
(as shown in Figure S6 in the SI) rather than the numerical
average value. The PSC with a ~15 nm TNS compact layer has
an average efficiency of 9.3% and a best value of 10.7%, while
the PSC with a TNP compact layer has a mean efficiency of
9.4% and a best efliciency of 10.5%. The devices with 2-min-
EPD TNS thin films have the highest J,. and the lowest V,_and
FF (see Figure S7 in the SI), which indicates that the TNS film
with a thickness of 8 nm is sufficient for use as a compact layer.
With a EPD time extending to 10 min, V. is maintained at
880—980 mV, while J,. keeps decreasing (see Figure S7 in the
SI). A decrease in J,. derives from light absorption in the TNS
compact layer and series resistance. As shown in Figure 2c, the
absorbance of the compact layer increases as the EPD time is
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Figure 4. (a) SEM image of the CH;NH,PbI; solar cell using the TNS thin film as a compact layer. (b) SEM image of the CH;NH,Pbl; capping
layer. (c) XRD plot of CH;NH;PbI; on FTO glass. (d) Dark and light J—V curves of the PSCs using TNS (open symbols) and TNP (solid symbols)

as compact layers.

Table 1. Photovoltaic Properties of the CH;NH;PbI; PSCs Using TNS Films Made from Various EPD Times and TNP Films as

Compact Layers

EPD time (min) thickness (nm) V,. (mV) Joe (mA cm™) FE PCE (%) R, (Q cm?)
2 8 912 + 14 173 + 1.7 0.57 + 0.05 9.1 +12 70+ 33

S 14 925 + 45 16.5 + 0.7 0.61 + 0.03 9.3 +0.7 9.6 + 4.7

10 43 925 + 33 15.8 + 1.0 0.61 + 0.05 89 + 1.0 9.9 + 5.0

15 72 913 + 29 149 £ 1.0 0.62 + 0.04 84 + 0.8 8.1+129

TNP ~50 922 + 35§ 185 £ 13 0.54 + 0.02 94 + 04 14.6 + 6.2

extended. This indicates that less light is absorbed by the active
perovskite layer for the thick compact layer. Although PSCs
using ~8 nm TNS thin films as compact layers have the highest
Jio it is not so stable for device fabrication because of current
leakage through pinholes in some TNS thin-film samples (see
Figure S1 in the SI). For a TNS thin film with an EPD time of §
min, a uniform, continuousd and fully covered thin film is
formed on the FTO substrate, which also ensures high light
transmittance, resulting in a stable and high performance of the
PSCs.

Hysteresis between the J—V curves obtained from forward
and reverse scans is a unique phenomenon in the PSCs. Parts a
and b of Figure 5 show the forward and reverse scanning light
J—V curves of PSCs using TNS and TNP as compact layers
(scan rate 100 mV s7'), respectively. The corresponding
photovoltaic parameters are provided in Table S1 in the SI.
Evident hysteresis phenomena are observed in both cells. For
the PSC with a TNS compact layer, V. and FF obtained from
the forward scan are lower than those from the reverse scan. As
a result, the PSC has a PCE of 9.2% in the forward scan and
10.7% in the reverse scan. For the PSC with a TNP compact
layer, J,. and FF in the forward scan are lower than those in the
reverse scan, leading to a PCE of 8.5% in the forward scan and
a PCE of 10.5% in the reverse scan. This shows that the cell
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with a TNS compact layer has less hysteresis effect than that
with a TNP compact layer. It has been reported that many
factors are responsible for hysteresis, such as the structure of
PSCs,*° the ferroelectric property and crystalline size of
perovskite,””*' the mesoporous TiO, layer,”* and the interface
between the TiO, compact layer and the FTO substrate.”®
Because the main differences between the PSCs with TNS and
TNP films are the compact layers and their interface with the
FTO substrate, we investigate the hysteresis effect of the PSC
by measuring the forward and reverse scan I-V curves of the
bare TNS (~15 nm) and TNP (~50 nm) thin film on the FTO
substrate (see the inset of Figure Sc). The dark I-V curve in
Figure Sc shows that there is evident hysteresis between the
compact layer and the FTO substrate for both TNS and TNP
films. This indicates that the compact layer and its interface
with FTO contribute to hysteresis in the PSCs. The current
change of TNS/FTO between the forward and reverse scan is
smaller than that of TNP/FTO (see Figure S8 in the SI). This
might be the reason why the PSC with a TNS compact layer
has a lower hysteresis effect than those using TNP as a compact
layer. Figure Sd shows the dependence of the photocurrent
density and PCE on time measured at 680 mV for the PSC with
a TNS compact layer and at 670 mV for the PSC with a TNP
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Figure 5. Light J—V curves of a PSC using TNS (a) and TNP (b) as compact layers. (c) Dark J—V curves of TNS/FTO and TNP/FTO. The inset
schematic shows the conditions of voltage applied across the films. (d) Photocurrent density and PCE as a function of time for two cells respectively
using TNS and TNP as compact layers measured at a voltage close to 0.68 V.

compact layer, respectively. The photocurrent density decays
gently, leading to a decrease of PCE for both PSCs.

In summary, high-quality TNS thin films are prepared by the
EPD method from a TNS/TBA" colloidal solution. The
negatively charged TNS covers the FTO substrate perfectly.
The thicknesses of the TNS thin films are well controlled by
the EPD time. The TNS film with a thickness of 8 nm is
sufficient to act as the compact layer in the CH;NH,;PbI; PSCs.
The PSC with a TNS compact layer has a PCE of 10.7% and a
low hysteresis effect.
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