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Abstract: In this work, vertical rutile titanium oxide (TiO,) nanosheet arrays (NSAs) were firstly hydrothermally grown on the
top of thin titanium (T1i) metal layers which were loaded on fluorine doped tin oxide (FTO) substrates by the DF magnetron sputter-
ing deposition method. After an annealing post-treatment, the Ti metal layers were transformed into the compact TiO, layers with a
strong connection between the rutile TiO, NSAs and the FTO substrates. For comparison, the rutile TiO, NSAs were similarly plant-
ed over two compact TiO, layers fabricated through atomic layer deposition (ALD) and spin coating (SC) methods, respectively.
When served as the scaffold layers in perovskite solar cells (PSCs), the Ti-based TiO, NSAs showed the best cell performance due to
the high quality of the TiO, NSA nanostructure and excellent interface contacts among the TiO, NSAs/TiO, compact layers/FTO

substrate interface. Significantly, a highest cell efficiency of 11.82% was obtained after careful modification on the organization

procedures for the PSC devices.
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Nowadays, exploring renewable energy has be-
come an increasingly urgent task owing to the energy
crisis over fossil fuel supplies and sustainability in the
future. Photovoltaic technology represents the most
promising strategy to overcome this problem™. Recent
development in organic-inorganic halide perovskite
solar cells (PSCs) has shown great potential for large-
scale application owing to the outstanding power
conversion efficiency (PCE), simple preparation pro-
cedure and low material cost™. Since the first report
of methyl ammonium lead halide, CH;NH;PbX; (X =
Br, 1), sensitized liquid solar cells in 2009!"”, the PCEs
of PSCs have jumped from 3.8% to over 22% of the

all solid-state solar cells now!!. Over the past few

Document Code: A

years, extensive investigation has been carried out,
including optimizing the perovskite films™*", modu-
lating the blocking and scaffold layers®?), modifying
the HTM layers and engineering the interface/band-
gap in PSCs™*, in order to further develop highly ef-
ficient solid-state solar cells at low cost and high sta-
bility.

As the most common device configuration for
PSCs, a porous PSC usually adopts a compact TiO,
layer onto a pre-cleaned conductive substrate which
acts as a blocking layer to prevent direct contact be-
tween the conductive substrate and the infiltrated
HTM layer?*!, and a nanostructured TiO, scaffold

layer loaded on the compact TiO, layer to assist the
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perovskite film deposition and transport photo-gener
ated electrons from perovskite sensitizers®***, Sever-
al strategies have been developed to construct a com-
pact TiO, layer on the conductive substrate, including
spin-coating®™*), spray pyrolysis deposition™*], atom-
ic layer deposition (ALD)™, and magnetron sput-
tering**!. With regard to the TiO, scaffold layer, a
mesoporous TiO, layer is one of the most popular
choices which can be deposited by spin-coating,
screen-printing or doctor blading the TiO, nanoparti-
cle (NP) paste on the top of the compact TiO, blocking

449 Tn addition to

layer followed by a sintering process
TiO, NPs, one-dimensional (1D) TiO, nanostructures
such as nanowires (NWs)/nanorods (NRs) P>’ nan-
otubes (NTs)**), nanofibers(NFs)®, and nanocones
(NCs)", 2D TiO, nanosheets (NSs) €6 and compli-
cated 3D TiO, materials™*®"! have been also used in
PSCs owing to their special properties, including
high-speed conduction path way or large surface area.
The relevant studies of 2D TiO, NSs for a scaffold
layer in PSCs are seldom till now, and the anatase
phase is usually the preferences due to its high activi-
ty of the exposed (001) facet benefiting to the interfa-
cial properties between the perovskite and the elec-
tron collector®®!, For example, Han et al. employed
a double layer of TiO, NSs containing high levels of
exposed (001) facets and ZrO, as a scaffold in a hole-
conductor-free fully printable porous PSCs with a
PCE of 10.64% ™. Besides, Dar et al. developed a
TiO, scaffold composed of (001)-oriented nanoplate-

lets of anatase TiO, for PSCs with a PCE of 12.30%/.
However, the rutile TiO, NSAs grown on transparent
conductive substrates as the scaffold materials in
PSCs have not been reported in the literatures.

Herein, the oriented rutile TiO, NSAs were hy-
drothermally grown on a thin Ti metal layer which
was deposited on a FTO substrate by the DF mag-
netron sputtering method. Subsequently, a 450 °C an-
nealing process was used to improve the crystallinity
of the rutile TiO, NSAs. And more importantly, such
heating treatment simultaneously converted the
metallic Ti surface into a compact TiO, layer which
was well contacted with the rutile TiO, NSAs. Com-

pared to the rutile TiO, NSAs directly formed on the
compact TiO, layers prepared via ALD and spin coat-
ing (SC) methods, the Ti-based rutile TiO, NSAs pre-
sented superior performance when they were applied
as scaffold layers in PSCs, mainly due to the compact
TiO, layer directly thermally converted from the sput-
tered Ti metal layer, which possessed well connec-
tion with the orderly rutile TiO, NSAs. Upon opti-
mization of the rutile TiO, NSAs and other device
preparation processes, the PCE value of the PSCs
reached up to 11.82%.

1 Experimental

1.1 Deposition of Ti Metal and Compact
TiO, Layers on FTO Substrates

Fluorine doped tin oxide (FTO) substrates were
successively cleaned by acetone, ethanol and deion-
ized (DI) water, and dried in an oven. DF magnetic
sputtering loaded with a Ti target (99.995%) was used
as the source to deposit a Ti thin layer with thickness
of ~ 50 nm on the cleaned FTO substrate under a
power of 144 W for 5 min, which was then washed
with ethanol and dried by N, gas. Compact TiO, lay-
ers were obtained via atomic layer deposition (ALD)
and spin coating (SC) methods, respectively. For the
ALD method®, the compact TiO, layer with thickness
of ~ 30 nm was deposited on the cleaned FTO sub-
strate in pulse mode with a nitrogen flow at 200 °C
using tetrakis (dimethylamino) titanium (TDMAT)
and H,O as Ti and O precursors, respectively. The de-
posited TiO, layer was annealed under 500 °C for 30
min. For the SC method®!, the compact TiO, layer with
thickness of ~ 80 nm was spin coated on the cleaned
FTO substrate at 1500 r-min™' for 40 s using the n-bu-
tanol solution of titanium diisopropoxidebis (acety-
lacetonate) as TiO, precursor. The above film was
heated at 125 °C for 5 min, and then the same
spin-coating process was repeated. The final film was
heat-treated at 500 °C for 30 min.

1.2 Growth of Rutile TiO, NSAs on the
Pre-Treated FTO Substrates

The above-mentioned Ti and TiO,-loaded FTO
substrates were then separately placed in 60 mL
aqueous solution (pH = 0.85) with TiCl; (0.8 mL 15
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wt% of TiCl; in H,O and HCI solution) at a 45° angle
against the wall of the Teflon-lined stainless steel au
toclave (100 mL) with their conducting side facing
down. The hydrothermal reaction was performed at
80 °C for 4 h in an oven. The autoclave was then
cooled to room temperature in air. Subsequently, the
FTO substrates were taken out, rinsed extensively
with DI water, dried in air and finally annealed at 450
°C for 2 h. The effects of growth parameters, includ-
ing initial concentrations of precursor and solution
acidity, on the resulting structures of the Ti-loaded
FTO substrates were systematically investigated. Be-
fore organized into the PSC devices, the prepared
TiO, films were placed in 0.2 mol -L" TiCl, aqueous
solutions at 70 °C for 0.5 h. After rinsing with DI wa-
ter and drying in an oven, the TiCl,-treated sample
was annealed at 450 °C for 30 min again.
1.3 Organization of PSC Device Based on
the Rutile TiO, NSAs
The CH;NH;Pbl; Cl, perovskite was deposited on
the TiO, NSAs in glove box or air condition (humidi-
ty: 60 ~ 70%) by one-step spin coating (2000 r-min™,
30 s) from a 40wt% mixed solution of PbCl, and
CH;NH;l in N, N-dimethylformamide (PbCl,; CH;NH;I
= 1:3), and then heated at 100 °C for 2 h on a hot
plate for crystallization of perovskite. Subsequently,
the as-prepared perovskite film with dark brown color
was spin coated (4000 r-min”, 30 s) 0.06 mol-L"
2,2'.7,7'-tetrakis (N,N-di-4-methoxyphenylamino)-9,
9'-spirobifluorene (spiro-OMeTAD) as the hole trans-
porting material (HTM) after it cooled to room tem-
perature. The HTM solution was prepared by dissolv-
ing 72.3 mg spiro-OMeTAD in 1 mL cholobenzene
and then adding 17.5 pL 520 mg-mL" lithium bis-
(trifluoromethylsyfonyl)imide salt (Li-TFSI) and 28.8
pL tert-butylpyridine (t-BP) as a dopant and an addi-
tive, respectively. The devices were then stored in a
desiccator in the dark for 12 h. 80 nm-thick Au back
contact was deposited on the spiro-OMeTAD layer
by vacuum and thermal evaporation technique®’. The
active surface area of PSCs was 0.09 cm?.
For comparison, the perovskite films were also

deposited in glove box by two-step dipping/spin coat-

ing methods, respectively. For the two-step dipping
method, 1 mol -L" Pbl, in N,N-dimethylformamide
was firstly pre-heated at 70 °C, and then spin-coated
(5000 r-min”, 30 s) on the TiO, NSAs, followed by a
heating treatment at 70 °C for 30 min. After cooled to
room temperature, the samples were firstly immersed
in isopropanol for 2 s, then dipped in 0.038 mol -L"!
CH;NH,CI for 20 s, and finally heated at 70 °C for 30
min. For the two-step spin coating method, 1 mol-L"
Pbl, in N,N-dimethylformamide was similarly pre-
heated at 70 °C, and then spin-coated (5000 r-min™,
30 s) on the TiO, NSAs, followed by a heating treat-
ment at 70 °C for 30 min. After cooled to room tem-
perature, 0.038 mol -L"' CH;NH;CI in isopropanol
was spin coated (4000 r -min”, 20 s) on the above
samples which were finally heated at 100 °C for 10
min.
1.4 Characterization

The morphologies of samples were observed by
field emission scanning electron microscope (FES-
EM, HITACHI S-4800) and transmission electron
microscope (TEM, JEOL JEM-2100) with an accel-
erating voltage of 200 kV. An SEM equipped with an
energy dispersive X-ray spectrometer (EDS) was used
to analyze the composition of samples. Phase identifi-
cation of materials was examined by X-ray diffrac-
tion (XRD, Panalytical X'pert PRO). Performance of
the resulting PSCs was obtained by measuring pho-
tocurrent density-photovoltage (J-V) curves under AM
1.5G simulated solar light (Oriel 300 W Xe lamp and
Newport AM-1.5G filter). The incident-photon-to-
current efficiency (IPCE) spectra as a function of
wavelength (A= 300 to 800 nm) were measured by a
monochromator (Oriel, Model: 74125).

2 Results and Discussion

Firstly, a Ti metal layer with the thickness of ~
50 nm (Figure 1B) was deposited on a FTO substrate
(Figure 1A) via the DF magnetron sputtering method,
accompanying by the color transformation of the sub-
strate from transparent (the inset in Figure 1A) to
brown green (the inset in Figure 1B). Besides, the
feature of the FTO substrate surface was not changed

much and the loading of the thin Ti metal layer only
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made it smooth (Figure 1B). For comparison, the
compact TiO, layers prepared by ALD (film thickness
~ 30 nm) and SC (film thickness ~ 80 nm) methods
both with a 500 °C-heating post-treatment are shown
in Figure 1C and Figure 1D, respectively. It was
found that the compact TiO, layer formed by ALD
presented irregular granular shape on the FTO sub-
strate with light-yellow color (the inset in Figure 1C).
While the compact TiO, layer made by the SC
method was composed of numerous nanoparticles

with the diameter of ~ 10 nm and the color of the de-

Fig. 1 SEM images of top view of the pure FTO substrate
(A), Ti metal layer (B), ALD-prepared (C) and SC-
prepared (D) compact TiO, layers on FTO substrates.

Insets are their corresponding real photos.

posited substrate remained transparent (the inset in
Figure 1D).

As shown in Figure 2A, the XRD patterns of the
Ti metal layer from the sputtering process, and com-
pact TiO, layers from the ALD and SC methods all
exhibited the similar peaks to that of the pure FTO
substrate because these films were too thin and the
characteristic XRD peaks of the FTO substrate were
too strong. However, when the TiO, NSAs were grown
on these Ti metal and compact TiO, films, the XRD
diffraction peaks (Figure 2B) at 260 = 36.08°, 41.21°,
54.57° and 62.86° were observed, corresponding to
those of lattice planes (101), (111), (211) and (002)
of rutile TiO, phase (JCPDS No. 88-1875).

Figure 3(A-F) exhibits SEM images of the rutile
TiO, NSA films indexed by XRD patterns in Figure
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Fig. 2 XRD patterns of the Ti metal and compact TiO, lay-
ers(A), and TiO, NSAs (B) grown on the pre-treated
FTO substrates via hydrothermal reaction in 60 mL
aqueous solution (pH = 0.85) with TiCl; (0.8 mL 15 wt%
of TiCl; in H,O and HCI solution) at 80 °C for 4 h.

2B. As shown in Figures 2A and 2B, the Ti metal
layer-based TiO, (abbreviated as Ti-TiO,) film with a
450 °C-heating post-treatment consisted of well-de
fined nanosheet arrays and the vertical TiO, nanosheets
randomly but uniformly grew on the FTO substrate. It
was observed that the TiO, NSAs possessed a sheet
thickness of ~ 30 nm (Figure 3A) and a film thickness
of ~ 550 nm (Figure 3B). More intriguing, the color of
the as-prepared sample still kept brown green (the
left inset in Figure 3A), implying the coexistence of
Ti metal and TiO, NSAs. However, this brown green
color was turned into white and translucent (the right
inset in Figure 3A) after the 450 °C-heating post-
treatment. It was demonstrated that the thermal treat-
ment not only increased the crystallinity of TiO,

NSAs, but also transformed the Ti metal layer into a
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compact TiO, layer. Such compact layer with the
thickness of ~100 nm could be obviously observed
between the TiO, NSAs and the FTO substrate (Fig-
ure 3B). For the TiO, NSAs grown on the compact
TiO, layer prepared from the ALD method (abbrevi-
ated as ALD-TiO, NSAs), different film features
could be seen, that is, many nanosheet building
blocks aggregated into a flower-like architecture
which randomly dispersed over a compact layer on
the FTO substrate (Figure 3C). In addition, the film
surface was uneven with a maximum thickness of ~
450 nm (Figure 3D) and the film color was white (the
inset in Figure 3C). For the TiO, NSAs grown on the
compact TiO, layer prepared from the SC method
(abbreviated as SC-TiO, NSAs), similar nanosheet
arrays were also successfully planted on the FTO sub-
strate (Figure 3E). Nevertheless, the film flatness and

\3 l 8
ey ‘ﬁﬂ‘c&ﬂ i
=4 “'$ ’f'/ “)g, }

uniformity of the SC-TiO, NSAs (Figure 3E) were
slightly worse than those of the Ti-TiO, NSAs (Figure
3A). Analogously, the film color of the 600 nm-thick
SC-TiO, NSAs (Figure 3F) was white as well (the in-
set in Figure 3E). Remarkably, the pre-treatment of
the Ti metal or compact TiO, layers on the FTO sub-
strates played a heavy impact on the shape of the hy-
drothermal films. It was predicted that the superior
orientation and uniformity of the Ti-TiO, NSAs
would make them more efficient as scaffold materials
in PSCs.

To further study the detailed structures of the
Ti-TiO, NSAs, TEM analysis was subsequently car-
ried out. The obtained TEM image also revealed that
the piece scratched off the Ti-TiO, NSA sample exhi-
bited a nanosheet feature (Figure 3G). And this nano-

sheet was completely crystalline as proved by the

10 1/nm

Fig. 3 SEM images of top view (A, C, E) and cross-sectional view (B, D, F) of the TiO, NSAs based on the (A, B) Ti metal lay-
er, (C, D) ALD and (E, F) SC prepared compact TiO, layers. Insets are their corresponding real photos. The left insets in

(A) is the sample without annealing, while the right one is the sample with annealing at 450 °C for 2 h. (G) TEM and (H)
HRTEM images, and (I) the corresponding SAED pattern image of the TiO, NSAs based on the Ti metal layer.
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Fig. 4 A. Cross-sectional SEM image of a full PSC device based on the Ti-TiO, NSAs; B. Schematic representation of full de-
vice structure (A), and C. EDS plot of the part marked in (A) using a red square

HRTEM image, in which lattice fringe with interpla-
nar spacing, d;p = 0.322 nm, can be indexed to rutile
TiO, phase with the preferential growth along the
[001] direction (Figure 3H). The corresponding SAED
pattern of the Ti-TiO, NSAs indicated that it was sin-
gle crystal with well crystallinity (Figure 31).

The Ti/ALD/SC-TiO, NSAs grown on FTO sub-
strates (Figure 3 (A-F)) were then applied as scaffold
materials to assemble PSCs with CH;NH,Pbl; Cl, as
light harvester, spiro-MeOTAD as HTM, and a Au
film as back contact (Figure 4(A-B)). Significantly, the
EDS plot (Figure 4C) of the part marked with a red
square in Figure 4A suggested that the CH;NH;Pbl;.Cl,
perovskite had penetrated into the Ti-TiO, NSAs
which was beneficial to the electron transport from
the perovskite to the scaffold layer.

Table 1 summarizes the photovoltaic parameters
of the resulting PSCs and Figure 5 shows the corre-
sponding current-voltage (J-V) characteristics. Com-
pared with the ALD/SC-TiO, NSAs,

hanced photovoltaic performance of the PSCs em-

greatly en-

ploying Ti-TiO, NSAs as the scaffold materials was
finally achieved (Table 1 and Figure 5). It was demo-
nstrated that the Ti-TiO, NSAs contributed the device
with higher short circuit current density (J,; Ti: 13.41
mA -cm? vs. ALD: 11.68 mA -cm? and SC: 12.00

e o Ti-TiO, NSAs
o R ALD-TiO, NSAs
g T, ;
B 12 o oy, SC-TIO, NSAS
< i %ﬁ y
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Fig. 5 J-V curves of the PSCs based on the Ti/ALD/SC-TiO,
NSAs

mA - cm?), open circuit voltage (V; Ti: 0.77 V vs.
ALD: 0.75 V and SC: 0.65 V) and fill factor (FF; Ti:
59.85% vs. ALD: 38.74% and SC: 44.26%), and thus,
remarkably improved power conversion effi ciency
(PCE; Ti: 6.20% vs. ALD: 3.39% and SC: 3.45%)
for the assembling PSC (Table 1 and Figure 5). There-
fore, it was indicated that the Ti-TiO, NSAs had bet-
ter properties for the electron transport because of the
higher orientation and uniformity of the nanosheet ar-
rays, in combination with the close connection of the
FTO/compact TiO, layer/rutile TiO, NSAs, conse-
quently reflecting a largely reduced series resistance
of the device (R; Ti: 69.82 () vs. ALD: 411.59 () and
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Tab. 1 Photovoltaic parameters of the PSCs based on the TiI/ALD/SC-TiO, NSAs
Sample JJ/(mA -cm?) VoV FF/% PCE/% R at V. /Q
Ti-TiO, NSAs 13.41 0.77 59.85 6.20 69.82
ALD-TiO, NSAs 11.68 0.75 38.47 3.39 411.59
SC-TiO, NSAs 12.00 0.65 44.26 345 190.37
SC: 190.37 Q). spectively. It was indicated that the perovskite film

In order to further improve the PCEs of the
Ti-TiO, NSA-based PSCs, several modification pro-
cesses were carried out. First of all, the hydrothermal
condition for the growth of the Ti-TiO, NSAs was
optimized, including the solution pH value and the
volume of TiCls precursor. It was found that they
both played obvious impact on the morphologies of
the TiO, NSAs, and finally showed different PCEs in
PSC application (Table 2). The optimized conditions
were 1.05 and 0.6 mL for the solution pH value
(Table 2) and the volume of TiCl; precursor (Table
2), respectively. In addition, the TiCl, post-treatment
time was chosen as well, and 0.5 h was found to be
the most effective time (Table 2).

Besides, it is well-known that CH;NH;PbI;.Cl,
perovskite is very sensitive to humid condition, and
then the Ti-TiO, NSA-based PSCs were fabricated in
glove box and air condition (humidity: 60 ~ 70%), re-

prepared in glove box was fully and uniformly cov-
ered on top of the Ti-TiO, NSAs (Figure 6A), while
the coverage of the perovskite film directly prepared
in air condition was incomplete (Figure 6B), and
such perovskite film had inferior crystallinity to the
one prepared in glove box (Figure 6C). More seri-
ously, the color of the PSC device stored in air condi-
tion was quickly faded (Figure 6D), implying the de-
terioration of its perovskite film. And the device pre-
served in glove box kept stable (Figure 6E). The re-
sulting Ti-TiO, NSA-based PSC prepared in glove
box exhibited more significantly enhanced perfor-
mance than that organized in air condition (Figure
6 (F-G) and Table 2).

Finally, the method for the perovskite deposition
was also examined. One step spin coating, two-step dip-
ping, and two-step spin coating methods were used (See
Experimental Section) to deposit CH;NH;Pbl;.Cl, per

Tab. 2 Photovoltaic parameters of the PSCs based on the Ti-TiO, NSAs prepared under different conditions

Parameter JJ/(mA - cm?) VoV FE/% PCE/%
0.75 12.17 0.78 61.36 5.84
Solution pH 0.85 13.41 0.77 59.85 6.20
1.05 16.70 0.79 53.83 7.14
0.5 21.18 0.73 52.94 8.21
TiCl; volume/mL 0.6 18.39 0.76 61.54 8.53
0.8 16.70 0.79 53.83 6.36
0 21.18 0.73 52.94 8.21
TiCl, treatment
_ 0.5 21.02 0.73 56.02 8.59
time/h
1 19.12 0.72 46.20 7.14
Device organizaﬁon Glove box 18.39 0.76 61.54 8.59
condition Air (humidity: 70 ~ 90%) 13.46 0.68 40.32 3.67
Other perovskite Two-step (dipping) 5.08 0.83 80.25 3.37
deposition method Two-step (spin coating) 7.39 0.92 35.11 2.40
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Fig. 6 SEM images (A, B) of top view and XRD patterns (C) of the Ti-TiO, NSA-based perovskite films prepared in glove box
(A) and air condition (humidity: 60 ~ 70%) (B), respectively. Real photos of the Ti-TiO, NSA-based PSC devices stored
in air condition (humidity: 60 ~ 70%) (D) and glove box (E) for 3 h, respectively. J-V curves (F) and IPCE plots (G) of the
Ti-TiO, NSA-based PSCs prepared in glove box and air condition (humidity: 60 ~ 70%).

ovskite over the Ti-TiO, NSAs. It was revealed that
the film quality deposited by one step spin coating
was better than the other two methods, and the supe
rior cell performance (Table 3) also further proved
that one step spin coating method was more efficient
to deposit CH;NH;Pbl;.Cl, film on top of the Ti-TiO,
NSAs.

Combined with all the above factors, the
Ti-TiO, NSA-based PSC device was undergone con-
tinuous modification and then its PCE was improved
step by step (Figure 7). Impressively, the best PCE val-
ue of 11.82% with the J, value of 21.03 mA -cm?, V.

value of 0.90 V, and FF value of 62.26% (Figure 7)
was finally achieved.

3 Conclusions

The Ti metal layer assisted-hydrothermal pro-
cess has been firstly exploited to construct the verti-
cal rutile TiO, NSAs directly grown on FTO sub-
strates. The subsequent heating treatment converted
such Ti metal layers into compact TiO, layers with
well connection between the rutile TiO, NSAs and
the FTO substrates. The resulting novel compact TiO,
layer in combination with the oriented rutile TiO,
NSAs exhibited a highest PCE of 11.82% when ap-
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Fig. 7 J-V curves of the Ti-TiO, NSA-based PSC devices
with careful modification and continuously improved
PCEs

plied in PSCs after careful modification. Such synthe-
sis strategy presented a facile but an effective way to
develop a high-quality TiO, compact layer with close
contacts between the TiO, scaffold and the conduc-
tive substrate for the efficient PSCs.
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