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Abstract: The ability to effectively transfer photoexcited
electrons and holes is an important endeavor toward achieving
high-efficiency solar energy conversion. Now, a simple yet
robust acid-treatment strategy is used to judiciously create an
amorphous TiO2 buffer layer intimately situated on the anatase
TiO2 surface as an electron-transport layer (ETL) for efficient
electron transport. The facile acid treatment is capable of
weakening the bonding of zigzag octahedral chains in anatase
TiO2, thereby shortening staggered octahedron chains to form
an amorphous buffer layer on the anatase TiO2 surface. Such
amorphous TiO2-coated ETL possesses an increased electron
density owing to the presence of oxygen vacancies, leading to
efficient electron transfer from perovskite to TiO2. Compared
to pristine TiO2-based devices, the perovskite solar cells (PSCs)
with acid-treated TiO2 ETL exhibit an enhanced short-circuit
current and power conversion efficiency.

Introduction

Recent research has witnessed rapid advances in metal
halide perovskite materials and device due to their stellar set
of optoelectronic properties.[1] Among various metal halide
perovskite solar cells (PSCs), a certified power conversion
efficiency (PCE) of 24.2% has been achieved in organic–
inorganic hybrid PSCs.[2] One of the key steps to yielding
high-performance PSC is to delicately control over the carrier
transport from the perovskite absorber to the respective
electrodes through charge transport layers (electron transport
layer (ETL) and hole transport layer (HTL)).[3] The prereq-
uisites for an ideal charge transport material involve a suitable
energy level, high conductivity, and low surface recombina-
tion rate. TiO2 is the most commonly used ETL in PSCs.[4] It is
important to note that the surface of TiO2 layer as well as the
interface between TiO2 and perovskite greatly impact the
device performance.[4,5] However, nanometer-scale nonuni-
formities (for example, pinholes and resistive crystal bounda-
ries that act as the charge recombination centers, namely, trap
states) inevitably form on the crystalline TiO2 surface during
the sintering process, leading to direct contact between the

perovskite absorber and electrodes.[6] The trap sites are
recognized as interfacial barriers and consequently deterio-
rate the photovoltaic efficiency. In this context, much effort
has been made to engineer the TiO2 ETL/perovskite interface
for promoting electron extraction and transport by passivat-
ing the surface traps and suppressing the charge recombina-
tion (for example, interface modification by n-doping TiO2

with inorganic materials,[6a, 7] and bridging TiO2 and perov-
skite using organic coupling molecules[1b,8]). However, the use
of inorganic or organic compounds as the bridge may reduce
the interaction between TiO2 and perovskite owing to the
large dissimilarity in the chemical structures between TiO2

and these compounds.[7] Clearly, it is highly desirable to
develop a simple yet effective interfacial engineering ap-
proach to intimately connect TiO2 and perovskite for efficient
electron transfer. This has yet to be largely explored.

Oxygen vacancies and the Ti3+ state play a critical role in
determining the surface and electronic properties of TiO2.

[8,9]

They collectively render TiO2 more conductive due to n-type
doping as well as increased carrier density, thereby suppress-
ing tunneling barriers and increasing photocurrent.[10] It is
noteworthy that oxygen-deficient TiO2 samples deliver supe-
rior performance as the improved conductivity induced by
oxygen vacancies compensates the negative impact of trap-
ping carriers that leads to inefficient electron transport.[11]

Recently, an amorphous TiO2 coating on the surface of Si
photoanodes was found to effectively prevent corrosion and
promote charge conduction due to its electric leakiness.[9a]

Quite intriguingly, rather than forming a thin insulating
barrier layer, the amorphous TiO2 layer loses its lattice order
with the generation of electronic defects, thus entailing the
passage of high current densities.[9a] Notably, such an amor-
phous TiO2 layer has been implemented for applications in
photocatalysis,[9c] photoelectrochemistry,[8,9] lithium batter-
ies,[9d] and quantum dots-sensitized solar cells.[9e] In contrast,
investigation into the introduction of an amorphous layer in
PSCs for enhancing device performance enabled by improved
charge transport is surprisingly few and limited in scope.

Herein, we report on a robust strategy to deliberately
create an amorphous TiO2 layer at the interface between
crystalline TiO2 ETL and perovskite in PSCs resulting in
markedly improved short circuit current JSC and PCE. The
acid treatment of TiO2 ETL weakens the bonding of
interconnected zigzag TiO6 octahedral chains in anatase
TiO2, thereby shortening the staggered octahedron chains
and rendering the formation of an amorphous TiO2 buffer
layer on the surface of anatase TiO2. This amorphous TiO2

buffer layer contains rich oxygen vacancies, as evidenced by
EPR, XPS, and Mott–Schottky analysis, where the Mott–
Schottky study reveals that the donor density of acid-treated
TiO2 ETL increases by one order of magnitude (2.4X
1020 cm@3) compared to pristine TiO2 ETL (2.8X 1019 cm@3).
The mixed cation–halide perovskite
Cs0.06FA0.79MA0.15Pb(I0.85Br0.15)3 is chosen as the light absorber
and deposited on the amorphous TiO2-coated ETL. Despite
its amorphous nature, the amorphous TiO2 buffer layer
positioned at the interface of anatase TiO2 and
Cs0.06FA0.79MA0.15Pb(I0.85Br0.15)3 effectively improves the elec-
tron diffusion and transport, as substantiated by electro-
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chemical impedance spectroscopy and controlled intensity-
modulated photocurrent spectroscopy studies, leading to
enhanced JSC and PCE.

Results and Discussion

Figure 1a depicts the stepwise formation of acid-treated
mesoporous TiO2 film. Scanning electron microscopy (SEM)
images of mesoporous TiO2 before and after hydrochloric
acid (HCl) treatment are shown in Figure 1b and c, respec-
tively, where the HCl-treated TiO2 film is seen to be more
uniform with smaller and denser mesopores. The correspond-
ing high-resolution transmission electron microscopy
(HRTEM) images reveal that highly ordered anatase TiO2

(Figure 1d) with well-resolved lattice fringes (d= 0.352 nm,
corresponding to the (101) plane of anatase, JCPDF No. 21-
1272; XRD patterns shown in the Supporting Information,
Figure S1) becomes disordered after HCl soaking, displaying
a smeared structure (Figure 1e) along with the film color

turning black. This suggests a thin amorphous TiO2 layer
formed on the surface of anatase TiO2 nanoparticles, and
some disorder may also be generated within the nanoparticle.
The disordered structures may be associated with the
assembly of short staggered Ti@O octahedral chains (that is,
forming amorphous TiO2) resulted from the acid corrosion of
TiO2 crystal framework.[12] These chains are characteristic of
amorphous TiO2, particularly at the boundaries of adjacent
crystalline TiO2 nanoparticles.[13] Thus, the formation of
a denser mesoporous HCl-treated TiO2 film can be attributed
to the reorganization of the Ti-O chains by acid that generates
an amorphous TiO2 buffer layer (marked in red; inset in the
lower right panel in Figure 1a) intimately situated on the
surface of crystalline TiO2 nanoparticles (marked in green).[14]

XPS measurement was conducted to determine the
changes of TiO2 surface states. Figure 2a compares the Ti 2p
and O 1s core level spectra of pristine anatase TiO2, and
anatase TiO2 after HCl treatment (denoted TiO2-HCl) with-
out and with subsequent plasma exposure. We note that O2

plasma treatment was performed because the TiO2-HCl film
contains both surface and bulk (within TiO2 nanoparticle;
lower right in Figure 1a) oxygen vacancies, both of which
increase the donor density of TiO2 when employed as the
ETL in PSC.[15] The bulk vacancies improve the bulk
conductivity, while the surface vacancies trigger the charge
carrier recombination.[16] Thus, removing surface vacancies
yet retaining bulk vacancies in TiO2 ETL by O2 plasma
exposure may lead to further improved performance of PSCs
owing to suppressed photogenerated electron–hole recombi-
nation and the enhanced bulk conductivity. This will be
discussed in detail later. Nonetheless, all the samples noted
above exhibit the O 1s peak at approximately 531 eV,
corresponding to the characteristic peak of Ti@O@Ti.[10] The
O 1s peaks shift to high binding energy after HCl treatment
yet without subsequent O2 plasma exposure, and the O/Ti
ratio on the TiO2 surface decreases from 2.20 to 1.88
(Figure 2c), indicating that oxygen vacancies are generated
on the surface of TiO2-HCl nanoparticles (without plasma
treatment). Generally, oxygen vacancies exist in the following
three charge states: neutral, singly ionized, and doubly
ionized,[17] as shown below:
i) Neutral oxygen vacancies:

O2@ ! 1=2O2 þVO ð1Þ

ii) Singly ionized vacancies:

O2@ ! 1=2O2 þVO
0 þ e@ ð2Þ

Ti4þ þ e@ ! Ti3þ ð3Þ

iii) Doubly ionized vacancies:

O2@ ! 1=2O2 þVO
00vþ 2 e@ ð4Þ

2Ti4þ þ 2 e@ ! 2Ti3þ ð5Þ

One electron from a singly ionized oxygen vacancy or two
electrons from a doubly ionized oxygen vacancy can be
located at the neighboring Ti sites, leading to the formation of

Figure 1. a) Illustration of the formation of amorphous TiO2 buffer
layer-coated anatase TiO2 film via simple acid treatment. b, c) SEM
images of mesoporous TiO2 film (b) before and (c) after HCl treat-
ment (top view). Insets show the close-ups. d, e) HRTEM images of
mesoporous TiO2 film (d) before and (e) after HCl treatment.
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Ti ions with lower state (that is, Ti3+).[18] For a neutral oxygen
vacancy, however, two electrons remain at the oxygen
vacancy site, therefore, the neighboring Ti4+ oxidation states
stay unchanged.[18] Compared to the neutral oxygen vacancy,
the singly ionized and doubly ionized ones have larger lattice
relaxation effect which changes the binding energy of O 1s
and Ti 2p.[19] Thus, the peak shift of O 1s and Ti 2p to higher
binding energy can be ascribed to the formation of singly
ionized and doubly ionized oxygen vacancies. The singly
ionized oxygen vacancies occupied by one electron has a spin
of S= 1/2 and is thus paramagnetic.[20] A typical electron
paramagnetic (EPR) signal at g= 2.003 (Supporting Informa-
tion, Figure S2) provides direct evidence that singly ionized
oxygen vacancies are created on the acid-treated TiO2

samples.[21] Compared to O@Ti4+, the O@Ti3+ bonds accom-
panied with the ionized oxygen vacancies reduce the electron
charge density which decreases the screening effect of the
O 1s outer electrons and increases the effective nuclear
charge.[22] Consequently, the O 1s binding energy increases
from 530.4 eV to 530.7 eV after HCl treatment yet without

subsequent exposure to plasma. The binding energy of Ti 2p
(459.6 eV) on TiO2-HCl slightly deviates from the pristine
TiO2 film (459.3 eV), which may be a result of a correct
stoichiometry owing to the formation of oxygen vacancies and
Ti3+ in amorphous TiO2 structure.

Depending on the location of oxygen vacancies in TiO2,
they can be classified as surface vacancies and bulk vacancies.
The bulk vacancies improve the conductivity within the
nanoparticles substantially as well as the electrical contact
between nanoparticles.[15] While the surface vacancies also
promote the surface conductivity, they do not largely
contribute to the intrinsic electronic conductivity of TiO2.

[15]

In contrast to the bulk oxygen vacancies, the surface oxygen
vacancies aggravate charge carrier recombination as they act
as surface trap sites.[23] Therefore, enhanced device perfor-
mance is expected if surface oxygen vacancies are removed
while bulk oxygen vacancies are retained in TiO2 ETLs. To
this end, we used O2 plasma to treat the surface of TiO2.

[24]

After plasma treatment, both O 1s and Ti 2p peaks of TiO2-
HCl (Figures 2a and b, respectively) overlap with the

Figure 2. a) O 1s and b) Ti 2p core level spectra of TiO2 and TiO2-HCl films with and without subsequent O2 plasma treatment. c) The O/Ti atom
ratios of TiO2 and TiO2/HCl with and without O2 plasma treatment. d) Mott–Schottky plots of TiO2 and TiO2-HCl films with and without plasma
treatment at 5 kHz. e) Tauc plots of TiO2 and TiO2-HCl films with and without O2 plasma treatment. f) Cl 2p core level spectra of TiO2-HCl with
and without O2 plasma treatment.
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corresponding peaks in pristine anatase TiO2, suggesting that
the surface oxygen vacancies generated in TiO2-HCl are
refilled upon the plasma treatment (yet bulk oxygen vacan-
cies are remained, as disclosed by Mott–Schottky analysis
discussed later). This finding can also be proven by XPS
measurement of the O/Ti ratio on the TiO2-HCl surface,
which increases from 1.88 to 2.23 after plasma treatment.
Moreover, the peak ratio change evidenced by Raman
measurement (guided by straight lines; Supporting Informa-
tion, Figure S3), which is resulted from the modified geo-
metric and surface structures, also implies the presence of
surface oxygen vacancies in TiO2-HCl (without plasma) yet
their removal in TiO2-HCl (with plasma) samples.[25]

To substantiate that O2 plasma treatment can retain the
bulk vacancies in TiO2-HCl, Mott–Schottky analysis was
performed.[26] Based on the Mott–Schottky plots, the donor
density ND for the TiO2-HCl film without plasma treatment
was calculated to be 3.6X 1020 cm@3 (see Note 1 in the
Supporting Information), which is comparable to the value
of 2.4X 1020 cm@3 for TiO2-HCl with plasma treatment.
However, these values are one order of magnitude higher
than that of the pristine anatase TiO2 film (ND= 2.8X 1019).
As the surface oxygen vacancies are eliminated in the plasma-
treated TiO2-HCl sample, its larger ND (2.4X 1020 cm@3)
should originate primarily from the bulk oxygen vacancies
which are known as electron donors.[27] Taken together, it can
be rationalized that oxygen vacancies in TiO2 induced by acid
treatment exist both on the surface and within the bulk TiO2

nanoparticle in the TiO2-HCl film, and the bulk oxygen
vacancies are not abstracted upon the plasma treatment. The
UV/Vis spectra further support this conclusion (Supporting
Information, Figure S4), where the absorption edge of TiO2-
HCl in the presence of plasma treatment red-shifts compared
to that of pristine TiO2 owing to the generation of both
surface and bulk oxygen vacancies (Figure 2e). As the surface
oxygen vacancies are extracted, the band gap of TiO2-HCl

becomes larger after plasma treatment, but smaller than that
of the pristine TiO2 owing to the presence of bulk oxygen
vacancies. Thus, compared to the TiO2-HCl (without plasma)-
based and the pristine TiO2-based devices, the improved JSC of
the device constructed by capitalizing on plasma-treated
TiO2-HCl as ETLs (Supporting Information, Figure S5) is
a direct consequence of the suppressed photogenerated
electron–hole recombination and enhanced bulk conductivity
owing to the presence of bulk oxygen vacancies. Unless
otherwise specified, all the TiO2-HCl samples discussed in the
following are treated by plasma (Figure 3, Figure 4, Figure 5;
Supporting Information, Figures S7–S13).

The morphology and optical properties of the
Cs0.06FA0.79MA0.15Pb(I0.85Br0.15)3 perovskite absorber deposit-
ed on pristine anatase TiO2 and TiO2-HCl films as ETLs are
compared. Despite the distinct change in surface structure of
TiO2 before and after HCl treatment (Figure 1b,c), the
morphology of the perovskite crystals deposited on the
surface of these TiO2 ETLs does not change significantly
(Supporting Information, Figure S6). Both TiO2/perovskite
and TiO2-HCl/perovskite films show similar absorption
tendency with the same band gap of perovskite (Eg=

1.634 eV, Figure 3a; Supporting Information, Figure S7 and
Note 2). Only a slightly lower absorbance at shorter wave-
length was observed for the HCl-treated sample. However,
the TiO2/perovskite film on the FTO glass displays a strong
photoluminescence (PL) peak at about 780 nm, while the PL
peak intensity quenches largely for the TiO2-HCl/perovskite
film. This result signifies that TiO2-HCl possesses a stronger
electron extraction capability and facilitates more efficient
electron transfer from Cs0.06FA0.79MA0.15Pb(I0.85Br0.15)3 to
TiO2-HCl. The increased electron density (Figure 2d) and
the increased conductivity of the TiO2-HCl sample account
for the suppressed charge recombination at interfaces.[28] The
negative impact of the lower absorbance (Figure 3a) for TiO2-
HCl on device performance is offset by the improved electron

Figure 3. a) UV/Vis absorption and photoluminescence (PL) spectra of the TiO2/perovskite and TiO2-HCl/perovskite films. b) The J–V character-
istics of TiO2- and TiO2-HCl-based champion devices. Photocurrent density and the corresponding PCE of c) the TiO2-based and d) TiO2-HCl-
based devices measured as a function time at a constant bias of 0.715 V under an AM1.5G standard sunlight.
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transfer of the sample. As a result, compared to that of TiO2-
based counterpart (PCE= 16.0% of the champion cell), TiO2-
HCl-based PSCs with improved performance (PCE= 17.8%
of the champion cell) were achieved (Figure 3b). Despite the
same open-circuit voltage VOC, the TiO2-HCl-based device
exhibits enhanced JSC and fill factor (FF) owing to the
increased donor density and the reduced charge recombina-
tion. A stable output photocurrent density of 24.3 mAcm@2

and PCE of 17.4% was obtained in the TiO2-HCl-based
device (Figure 3d). We note that when replacing
Cs0.06FA0.79MA0.15Pb(I0.85Br0.15)3 with less stable MAPbI3 as
the absorber material, similar trends were observed (that is,
PCE= 14.8% for pristine anatase TiO2-based MAPbI3 cham-
pion solar cell, and PCE= 16.6% for TiO2-HCl-based MAP-

bI3 champion solar cell), as shown in the Supporting
Information, Figure S8.

It has been reported that the presence of chlorine can
passivate the trap sites at the TiO2 ETL/perovskite inter-
face.[29] Moreover, the interfacial Cl atoms also improve the
binding at the TiO2/perovskite junction.[30] In our study, Cl 2p
spectra are measured to clarify the effect of chlorine on device
performance, as shown in Figure 2 f. Chlorine elements were
detected on the surface of TiO2-HCl film without subsequent
plasma. However, no characteristic Cl peaks were found in
the plasma-treated film. The chlorines are firstly dissociated
under the plasma to form Cl free radicals (CCl), and then
escape from the surface of TiO2.

[31] Thus, the defect passiva-
tion by interfacial chloride is not applicable in our study. More

Figure 4. a) Nyquist plots of electrochemical impedance spectroscopy (EIS) for the TiO2- and TiO2-HCl-based devices under illumination at
applied bias of 0.6 V. The frequency ranges from 10 Hz to 1 MHz at a bias of 0.6 V under AM 1.5G irradiation. b) Electron transport time ttr and
c) the corresponding electron diffusion coefficient Dn as a function of light intensity for the TiO2- and TiO2-HCl-based devices. d) External
quantum efficiency (EQE) and integrated JSC of TiO2-based and TiO2-HCl-based PSCs.

Figure 5. Device stability tests. a) VOC, b) JSC, c) FF and d) PCE as a function of storage time under ambient condition.
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importantly, the effects of post-treatment of TiO2 with HI,
HBr, and KCl on the performance of the resulting PSCs were
also investigated (Supporting Information, Figure S9). Sim-
ilar J–V curves were seen for these devices (HCl-, HBr- and
HI-treated), indicating that the acid anions (Cl@ , Br@ , and I@)
have insignificant impact on the device performance. Notably,
the KCl treatment did not yield the device with improved
performance, further suggesting that chloride ions have no
contribution to the device performance in our work.

We now turn our attention to scrutinize the kinetics of
charge transfer at the interface between the perovskite and
TiO2 ETL as well as between the perovskite and TiO2-HCl
ETL. Figure 4 compares the electrochemical impedance
spectroscopy (EIS) analysis on the TiO2- and TiO2-HCl-based
devices. The semicircle at low frequency (high Z’) is assigned
to the charge recombination resistance, Rrec.

[32] Clearly, the
TiO2-HCl-based device has a larger Rrec, implying that the
recombination of electrons and holes at the interface of TiO2

and perovskite is retarded, which is in good agreement with
the PL results (Figure 3a). The electron transport and
recombination time of PSCs were further analyzed by
controlled intensity-modulated photocurrent spectroscopy
(CIMPS), which measures the photocurrent as a function of
incident illumination intensity at 0 V bias. Representative
Nyquist and Bode plots of CIMPS for the two types of devices
are given in the Supporting Information, Figure S10. The
electron transport time ttr can be derived from the CIMPS
spectrum (Figure 4b) using the following equation ttr= 1/
(2pfCIMPS), where fCIMPS is the maximum frequency at a certain
light intensity in each semicircle. The ttr values of TiO2-HCl-
based device are shorter than those of the control device due
to the improved charge transfer capacity of the TiO2-HCl
ETL. The electron diffusion coefficient Dn can be obtained
from Dn= d2/(2.35ttr), where d is the thickness of the TiO2

photoanode (ca. 150 nm).[33] The Dn of the TiO2-HCl-based
device achieved under different light intensities are higher
than the TiO2-based device (Figure 4c), signifying that the
photogenerated electrons can diffuse readily and are collect-
ed rapidly from perovskite to the FTO substrate, which
effectively suppresses the charge carrier recombination.
Consequently, the TiO2-HCl-based device yields enhanced
exterrnal quantum efficiency (EQE, Figure 4d) over the
range of 400–750 nm. The integrated photocurrents are in
good agreement with the photocurrent values measured from
J–V curves (Figure 3d).

It is not surprising that acid treatment time would impact
the device performance by affecting the corrosion degree of
crystalline TiO2 film and thus altering the carrier transport
properties.[34] JSC increases first and then decreases as the acid
treatment time progresses (Supporting Information, Fig-
ure S11). The devices based on TiO2 film with a 2 h HCl
treatment exhibit the best performance. Obvious cracks were
found to form on the surface of TiO2 after long acid treatment
(8 h; Supporting Information, Figure S12), which may cause
a direct contact of perovskite and FTO during the deposition
of perovskite absorber. The long acid treatment weakens the
anatase-amorphous layer interaction due to the breaking of
Ti@O@Ti bonds among the chains of amorphous TiO2 as well
as the chains between of amorphous and anatase TiO2,

[11,35]

resulting in the detachment of amorphous buffer layer from
the anatase TiO2 ETL and thus decreased electron transport.

Finally, the stability of the TiO2 ETL-based and TiO2-HCl
ETL-based PSCs was also examined. The devices were stored
in a desiccator at temperature of 24: 2 88C and a relative
humidity of 30: 2% without encapsulation. Figure 5 com-
pares the photovoltaic parameters as a function of time (the
initial J–V curves are shown in the Supporting Information,
Figure S13). Both the two devices experience a drop in JSC.
Comparatively, the parameters of FF and VOC are rather
stable. The Cs0.06FA0.79MA0.15Pb(I0.85Br0.15)3-based device has
been shown to be very stable,[36] and it is clear that the HCl-
treated TiO2 as ETL has no adverse impact on the stability of
this type of perovskite-based devices.[36] We note that the JSC,
VOC, FF, and PCE increased occasionally during storage,
which can be ascribed to the oxidation of spiro-MeOTAD
layer.[37] Oxidized spiro-MeOTAD facilitates the transport
and collection of holes into electrodes, and thus enhances the
device performance.

Conclusion

In summary, we developed a viable acid-treatment route
to crafting, for the first time, an amorphous, oxygen vacancies-
containing TiO2 buffer layer that is intimately situated on the
surface of anatase TiO2, bridging the interface between the
acid-treated TiO2 ETL and the perovskite absorber, and in
turn rendering improved performance of the resulting per-
ovskite solar cells. Notably, oxygen vacancies generated in
acid-treated TiO2 exist both on the surface and in the bulk of
TiO2 nanoparticles. Importantly, subsequent O2 plasma treat-
ment retains the bulk vacancies while effectively eliminating
the surface vacancies. Compared to the pristine TiO2ETL, the
acid-treated TiO2 ETL carries an increased electron density
and bulk conductivity due to the creation of abundant oxygen
vacancies, thereby enabling efficient electron transfer from
perovskite to acid-treated TiO2 ETL and thus suppressing
photogenerated electron-hole recombination. This in turn
accounts for enhanced JSC and PCE in acid-treated TiO2 ETL-
based devices. The judicious growth of amorphous buffer
layer closely positioned on the surface of semiconductor of
the same material as ETL may open up a new avenue for
design and optimization of efficient ETL for high-perfor-
mance PSCs.
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