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erformance planar perovskite
solar cell with Nb-doped TiO2 compact layer by
enhanced electron injection and efficient charge
extraction†

Bai-Xue Chen, Hua-Shang Rao, Wen-Guang Li, Yang-Fan Xu, Hong-Yan Chen,
Dai-Bin Kuang* and Cheng-Yong Su

The power conversion efficiency (PCE) of a planar perovskite solar cell (PSC) is closely associated with the

conduction band energy, conductivity and coverage of the compact layer. However, as the most widely

used compact layer material, TiO2 has unfavorable electrical properties such as low electron mobility

and conductivity; as a result, modifications such as elemental doping are of paramount importance. In

this study, Nb-doped TiO2 with improved carrier density and conductivity was prepared via a facile one-

pot solution process and applied successfully as a high-quality compact layer for planar PSCs. A positive

shift in the flat-band potential (Vfb) and increased conductivity after Nb doping efficiently facilitated

photogenerated electron injection and charge extraction from the perovskite film to the 2% Nb-doped

TiO2 compact layer, contributing to impressive advances in photovoltaic performance compared with

pristine TiO2. Ultimately, a PSC assembled using optimized 2% Nb-doped TiO2 and CH3NH3PbI3 yielded

a power conversion efficiency of up to 16.3%.
Introduction

In the past few years, organic–inorganic hybrid perovskites have
shown striking potential in applications of photovoltaic cells,1–3

sensors,4 light-emitting diodes,5 lasers,6 and photodetectors.7 In
the eld of organometal trihalide perovskite solar cells, break-
throughs and progress have already been witnessed owing to
the intriguing photoactive properties of CH3NH3PbX3 (X ¼ Cl,
Br, I) such as a wide absorption range,8 high extinction coeffi-
cient,9 and long electron–hole diffusion length.10 Currently, the
efficiencies of PSC devices are still constantly increasing,11 one
of which has already risen to the incredible rate of 21.0%.12

In general, PSCs have three main types of device architecture:
(1) mesoscopic structures using mesoporous semiconducting
materials as electron transport layers (ETLs) (e.g. TiO2,13 WO3,14

SrTiO3,15 ZnO,16 Zn2SnO4 (ref. 17) and SnO2 (ref. 18)), (2) meso-
superstructures employing mesoporous insulators such as Al2O3

(ref. 19) and ZrO2 (ref. 20) as scaffolds while perovskite itself acts
as an ETL, and (3) planar structures using ultra-thin compact
layer materials (e.g. TiO2,21 modied TiO2,4,22 ZnO,23 SnO2 (ref. 24
and 25) and WO3 (ref. 26)) for both hole-blocking and electron-
Synthetic Chemistry, Lehn Institute of

and Chemical Engineering, Sun Yat-sen

na. E-mail: kuangdb@mail.sysu.edu.cn;

tion (ESI) available. See DOI:

hemistry 2016
conducting purposes. Among these types, planar PSCs are
preferred for reasons of a simpler process and lower cost for
future applications. In planar PSC devices, the compact layer
extracts and transports photogenerated electrons from the
perovskite absorber to the FTO (F: SnO2) glass substrate and
prevents contact between the FTO and the hole transport layer
(HTM). Therefore, high-quality lm, appropriate conduction
band, and superior electron mobility and conductivity of the
compact layer material are responsible for high efficiency in
planar PSC devices by reducing excessive charge accumulation
and guaranteeing effective electron injection at the compact
layer/perovskite interface, which can be achieved by modica-
tion of TiO2 such as doping. For instance, Y-doped TiO2 (ref. 4)
was utilized as an effective compact layer in a planar PSC device
with a high PCE of 19.3% (without a mask). Niobium-doped
TiO2, which has been used as a potential transparent conducting
oxide (TCO)27,28 and dye-sensitized solar cell (DSSC)29,30 photo-
anode, has proved its ability to accelerate electron extraction as
an electron mediator in PSCs.31 Niobium-doped TiO2 for meso-
scopic PSC32,33 applications has not achieved satisfying PCEs so
far; the highest efficiency has been 13.4%. Furthermore, devices
assembled using a Nb-doped TiO2 compact layer and meso-
porous TiO2 lm merely attained a maximum PCE of 10.26%,34

which was possibly due to the quality of the compact layer and
perovskite material.

Here, for the rst time, a homogeneous Nb-doped TiO2

nanocolloidal solution was developed to form a high-quality
J. Mater. Chem. A, 2016, 4, 5647–5653 | 5647
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compact layer for efficient perovskite solar devices. Nb doping
led to a positive shi in V and a conspicuous improvement in
conductivity compared with pristine TiO2. Thus, as expected,
electron injection and extraction were substantially enhanced
and a signicant improvement in PCE (from 14.9% to 16.3%)
was witnessed with the optimized 2% Nb doping. Further
characterization, such as Mott–Schottky analysis, photo-
luminescence (PL) spectra, time-resolved photoluminescence
(TRPL) spectra, and electrochemical impedance spectra (EIS),
was also carried out to reveal the mechanism behind the
enhancement caused by Nb doping.

Experimental
Synthesis of TiO2 and Nb-doped TiO2 colloidal solution
precursors

A Nb-doped TiO2 colloidal solution was prepared according to
a modication of the method used for a pristine TiO2 colloidal
solution in our previous reports.35–37 First, the correct amount of
niobium chloride (0.284 mmol, 0.568 mmol, 0.852 mmol, and
1.42 mmol) was added to 10 mL titanium butoxide in different
molar ratios (1%, 2%, 3%, and 5%). The dissolution process
lasted for a few minutes in a sonication bath until a homoge-
neous solution was formed. Following that, the uniform solu-
tion was added dropwise with stirring to a ask containing
acetylacetone (3.41 mL), n-butanol (12.54 mL), para-toluene-
sulfonic acid (1.27 g) and deionized water before being reuxed
at 60 �C for 12 h. A TiO2 colloidal solution was obtained by
a similar approach but excluding the addition of niobium
chloride.

Synthesis of CH3NH3I

CH3NH3I was synthesized by blending methylamine (33 wt% in
methanol) and hydroiodic acid (57 wt% aqueous) in a molar
ratio of 1.5 : 1 in an ice-water bath with stirring for 2 h, then
crystallized by rotary evaporation and puried by recrystalliza-
tion from diethyl ether before being dried in a vacuum and
stored in a N2 atmosphere.

Fabrication of perovskite solar cells

FTO glass (8 U square�1) was pretreated with 4 M HCl and zinc
powder. The etched substrates were then cleaned with deion-
ized water, alcohol and acetone via an ultrasonic process. The
Nb-doped TiO2 compact layer was formed by spin-coating the
obtained colloidal solution diluted threefold in anhydrous
ethanol at 2000 rpm for 60 s, followed by annealing at 500 �C
for 1 h in ambient air. A similar approach was used for the
pristine TiO2 compact layer. The annealed TiO2 and Nb-doped
TiO2 compact layers were immersed in a 0.04 M aqueous
solution of TiCl4 at 70 �C for 30 minutes before being sintered
at 520 �C for 30 minutes. The fabrication of the CH3NH3PbI3
perovskite layer on the compact layer was carried out by
spin-coating a precursor solution containing 0.88 M PbCl2 and
2.64 M CH3NH3I dissolved in DMF at 5000 rpm for 60 s
and annealing at 95 �C for 2 h. An HTM solution comprising
73.2 mg mL�1 spiro-OMeTAD (2,20,7,70-tetrakis-(N,N-di-p-
5648 | J. Mater. Chem. A, 2016, 4, 5647–5653
methoxyphenyl-amino)-9,90-spirobiuorene)/chlorobenzene
with the addition of 28.8 mL 4-tert-butylpyridine (t-BP) and
17.5 mL bis(triuoromethane)sulfonimide lithium salt (Li-TFSi)
solution (520 mg in acetonitrile) was then deposited by spin-
coating at 5000 rpm for 60 s. Finally, the metal electrode was
deposited by magnetron sputtering of gold.
Characterization

The phase structure was characterized using a Bruker D8
Advance X-ray diffractometer (Cu Ka radiation, l ¼ 1.5418 Å).
X-ray photoelectron spectroscopy (XPS) was carried out using
a photoelectron spectrometer (ESCALAB 250Xi, Thermo Fisher
Scientic). Field emission scanning electron microscopy and
energy-dispersive spectroscopy (FE-SEM and EDS, JSM-6330F)
were utilized to investigate the morphology of PSC devices and
the amount of niobium dopants. The morphologies of the
surfaces of pristine TiO2 and 2% Nb-doped TiO2 deposited on
FTO glass substrates were characterized by atomic force
microscopy (AFM, Dimension FastScan). Mott–Schottky plots
were obtained using an electrochemical workstation (Zahner
Zennium) in a standard three-electrode conguration with Ag/
AgCl (in saturated KCl) as the reference electrode and Pt
mesh as the counter electrode in 0.1 M NaCl electrolyte. The
frequency was 80 mHz, whereas the amplitude potential was 10
mV. The photovoltaic performance of PSCs was recorded using
a Keithley 2400 source meter with a delay time of 100 ms under
one-sun AM 1.5G (100 mW cm�2) illumination with a solar light
simulator (Oriel, Model: 91192), which was calibrated using
a NREL standard Si solar cell. The active areas of all solar cells
were dened by a 12.56 mm2 metal mask. Incident photon-to-
current conversion efficiency (IPCE) spectra were obtained on
a Keithley 2000multimeter as a function of the wavelength from
380 to 850 nm on the basis of a Spectral Products DK240
monochromator. Photoluminescence (PL) (excitation at 406.2
nm) and time-resolved photoluminescence (TRPL) (excitation at
406.2 nm and emission at 760 nm) spectra were obtained with
an Edinburgh Instruments Ltd FLSP920 spectrometer. EIS
spectra were also acquired using the electrochemical worksta-
tion in the frequency range from 100 mHz to 4 MHz, applying
the open-circuit voltage derived from the J–V test and under
illumination conditions of 100 mW cm�2 (AM 1.5G).
Results and discussion
Characterization of Nb-doped TiO2

The X-ray diffraction (XRD) patterns of pristine TiO2 and Nb-
doped TiO2 with different Nb contents are shown in Fig. 1a and
b. It is obvious that the anatase phase is retained in all the
samples irrespective of the increase in niobium concentration,
whereas the (101) anatase peaks are shied towards lower
values of 2q (Fig. 1b), which is ascribed to the ionic radius of
Nb5+ (0.64 Å) being larger than that of Ti4+ (0.61 Å), according to
the Bragg equation 2d sin q ¼ l.30 The XPS survey spectrum
(Fig. S1†) demonstrates the presence of Nb in 2% Nb-doped
TiO2 lm. The XPS spectra of pristine TiO2 and 2% Nb-doped
TiO2 (Fig. 1c) clearly show that the Ti4+ states with a binding
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 (a) XRD patterns of pristine TiO2 and Nb-doped TiO2 films with
different amounts of Nb. (b) Details of the XRD patterns for the (101)
plane. (c) XPS spectra of Ti4+ states of pristine TiO2 and 2% Nb-doped
TiO2 and (d) Nb5+ states found in 2% Nb-doped TiO2.

Table 1 Carrier density and conductivity of pristine TiO2 and Nb-
doped TiO2 films with different Nb concentrations

Nd/cm
�3 s0/mS cm�1

Pristine TiO2 3.0 � 1019 1.74 � 10�3

1% Nb-doped TiO2 3.9 � 1019 4.8 � 10�3

2% Nb-doped TiO2 4.8 � 1019 8.0 � 10�3

3% Nb-doped TiO2 5.2 � 1019 1.15 � 10�2

5% Nb-doped TiO2 6.0 � 1019 1.28 � 10�2
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energy (BE) of 459.1 eV (pristine TiO2) for the Ti 2p3/2 peak are
shied to 458.9 eV upon Nb doping. Moreover, the Nb5+ state
with a BE of 207.2 eV for the 3d5/2 transition is also conrmed,
as shown in Fig. 1d. Quantitative analysis of the Nb concen-
tration was performed via energy-dispersive X-ray spectroscopy
(EDX), of which the results (Fig. S2†) are in agreement with the
theoretical values.

To investigate the changes in electrical properties caused by
the introduction of niobium, Mott–Schottky analyses38 and
current–voltage (I–V) measurements39 were carried out, the
results of which are shown in Fig. 2. The carrier density (Nd) can
be calculated by tting a Mott–Schottky plot (Fig. 2a) according
to eqn (1) as follows:

Nd ¼ �(2/e303)(d(1/C
2)/dV)�1 (1)

where 30 is the permittivity of a vacuum (8.85 � 10�12 F m�1), 3
is the dielectric constant of anatase (55 F m�1),40 and e is the
elementary charge. As a result, the obtained values of Nd are
displayed in Table 1. It is concluded that the carrier density
increases with an increase in the Nb content.

To determine the direct-current conductivity (s0)41 of various
Nb-doped TiO2 materials, devices composed of ITO/Nb-doped
Fig. 2 (a) Mott–Schottky plots of pristine TiO2 and Nb-doped TiO2

films with different amounts of Nb. (b) I–V characteristics of ITO/TiO2/
Au and ITO/Nb-doped TiO2 with different Nb contents/Au device.

This journal is © The Royal Society of Chemistry 2016
TiO2/Au were fabricated and the current–voltage (I–V) charac-
teristics are shown in Fig. 2b. From eqn (2),

I ¼ s0AD
�1V (2)

where A is the area (16 mm2) and D is the thickness (100 nm) of
the sample; the calculated values of the direct-current conduc-
tivity are summarized in Table 1 and exhibit approximately
the same trend as the changes in Nd with different Nb
concentrations.

In other words, both Nd and s0 increase with an increase in
the Nb dopant concentration.
Structure of perovskite solar cell device

Fig. 3a shows a cross-sectional scanning electron microscopy
(SEM) image of a sandwich-like planar PSC device with thick-
nesses of the compact layer (2% Nb-doped TiO2), perovskite
(CH3NH3PbI3), HTM (spiro-OMeTAD), and Au cathode of
approximately 80 nm, 250 nm, 150 nm, and 80 nm, respectively.
Fig. 3b and S3† present top-view SEM images of perovskite
layers deposited on Nb-doped TiO2 compact layers with various
dopant contents from 0% to 5%. In comparison with an SEM
image of perovskite deposited on pristine TiO2 (ESI, Fig. S3a†),
it is obvious that even though the pristine TiO2 and 2% Nb-
doped TiO2 compact layers have similar roughnesses (ESI,
Fig. S4†), perovskite deposited on the 2% Nb-doped TiO2 layer
has fewer pinholes. The XRD pattern of perovskite deposited on
FTO glass is shown in Fig. S5.† The four characteristic peaks
identied at 14.5�, 28.5�, 43.2�, and 58.8� are assigned to the
(110), (220), (330), and (440) planes of the CH3NH3PbI3 phase,
whereas the other four characteristic peaks marked with star
symbols are indexed to the (110), (101), (200), and (211) planes
of FTO.
Fig. 3 (a) Color-enhanced cross-sectional SEM micrograph of typical
PSC based on 2% Nb-doped TiO2 and (b) top-view SEM image of
CH3NH3PbI3 deposited on 2% Nb-doped TiO2 compact layer.

J. Mater. Chem. A, 2016, 4, 5647–5653 | 5649
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Fig. 4 (a) J–V curves of champion perovskite solar cells based on 2%
Nb-doped TiO2 and TiO2 compact layers measured under AM 1.5G
one-sun (100 mW cm�2) illumination. (b) Incident photon-to-current
conversion efficiency (IPCE) of champion perovskite solar cells. (c)
Values of Rs and (d) Rsh for PSCs based on pristine TiO2 and 2% Nb-
doped TiO2, respectively.
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Photovoltaic performance of PSC

The average photovoltaic performance parameters of PSC
devices based on Nb-doped TiO2 with various dopant contents
are shown in Fig. S6.† There is a pronounced increase in Jsc for
PSCs based on Nb-doped TiO2 compact layers from 18.8 mA
cm�2 (pristine TiO2) to 20.8 mA cm�2 (5%), which can be
attributed to the increased carrier density and conductivity
upon Nb doping. Nevertheless, the coverage of perovskite
deposited on the compact layer is regarded as another factor
that inuences the entire photovoltaic performance of PSCs.
According to the variation in the number of pinholes in Nb-
doped TiO2 lms at different dopant contents (shown in Fig. 3b
and S3†), the coverage of perovskite substantially increased
from 0% to 2% Nb content, remained nearly the same at 3%,
but signicantly decreased from 3% to 5%. These ndings
indicate the variation in FF values from 0% to 5% Nb content.
Eventually, 2% Nb-doped TiO2 was selected as an ideal compact
layer for planar PSC devices.

Fig. 4a shows the current density–voltage (J–V) characteris-
tics of the best-performing PSC devices based on pristine TiO2

and 2% Nb-doped TiO2 compact layers, of which the derived
Table 2 Maximum PCE and average values of photovoltaic parameters
under simulated one-sun illumination (100 mW cm�2, AM 1.5)

Jsc/mA cm�2 Vo

TiO2 Average 18.8 9
Max 19.8 10

2% Nb-doped TiO2 Average 20.0 9
Max 20.4 10

a Rs values in the ‘Max’ rows are those of the device with the maximumPCE
PCE.

5650 | J. Mater. Chem. A, 2016, 4, 5647–5653
performance parameters are shown in Table 2. Thus, the PSC
based on 2% Nb-doped TiO2 has an average short-circuit
photocurrent density of 20.0 mA cm�2, an open-circuit voltage
of 999 mV and a ll factor of 0.76, yielding an average efficiency
of 15.3%, whereas the PCE of the best-performing device is
16.3%. In the same batch, the PSC based on pristine TiO2 has an
average short-circuit photocurrent density of 18.8 mA cm�2, an
open-circuit voltage of 987 mV and a ll factor of 0.71, yielding
an average PCE of 13.3%, whereas the PCE of the champion cell
is 14.9%. It is apparent that the signicant increase in PCE
relies more on increases in the short-circuit current density and
ll factor upon doping with 2% Nb, in contrast to pristine TiO2.
Such a variation in Jsc is likely to stem from two effects caused by
doping with niobium cations. One is the improvement in the
electron injection efficiency resulting from the positive shi in
V upon Nb doping, as shown in the Mott–Schottky plots
(Fig. 2a). The other is the increased charge transfer ability due to
the increases in carrier density and electron conductivity for 2%
Nb-doped TiO2, as displayed in Table 1.

The incident photon-to-electron conversion efficiency (IPCE)
or external quantum efficiency of the planar perovskite solar
cells based on TiO2 and 2% Nb-doped TiO2 compact layers are
shown in Fig. 4b, which exhibits an obvious onset of the
generation of photocurrent at 780 nm, in accordance with the
band gap of CH3NH3PbI3. The corresponding results have
revealed high IPCE values along the entire range of wavelengths
from 400 nm to 780 nm at 2% Nb content. The integrated
current densities from IPCE spectra for TiO2 and 2% Nb-doped
TiO2 are 18.4 mA cm�2 and 19.2 mA cm�2, which are in
reasonable agreement with the measured values of Jsc.

To explain the variations in ll factor, the series resistance
(Rs) and shunt resistance (Rsh) were derived from the J–V curves,
as shown in Fig. 4c and d. It is notable that devices based on
a 2% Nb-doped TiO2 ETL have lower values of Rs, which is
consistent with the higher FF. Moreover, the Rsh values of these
two types of cells are of the same order of magnitude, but a little
higher for 2% Nb-doped TiO2. Hence, it is concluded that the
Nb-doped TiO2 layer functions well as an electron-transporting
layer and a hole-blocking layer owing to its increased carrier
density, enhanced electron conductivity and dense morphology.

Both forward and reverse-bias sweeps were used to deter-
mine the hysteresis behaviour of PSCs.42 The hysteresis behav-
iour is possibly caused by ion migration,43 ferroelectricity,44 and
imbalances in charge transportation or extraction.39 According
for 30 devices derived from recording current density–voltage curves

c/mV PCE/% FF Rs
a/U Rsh

b/U

87 13.3 0.71 4.1 5901.8
32 14.9 0.73 4.7 6394.7
99 15.3 0.76 2.5 6258.4
36 16.3 0.77 2.4 4051.8

. b Rsh values in the ‘Max’ rows are those of the device with the maximum

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 (a) J–V curves recorded from forward bias to short circuit (FB-
SC, solid lines) and from short circuit to forward bias (SC-FB, dashed
lines) at a delay time of 100 ms for the typical PSC devices based on
both 2% Nb-doped TiO2 and pristine TiO2. (b) Steady-state current
(solid lines) measured at forward bias and stabilized power output
(dashed lines) under simulated AM 1.5G sunlight of 100 mW cm�2.

Fig. 6 (a) Photoluminescence (PL) spectra (excitation at 406.2 nm)
and (b) time-resolved photoluminescence (TRPL) spectra (excitation at
406.2 nm and emission at 760 nm) of bare perovskite film and
perovskite film on pristine TiO2 and 2% Nb-doped TiO2.
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to the J–V curves (Fig. 5a) recorded from forward bias to short
circuit (FB-SC) and from short circuit to forward bias (SC-FB), as
well as the specic photovoltaic parameters (Table S1†) of
typical perovskite solar cells based on different compact layers,
the PCE for SC-FB is 90.0% of that for FB-SC for the device based
on 2% Nb-doped TiO2, but only 81% for that based on pristine
TiO2. This result is ascribed to the enhanced charge extraction
at the compact layer/perovskite interface as a result of niobium
doping. Owing to the efficient charge extraction, the accumu-
lation of charge at the interface was substantially reduced,
nally resulting in the reduction in hysteresis of the device
based on 2% Nb-doped TiO2.

Stabilized power output under applied bias at the maximum
power point is deemed to be another signicant parameter that
reects the real sustainable power conversion efficiency of solar
cells.45,46 Here, by subjecting the best-performing device based
on 2% Nb-doped TiO2 to measurements of steady-state current
and maximum power output at a forward bias of 800 mV under
simulated AM 1.5G sunlight of 100 mW cm�2, a maximum PCE
of 15.8% (shown in Fig. 4b) was obtained. However, in the same
batch, the device based on pristine TiO2 merely yielded
a maximum PCE of 12.0% at a forward bias of 760 mV.
Recombination process of PSCs

Photoluminescence (PL) and time-resolved photoluminescence
(TRPL) measurements were carried out to determine whether or
not the photogenerated electrons were efficiently injected from
the perovskite lm into the compact layer.47–49 Fig. 6a shows the
steady-state PL spectra of perovskite, TiO2/perovskite and 2%
Nb-doped TiO2/perovskite deposited on a blank glass. From the
intensity of the photoluminescence peak at 780 nm, the CH3-
NH3PbI3 perovskite lm deposited on 2% Nb-doped TiO2 shows
more evident PL quenching compared with pristine TiO2 lm,
which proves that Nb doping has successfully increased the rate
of carrier extraction at the compact layer/perovskite interface.
Furthermore, time constants se were obtained by tting TRPL
curves (Fig. 6b) to determine the exciton lifetime of perovskite
on different electrodes. As a result, the tted time constants se
of perovskite lm, TiO2/perovskite and 2% Nb-doped TiO2/
perovskite are calculated to be 18.7, 2.42 and 1.96 ns,
This journal is © The Royal Society of Chemistry 2016
respectively. Thus, compared with pristine TiO2, the PL decay of
2% Nb-doped TiO2 is approximately 19% faster, which indicates
that the time needed for electron injection from perovskite lm
into 2% Nb-doped TiO2 is shorter than that into pristine TiO2.
The enhanced electron injection, which is possibly ascribed to
the positive shi in V upon Nb doping, contributes to more
efficient extraction of photogenerated carriers at the compact
layer/perovskite interface, resulting in the increased PCE.

EIS measurements were also carried out to acquire a better
understanding of the interfacial charge transport processes and
recombination dynamics of PSC devices based on pristine TiO2

and 2% Nb-doped TiO2. Fig. S7† displays Nyquist plots for these
two cells measured at their own open-circuit potential under
one-sun AM 1.5G illumination. According to the Nyquist plots,
two distinct RC arcs are observed; the small semicircle in the
high-frequency range (le) is assigned to hole diffusion in the
HTM layer, whereas the large semicircle at low frequency (right)
is attributed to the recombination process.50–52 A traditional
simplest equivalent circuit (shown inside Fig. S7†) is used to t
the data in the Nyquist plots. The tted values of Rseries and the
recombination resistance (Rrec) are tabulated in Table S2.† The
values of Rseries of the devices based on TiO2 and 2% Nb-doped
TiO2 compact layers measured by EIS are 17.8 and 8.7 U cm2,
respectively. Because the FTO layer, perovskite lm, HTM layer
and Au lm of both devices were fabricated in the same process,
the decrease in Rseries is primarily attributed to the increased
conductivity upon doping with 2% Nb. This decreased value of
Rseries for 2% Nb-doped TiO2 contributes to the increase in the
FF compared with that of pristine TiO2. In addition, the calcu-
lated values of Rrec for PSCs based on TiO2 and 2% Nb-doped
TiO2 lms are 610.1 and 691.5 U cm2, respectively, which
indicates a reduction in recombination for the latter owing to
the increased charge transfer rate. These ndings can be
ascribed to the positive shi in the conduction band, which
reduces energy loss and facilitates the injection of photo-
generated electrons. Because the open-circuit voltage of
a planar perovskite solar device has been discovered to rely
more on perovskite itself rather than the conduction band
energy of the metal oxide compact layer,53,54 it is reasonable that
devices based on 2% Nb-doped TiO2 should achieve a higher
open-circuit voltage as a result of reduced recombination,
regardless of the small variation in potential difference between
the quasi-Fermi level of the compact layer and the HTM, which
J. Mater. Chem. A, 2016, 4, 5647–5653 | 5651
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is slightly different from DSSCs. In conclusion, niobium doping
leads to an increase in lm conductivity and a reduction in
recombination resistance, which contribute to substantial
increases in FF, Jsc and Voc.
Conclusions

In summary, a simple, low-cost, homogeneous Nb-doped TiO2

nanocolloidal solution has been developed for forming a high-
quality compact layer for efficient perovskite solar devices.
Upon optimization of the Nb dopant content, the optimal 2%
Nb-doped TiO2 compact layer has demonstrated a PCE of as
high as 16.3% (Jsc ¼ 20.4 mA cm�2, Voc ¼ 1036 mV, and FF ¼
0.77) measured with a stabilized maximum power output at an
efficiency of 15.8%, which is a record for PSCs based on a Nb-
doped TiO2 compact layer at present. Niobium doping leads to
impressive increases in carrier density and lm conductivity
and a positive shi in V. Such improvements lend crucial
support to the enhanced injection and extraction of photo-
generated electrons at the compact layer/perovskite interface,
which sequentially trigger remarkable increases in Jsc and FF.
Niobium doping also contributes to enhanced PL quenching
and a faster PL decay time owing to the improved extraction of
photogenerated electrons. In general, the fabrication and opti-
mization of Nb-doped TiO2 offer signicant potential in the
search for alternative compact layers that possess matching
band gaps and enhanced conductivity with prospects for high-
performance PSC devices.
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