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Enhanced electronic properties in mesoporous TiO-
via lithium doping for high-efficiency perovskite
solar cells
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Perovskite solar cells are one of the most promising photovoltaic technologies with their
extraordinary progress in efficiency and the simple processes required to produce them.
However, the frequent presence of a pronounced hysteresis in the current voltage
characteristic of these devices arises concerns on the intrinsic stability of organo-metal
halides, challenging the reliability of technology itself. Here, we show that n-doping of
mesoporous TiO, is accomplished by facile post treatment of the films with lithium salts. We
demonstrate that the Li-doped TiO, electrodes exhibit superior electronic properties, by
reducing electronic trap states enabling faster electron transport. Perovskite solar cells
prepared using the Li-doped films as scaffold to host the CH3NH3Pbls light harvester produce
substantially higher performances compared with undoped electrodes, improving the
power conversion efficiency from 17 to over 19% with negligible hysteretic behaviour
(lower than 0.3%).
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erovskite-based solar cells (PSCs) have made impressive

strides in just a few years with maximum power conversion

efficiencies (PCEs) jumping from 3.8% (ref. 1) in 2009 to
20.1% (ref. 2) in 2015. Even though further improvements are still
expected®, such rapid progress is unprecedented for any
photovoltaic (PV) material. For instance, silicon, GaAs, CIGS
and CdTe required decades to fully realize their potential as
solar cells*,

Perovskites comprise a large family of crystalline materials, where
the most commonly used for solar cells have an ABX; chemical
composition containing an organic cation A, such as methylam-
monium (MA) or formamidinium (FA)*>®, a divalent metal B, such
as Pb or Sn”%, and a halide X, such as Br or I. These organic—
inorganic perovskites can be processed by a large number of
techniques ranging from spin coating®, dip coating®, two-ste
interdiffusion'®, chemical vapour deposition'!, spray pyrolysis'?,
atomic layer deposition!3, ink-jet printing'¥, to thermal
evaporation!>!6, The PV performances have been attributed to
their outstanding optoelectronic properties such as remarkably high
absorption over the visible spectrum’, charge carrier diffusion
lengths in the micrometre-range!”~!° implying a sharp optical band
edge, and a tuneable band gap from 1.1 to 2.3 eV by interchanging
the above cations>?°, metals?!?? and/or halides?’.

Recently, Jeon et al. achieved one of the highest certified PCEs
of 17.9% by using the mixed halide and cation formulation,
(FAPbI3)0.85(MAPbBr3)0‘15 (ref. 24). Their record solar cell
architecture contains a mesoporous TiO, layer, which is
infiltrated by a liquid perovskite precursor solution forming the
solid perovskite film after subsequent annealing. Mesoporous
TiO, has been widely used for high-surface-area electrodes, in
optoelectronic applications®> and, in particular, in dye-sensitized
solar cells (DSSCs)26, where they have been demonstrated to
collect and transport electrons photoinjected from a surface-
adsorbed sensitizer. One strategy to improve DSSCs was to
enhance the electron transport of the mesoporous TiO, making
use of substiutional dopants?’~3. Also, lithium intercalation has
been employed to lower the conduction band edge of TiO,
facilitating electron injection and transport in the mesoporous
TiO, (refs 38-41). By analogy, it may be expected that the
introduction of n-dopants would also enhance the performance of
PSCs. However, so far very few studies have examined the doping
effect on the electron transport within the mesoporous TiO,
scaffold employed as PCSs**. This may be attributed to the
perovskites already being excellent charge transporting materials
inherently suited for electron conduction in high-efficiency solar
cells'”. This makes it challenging to investigate the effects of
enhanced charge transport in mesoporous TiO, as this
improvement would only have a discernible impact for
embodiments when the perovskite is operating at its limit.

Therefore, at first glance, it may be assumed that highly
efficient PSCs could be achieved by depositing a perovskite film
directly on a thin TiO, compact layer, which would effectively
work as an electron-selective contact!®. However, flat junction
PSCs prepared on a compact TiO, suffer from relatively poor
charge collection efficiency under steady-state forward voltage
bias*’. Although Wojciechowski et al. have shown significant
improvement of this architecture by modifying the
TiO,-perovskite flat heterojunction with fullerene derivatives*4,
the steady-state PCE of TiO,-based flat PSCs is still substantially
lower than those based on mesoporous TiO,. The planar PSC
architecutres are also plagued by severe hysteresis in the J-V
curve rendering it very difficult to determine their solar to electric
PCEs. For this reason, none of the TiO,-based flat PSC
architectures have been certified so far. Recently, Guillén et al.
demonstrated that the charge collection in a PSC with
mesoporous TiO, involves two separate electron transport
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pathways: one through the perovskite, and one through
the mesoporous TiO, (refs 45,46). Following this, Heo et al.
reported that surface deposition by sintering of bis(trifluoro-
methane)sulfonimide lithium salt (Li-TFSI) onto mesoporous
TiO, results in substantial improvements in the PCE and
suppression of the hysteresis.

In this work, we show that mesoporous TiO, can be n-doped in
a facile and effective way by a similar lithium salt surface
treatment. We show that the Li-doping enables faster electron
transport within the mesoporous TiO, electrodes and demon-
strate that PSCs prepared on such electrodes achieve substantially
higher performances compared with undoped electrodes, improv-
ing PCEs from 17 to 19.3% with negligible hysteresis behaviour
(lower than 0.3%).

Results

X-ray photoelectron spectroscopy analysis. We applied the
lithium ion surface treatment of the meso-porous TiO, layer via
spin coating of a LiTFSI solution (see the Methods section). After
the deposition and solvent evaporation, the substrates were
sintered at 450 °C for 30 min. The introduction of Li * ions by the
thermal diffusion modifies the surface of the particles. Together
with the doping effect of the TiO, an overlayer of LiO, or LiOH
could be formed*’. Interestingly, also the formation of spinel
structures like Li,TisO;, was observed with a synthetic procedure
similar to the one employed here*®,

We used X-ray photoelectron spectroscopy (XPS) to study the
elemental composition of the Li-treated and untreated TiO, after
sintering. No traces of sulphur or fluorine from the LiTFSI
precursor for the treated sample were detected and the high-
resolution spectra for C 1s showed no difference between the
Li-treated and untreated samples as seen in Supplementary Fig. 1.
The O 1s spectra in Fig. la,c show that Li-treated TiO, (Fig. 1a)
has a more pronounced shoulder at the higher energy of the main
peak compared with the untreated TiO, (Fig. 1lc). The
deconvolution of this signal reveals a second small peak at
531.2 eV for the untreated sample and a much more pronounced
one for the Li-treated one that has been previously assigned to the
oxygen interaction with the lithium®’. The Ti 2p spectra can be
found in Supplementary Fig. 2, and no difference was detected for
the treated and untreated samples. On the right hand side of
Fig. 1, the spectrum from 50 to 65eV for the Li-treated TiO,
(Fig. 1b) electrodes shows a peak corresponding to the Ti 3s and a
weak, but distinct, signal for Li 1s. In the untreated TiO, (Fig. 1d),
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Figure 1 | X-ray photoelectron spectroscopy. Doped and undoped
mesoporous TiO, layers for the O 1s peaks Li doped (a) and the undoped
control (¢), Ti 3s and Li 1s peaks slightly visible at 55 eV for Li-doped (b) and
the signal for the undoped TiO, here shown as reference, which reveals the
absence of the peaks related to Ti 3s (dashed line at 61.5eV) and Li 1s (d),
dashed line at 54.9eV.
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no such signals, measured over a series of samples, could be
detected in this energy region and it is here shown as noise. The
Ti 3s peak at 61.5eV reveals the presence of Ti** for Li-treated
electrodes and thus indicates that the Lit treatment induces a
partial reduction of Ti** to Ti®* within the TiO, lattice®>*°,
which is not seen for the untreated electrode. Pathak et al
demonstrated that a small amount of species with valency + 3
can passivate the electronic defects or trap states that originate
from oxygen vacancies within the TiO, lattice?”. Accordingly, the
Li*t doping mechanism is consistent with a passivation of
electronic trap states resulting in improved charge transport
propertles and thus in better performing mesoporous TiO,
electrodes™

Charge extraction and electron transport analysis. To study the
impact of the Li™ doping on the electronic states and the charge
transport within the TiO,, we prepared solid-state DSSCs using
Lit-doped mesoporous TiO, as electron transporting layer.
DSSCs were prepared according to the previously reported
procedures®’.

In the DSSC field, charge extraction is a well-established
light-assisted technique, which qualitatively draws the density of
state distribution below the TiO, conduction band®?. In Fig. 2a,
we report the charge extracted from the DSSCs at open circuit
condition as a function of the open circuit voltage. At the same
open circuit voltage, the devices employing Li:TiO, hold
significantly less charges than the undoped TiO, (for example
at 0.46V, Li:TiO, and undoped TiO, holds 44.3 and 154.3nC,
respectively). This suggests that the Li™ doping reduces the
concentration of sub-bandgap states in the TiO, sugportmg our
previous conjecture that a partial reduction of Ti** to Ti® ™
passivates the trapping states associated with oxygen vacancies
within the TiO, lattice.

From the same DSSCs, we extracted the charge transport time
constant by intensity-modulated photocurrent  spectro-
scopy?>>3>4 The cell was biased at short circuit under light
and the time constants were measured for different light
intensities. In Fig. 2b, we compare the transport time constants
for DSSCs prepared with Li*-treated and untreated TiO,
electrodes. Li T -treated devices display up to over one order of
magnitude faster charge transport than the untreated devices over
the whole range of current densities. To explain this trend, we
note that charge transport in DSSCs is controlled by the electron
transport in the TiO, (ref. 41). In particular, it has been shown
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that the electronic transport in the TiO, is limited by the
temporary localization of electrons within sub-bandgap states,
which can be passivated with different doping mechanisms>>>°.
Our results indicate that Lit doping also reduces the
concentration of sub-bandgap states (Fig. 2a) and improves the
electronic transport within mesoporous TiO, electrodes (Fig. 2b).
As we observe the presence of Li™ ions within the TiO, lattice
(Fig. 1), we can regard this method as an effective way of
n-doping via a facile post treatment of the mesoporous TiO,
films. Even though such doping strategies may be effective for
improving DSSC performance, they may not necessarily benefit
PSCs, as the latter already accomplish fast charge transport within
the perovskite layer!”. To further elucidate the effect of Li doping
on the electron transport in mesoscopic perovskite solar cells, we
performed li 5ght 1ntens1ty modulated photocurrent spectroscopy
also on PSC>®

In Fig. 3a,b, we report the intensity modulated photocurrent
spectroscopy (IMPS) spectra at different light intensities for PSCs
prepared with mesoporous TiO, films with and without the Li T -
doping. The Nyquist plot of the untreated sample shows two
distinct semicircles related to two different transport processes. In
the treated sample, on the contrary, the slow time component
(semicircle on the right) merges with the faster component
(semicircle on the left) confirming that the TiO, transport time is
faster than that one observed in the control. These processes are
resolved in frequency in Fig. 3b, where the imaginary part of
IMPS is plotted against the frequency. The electron transport
time for a given pathwa ay equals the inverse of the frequency of
the corresponding peak>”. In the case of the untreated TiO, films,
we observe two distinct peaks at 10° and 10*-10° Hz. Guillén
et al. correlated these peaks with two separate electron transport
pathways, running in parallel, 1nvolv1ng the mesoporous TiO,
and the perovskite, respectively®>. The peak at low frequency
(103 Hz) is directly linked to the electron transport in TiO, and it
shifts to higher frequency (faster transport) as the photocurrent
density increases, as revealed also by the trends in Fig. 2b. By
contrast, the high-frequency peak (10-10°Hz) is related to the
charge transport through the perovskite and does not sh1ft
significantly with increasing the photocurrent density®.
Therefore, at higher current density, the TiO, and the
perovskite peaks overlap at around 10%*-10°Hz. Interestingly,
for the Li* -doped PSCs, the TiO, peak at low frequency does not
show up even for extremely low current density, such as
0.07mAcm~ 2 As Li* -doping of TiO, enables faster electron
injection and transport in DSSCs, we infer from the lack of a low-
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Figure 2 | Charge extraction and electron transport time constant. (a) Charge extracted at open circuit as function of the voltage for no treated samples
(black) and Li-doped samples (red) and (b) charge transport lifetime as function of the short circuit current density for solid-state dye-sensitized solar cells
prepared without and with Li-doped mesoporous TiO, (black and red markers, respectively). Two samples per condition are shown: open triangle, sample 1
Li-doped; closed triangle, sample 2 Li-doped; open circle, sample 1 no treated; closed circle, sample 2 no treated. For the charge extraction measurement

(a), each sample was measured twice.
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Figure 3 | IMPS spectra. Nyquist plot (a) for PSCs prepared with no treated TiO, electrode (in black at 0.15 mA cm™2) and with Li-doped TiO, electrode at
0.07mA cm™ (open triangle) and 0.26 mA cm™2 (closed triangle). (b) Imaginary component of the same IMPS shown in a versus the frequency.
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Figure 4 | Morphology and J-V curves of the solar cells. (a) SEM cross-sectional image of the device. (b) Current density-voltage curves of the solar cells
with and without the Li* doping (red and black curve, respectively) collected under AM1.5 simulated sun light. Devices were masked with a black metal
aperture of 0.16 cm? to define the active area. The curves were recorded scanning at 0.01Vs™ from forward bias to short circuit condition and vice versa
with no device preconditioning such as light soaking or holding at forward voltage bias. Legend: black diamond, control forward scan; black square, control
reverse scan; red down-pointing triangle, Li + -doped forward scan; red up-pointing triangle, Li + -doped reverse scan.

frequency TiO, peak for the Li T -treated PSCs (Fig. 3) that the
electron transport through the TiO, occurs at a similar rate as
through the perovskite. This result also suggests that in PSCs
employing doped TiO, further improvements may originate from
applying hole transporting materials with a higher hole mobility
than the commonly used spiro-MeOTAD.

PV characterization. In Fig. 4a, we show the stack architecture
used in this study composed of fluorinated tin oxide (FTO)/
compact-TiO,/mesoporous-TiO,/perovskite/Spiro ~ MeOTAD/
gold. An X-ray diffraction pattern of the perovskite employed in
solar cell fabrication is shown in Supplementary Fig. 3, where the
peroskvite structure is detected. Figure 4b shows a typical current
density-voltage (J-V) characteristic that we measured for PSCs
with and without Li ™ -doped mesoporous TiO,. In Table 1, we
summarize the device performance parameters, as extracted from
the J-V curves in Fig. 4b, and the light intensity measured during
each J-V scan. We note that the difference between the backward
and the forward scans is significantly larger in the control than in
the Li ™ -doped device. The short circuit currents are quite simi-
lar, whereas the Li™-doped device showed significantly larger
open circuit voltage (about 60mV) and 0.11units higher fill
factor. The current mismatch between the measured current
density and the current density calculated by the incident photon-
to-electron conversion efficiency (IPCE) over the Solar AM1.5 G
spectrum was less than 2% (Supplementary Figs 4 and 5). The

Table 1 | Solar cell performance parameters.

Scan Jec V.. FF PCE Light intensity
direction (mMAcm~—2) (V) (%) (MWcem ?)
L+ Backward 23.0 114 0.74 193 98.1
doped  Forward 23.1 M8 0.72 19.0
Control Backward 22.7 1.038 0.72 171 99.4
Forward 22.7 1.056 0.61 14.7

FF, fill factor; PCE, power conversion efficiency.
Short circuit photocurrent (Js.), open circuit voltage (V,.), FF extracted from the data in
Fig. 4.

overall power conversion efficiency of devices employing the
Lit-doped TiO, electrodes was systematically higher than the
devices employing the undoped scaffold (Supplementary Fig. 6).
This result is consistent with the fact that the Li™-doping
decreases the number of deep traps, which act as recombination
centres and induces faster charge transport within the TiO,,
improving the open circuit voltage and fill factor, respectively.

Discussion
In summary, we demonstrated a doping mechanism that allowed
preparing mesoporous TiO, electrodes with superior electron
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properties. The doping can be accomplished with a facile post
treatment of the mesoporous TiO, making use of lithium salts to
induce a partial reduction of Ti** to Ti** within the TiO, lattice
and passivating electronic defect states acting as nonradiative
recombination centres. We exploit the Li " -doped mesoporous
TiO, electrodes to improve the maximum power conversion
efficiency of perovskite solar cells from 17% to over 19%, which is
comparable to the highest values reported in the literature.

Methods

Substrate preparation and Li-doping TiO,. Nippon Sheet Glass of 10 Qsq ~ ! was
cleaned by sonication in 2% Hellmanex water solution for 30 min. After rinsing
with deionized water and ethanol, the substrates were further cleaned with
ultraviolet ozone treatment for 15 min. Then, 30-nm TiO, compact layer was
deposited on FTO via spray pyrolysis at 450 °C from a precursor solution of
titanium diisopropoxide bis(acetylacetonate) in anhydrous ethanol. After the
spraying, the substrates were left at 450 °C for 45 min and left to cool down to
room temperature. Then, mesoporous TiO, layer was deposited by spin coating for
20's at 4,000 r.p.m. with a ramp of 2,000 r.p.m.s’!, using 30 nm particle paste
(Dyesol 30 NR-D) diluted in ethanol to achieve 150- to 200-nm-thick layer. After
the spin coating, the substrates were immediately dried at 100 °C for 10 min and
then sintered again at 450 °C for 30 min under dry air flow.

Li-doping of mesoporous TiO, was accomplished by spin coating a 0.1 M
solution of Li-TFSI in acetonitrile. The solution was prepared freshly before the
application in nitrogen atmosphere. 150 pl were poured on 1.4 x 2.4 cm? substrate.
After 55 of loading time, the spinning programme started with an acceleration of
1,000 r.p.m.s ~ ! to a final speed of 3,000 r.p.m., the substrate was left spinning for
30s. Both Li*-doped and undoped electrodes were completed with a second
calcination step at 450 °C for 30 min. After cooling down to 150 °C, the substrates
were immediately transferred in a nitrogen atmosphere glove box for the
deposition of the perovskite films.

DSSC preparation procedure. Glass substrates for solid-state DSSCs were
prepared following the same procedure used for PSC. 900 nm of mesoporous TiO,
(Dyesol 30 nrd ethanol diluited ) were deposited by spin coating at 4,000 r.p.m.
After sintering, the substrates were cooled down to 70 °C and immersed in 0.1 mM
solution of dye (Y123) in 1:1 mixture of acetonitrile and tert-butyl alcohol for
30 min. After the dyed films were rinsed in abundant acetonitrile, the hole
conductor was applied by spincoating at 2,000 r.p.m. for 20s. The hole transport
composition and the following steps to complete the DSSCs were identical to what
used for PSCs.

Perovskite precursor solution and film preparation. The perovskite films were
deposited from a precursor solution containing FAI (1 M), Pbl, (1.1 M), MABr
(0.2M) and PbBr; (0.2 M) in anhydrous dimethylformamide/ dimethylsulphoxide
(4:1 (v:v)) solution. The perovskite solution was spin coated in a two-step pro-
gramme at 1,000 and 4,000 r.p.m. for 10 and 30, respectively. During the second
step, 100 pl of clorobenzene was poured on the spinning substrate 15s prior the
end of the programme. The substrates were then annealed at 100 °C for 1h in
nitrogen-filled glove box.

We note that the perovskite precursor solution for this paper was prepared with
a different composition from what reported by Jeon et al, who used an equimolar
amount of FAI and Pbl, to achieve a certified PCE of 17.9% with the mixed halide
and cation formulation, (FAPbI;)oss(MAPbBr3), 15 (ref. 24). Interestingly, we
observed a systematic improvement in PCE moving away from the equimolar
concentration for FAI and Pbl, towards 10 mol% lower stoichiometric amount
of FAL

Hole transporting layer and top electrode. After the perovskite annealing, the
substrates were cooled down for few minutes and a spirofluorene-linked methoxy
triphenylamines (spiro-OMeTAD, from Merck) solution (70 mM in chlor-
obenzene) was spun at 4,000 r.p.m. for 20s. The spiro-OMeTAD was doped
with bis(trifluoromethylsulfonyl)imide lithium salt (Li-TFSI, from Aldrich),
tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)- cobalt(III) tris(bis(tri-
fluoromethylsulfonyl)imide) (FK209, from Dyenamo) and 4-tert-Butylpyridine
(TBP, from Aldrich)*%41>° The molar ratio of additives for spiro-OMeTAD was:
0.5, 0.03 and 3.3 for Li-TFSI, FK209 and TBP, respectively. Finally, 70-80 nm of
gold top electrode was thermally evaporated under high vacuum.

PV device testing. The solar cells were measured using a 450-W xenon light
source (Oriel). The spectral mismatch between AM1.5G and the simulated
illumination was reduced by the use of a Schott K113 Tempax filter (Prizisions
Glas & Optik GmbH). The light intensity was calibrated with a Si photodiode
equipped with an IR-cutoff filter (KG3, Schott) and it was recorded during each
measurement. Current-voltage characteristics of the cells were obtained by
applying an external voltage bias while measuring the current response with a

digital source meter (Keithley 2400). The voltage scan rate was 10mVs™! and no
device preconditioning was applied before starting the measurement, such as light
soaking or forward voltage bias applied for long time. The starting voltage was
determined as the potential at which the cells furnishes 1 mA in forward bias, no
equilibration time was used. The cells were masked with a black metal mask
(0.16 cm?) to estimate the active area and reduce the influence of the scattered light.
The devices were characterized 2 days after their preparation.

Charge extraction technique. Charge extraction measurement were performed
with Autolab potentiostat PGSTAT30 driven by NOVA software. The procedure
for the charge extraction comprised four steps. First, the cell was kept for 10s in
dark at short circuit. At this stage, the carriers eventually accumulated in the
intrinsic capacitances of the device were discharged. Then, the potential was
brought to open circuit and the light was switched on for an equilibration time of
10s. The light was then switched off and the open circuit voltage decay was
monitored for a defined decay time T. In the last step, the cell was brought back to
short circuit condition from Vrp, (voltage at time T4) and the discharge current was
measured. The integration over the time (starting from Ty) of this current

gave the value of charge stored at the voltage Vip.

References

1. Kojima, A., Teshima, K., Shirai, Y. & Miyasaka, T. Organometal halide
perovskites as visible-light sensitizers for photovoltaic cells. J. Am. Chem. Soc.
131, 6050-6051 (2009).

2. Yang, W. S. et al. High-performance photovoltaic perovskite layers fabricated
through intramolecular exchange. Science 348, 1234-1237 (2015).

3. Park, N. G. Perovskite solar cells:an emerging photovoltaic technology. Mater.
Today 18, 65-72 (2015).

4. NREL Efficiency chart http://www.nrel.gov/ncpv/images/efficiency_chart.jpg
(2015).

5. Lee, M. M., Teuscher, J., Miyasaka, T., Murakami, T. N. & Snaith, H. J. Efficient
hybrid solar cells based on meso-superstructured organometal halide
perovskites. Science 338, 643-647 (2012).

6. Eperon, G. E. et al. Formamidinium lead trihalide: a broadly tunable perovskite
for efficient planar heterojunction solar cells. Energy Environ. Sci. 7, 982-988
(2014).

7. Hao, F., Stoumpos, C. C., Cao, D. H,, Chang, R. P. & Kanatzidis, M. G. Lead-
free solid-state organic-inorganic halide perovskite solar cells. Nat. Photonics 8,
489-494 (2014).

8. Noel, N. K. ef al. Lead-free organic-inorganic tin halide perovskites for
photovoltaic applications. Energy Environ. Sci. 7, 3061-3068 (2014).

9. Burschka, J. et al. Sequential deposition as a route to high-performance
perovskite-sensitized solar cells. Nature 499, 316-319 (2013).

10. Xiao, Z. et al. Efficient, high yield perovskite photovoltaic devices grown by
interdiffusion of solution-processed precursor stacking layers. Energy Environ.
Sci. 7, 2619-2623 (2014).

11. Chen, Q. et al. Planar heterojunction perovskite solar cells via vapor-assisted
solution process. J. Am. Chem. Soc. 136, 622-625 (2013).

12. Barrows, A. T. et al. Efficient planar heterojunction mixed-halide perovskite
solar cells deposited via spray-deposition. Energy Environ. Sci. 7, 2944-2950
(2014).

. Sutherland, B. R. et al. Perovskite thin films via atomic layer deposition. Adv.
Mater. 27, 53-58 (2015).

14. Wei, Z., Chen, H., Yan, K. & Yang, S. Inkjet printing and instant chemical
transformation of a CH3NH3PbI3/nanocarbon electrode and interface for
planar Perovskite solar cells. Angew. Chem. 126, 13455-13459 (2014).

15. Liu, M., Johnston, M. B. & Snaith, H. J. Efficient planar heterojunction
perovskite solar cells by vapour deposition. Nature 501, 395-398 (2013).

16. Malinkiewicz, O. et al. Perovskite solar cells employing organic charge-

transport layers. Nat. Photonics 8, 128-132 (2014).

. Stranks, S. D. et al. Electron-hole diffusion lengths exceeding 1 micrometer in
an organometal trihalide perovskite absorber. Science 342, 341-344 (2013).

18. Xing, G. et al. Long-range balanced electron-and hole-transport lengths in
organic-inorganic CH3NH3PbI3. Science 342, 344-347 (2013).

19. Dong, Q. et al. Electron-hole diffusion lengths> 175 pm in solution-grown
CH3NH3PDbI3 single crystals. Science 347, 967-970 (2015).

20. Pellet, N. et al. Mixed-organic-cation Perovskite photovoltaics for enhanced
solar-light harvesting. Angew. Chem. Int. Ed. 53, 3151-3157 (2014).

21. Ogomi, Y. et al. CH3NH3Sn x Pb (1-x) I3 Perovskite solar cells covering up to
1060 nm. J. Phys. Chem. Lett. 5, 1004-1011 (2014).

22. Stoumpos, C. C., Malliakas, C. D. & Kanatzidis, M. G. Semiconducting tin and
lead iodide perovskites with organic cations: phase transitions, high mobilities,
and near-infrared photoluminescent properties. Inorg. Chem. 52, 9019-9038
(2013).

23. Noh, J. H,, Im, S. H., Heo, J. H.,, Mandal, T. N. & Seok, S. I. Chemical
management for colorful, efficient, and stable inorganic-organic hybrid
nanostructured solar cells. Nano Lett. 13, 1764-1769 (2013).

1

w

1

N

| 7:10379 | DOI: 10.1038/ncomms10379 | www.nature.com/naturecommunications 5


http://www.nrel.gov/ncpv/images/efficiency_chart.jpg
http://www.nature.com/naturecommunications

ARTICLE

2

v

26.

27.

2

oo

29.

30.

31.

32.

33.

34.

35.

3

[=2)

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

4

~

48.

49.

. Jeon, N. J. et al. Compositional engineering of perovskite materials for high-
performance solar cells. Nature 517, 476-480 (2015).

. Crossland, E. J. W. et al. Mesoporous TiO, single crystals delivering enhanced

mobility and optoelectronic device performance. Nature 495, 215-219 (2013).

O’Regan, B. & Gratzel, M. A low-cost, high-efficiency solar cell based on dye-

sensitized colloidal TiO2 films. Nature 353, 737-740 (1991).

Ko, K. H,, Lee, Y. C. & Jung, Y. J. Enhanced efficiency of dye-sensitized TiO,

solar cells (DSSC) by doping of metal ions. J. Colloid Interface Sci. 283, 482-487

(2005).

. Fabregat-Santiago, F. et al. High carrier density and capacitance in TiO,

nanotube arrays induced by electrochemical doping. J. Am. Chem. Soc. 130,
11312-11316 (2008).

Lee, S. et al. Nb-doped TiO,: a new compact layer material for TiO, dye-

sensitized solar cells. J. Phys. Chem. C 113, 6878-6882 (2009).

Lii, X. et al. Improved-performance dye-sensitized solar cells using Nb-doped

TiO, electrodes: efficient electron injection and transfer. Adv. Funct. Mater. 20,

509-515 (2010).

Nah, Y. C,, Paramasivam, I. & Schmuki, P. Doped TiO, and TiO, nanotubes:

synthesis and applications. Chemphyschem. 11, 2698-2713 (2010).

Zhang, X,, Liu, F., Huang, Q.-L., Zhou, G. & Wang, Z.-S. Dye-sensitized

W-doped TiO, solar cells with a tunable conduction band and suppressed

charge recombination. J. Phys. Chem. C 115, 12665-12671 (2011).

Zhang, X., Wang, S.-T. & Wang, Z.-S. Effect of metal-doping in TiO, on fill

factor of dye-sensitized solar cells. Appl. Phys. Lett. 99, 113503 (2011).

Duan, Y. et al. Sn-doped TiO, photoanode for dye-sensitized solar cells. J. Phys.

Chem. C 116, 8888-8893 (2012).

Cho, I. S. et al. Codoping titanium dioxide nanowires with tungsten and carbon

for enhanced photoelectrochemical performance. Nat. Commun. 4, 1723

(2013).

. Leijtens, T. et al. Overcoming ultraviolet light instability of sensitized TiO, with

meso-superstructured organometal tri-halide perovskite solar cells. Nat.

Commun. 4, 2885 (2013).

Pathak, S. K. et al. Performance and stability enhancement of dye-sensitized

and Perovskite solar cells by Al doping of TiO,. Adv. Funct Mater. 24,

6046-6055 (2014).

Kopidakis, N., Benkstein, K. D., van de Lagemaat, J. & Frank, A. J. Transport-

limited recombination of photocarriers in dye-sensitized nanocrystalline TiO,

solar cells. J. Phys. Chem. B 107, 11307-11315 (2003).

Olson, C. L., Nelson, J. & Islam, M. S. Defect chemistry, surface structures, and

lithium insertion in anatase TiO,. J. Phys. Chem. B. 110, 9995-10001 (2006).

Abate, A. et al. Lithium salts as ‘redox active’ p-type dopants for organic

semiconductors and their impact in solid-state dye-sensitized solar cells. Phys.

Chem. Chem. Phys. 15, 2572-2579 (2013).

Abate, A. et al. Protic ionic liquids as p-dopant for organic hole transporting

materials and their application in high efficiency hybrid solar cells. . Am.

Chem. Soc. 135, 13538-13548 (2013).

Kim, D. H. et al. Niobium doping effects on TiO, mesoscopic electron

transport layer-based Perovskite solar cells. ChemSusChem 8, 2392-2398

(2015).

Xing, G. et al. Interfacial electron transfer barrier at compact TiO,/

CH;NH;PbI; heterojunction. Small 11, 3606-3613 (2015).

Wojciechowski, K. et al. Heterojunction modification for highly efficient

organic-inorganic Perovskite solar cells. ACS Nano 8, 12701-12709 (2014).

Guillén, E., Ramos, F. J., Anta, J. A. & Ahmad, S. Elucidating transport-

recombination mechanisms in perovskite solar cells by small-perturbation

techniques. J. Phys. Chem. C 118, 22913-22922 (2014).

Heo, J. H. et al. Hysteresis-less mesoscopic CH;NH;3Pbl; perovskite hybrid

solar cells by introduction of Li-treated TiO, electrode. Nano Energy 15,

530-539 (2015).

. Sodergren, S. et al. Lithium intercalation in nanoporous anatase TiO, studied

with XPS. J. Phys. Chem. B 101, 3087-3090 (1997).

Bouattour, S. et al. Li-doped nanosized TiO, powder with enhanced

photocalatylic acivity under sunlight irradiation. Appl. Organomet. Chem. 24,

692-699 (2010).

Westermark, K. et al. Determination of the electronic density of states at a

nanostructured TiO,/Ru-dye/electrolyte interface by means of photoelectron

spectroscopy. Chem. Phys. 285, 157-165 (2002).

50. Cappel, U. B. et al. Characterization of the interface properties and processes in
solid state dye-sensitized solar cells employing a perylene sensitizer. J. Phys.
Chem. C 115, 4345-4358 (2011).

51. Abate, A. et al. An organic ‘Donor-Free’ dye with enhanced open-circuit voltage
in solid-state sensitized solar cells. Adv. Energy Mater. 4, 1400166 (2014).
Barnes, P. R. et al. Interpretation of optoelectronic transient and charge
extraction measurements in dye-sensitized solar cells. Adv. Mater. 25,
1881-1922 (2013).

Dloczik, L. et al. Dynamic response of dye-sensitized nanocrystalline solar cells:
characterization by intensity-modulated photocurrent spectroscopy. J. Phys.
Chem. B. 101, 10281-10289 (1997).

Kriiger, J., Plass, R., Gritzel, M., Cameron, P. J. & Peter, L. M. Charge transport
and back reaction in solid-state dye-sensitized solar cells: a study using
intensity-modulated photovoltage and photocurrent spectroscopy. J. Phys.
Chem. B. 107, 7536-7539 (2003).

Han, Y. S. & Kim, J. T. Enhanced performance of dye-sensitized solar cells with
surface-treated titanium dioxides. Mol. Cryst. Lig. Cryst. 565, 138-146 (2012).
Marinova, N. et al. Light harvesting and charge recombination in
CH3NH3PbI3 Perovskite solar cells studied by hole transport layer thickness
variation. ACS Nano 9, 4200-4209 (2015).

Lee, Y. H. et al. Unraveling the reasons for efficiency loss in Perovskite solar
cells. Adv. Funct. Mater. 25, 3925-3933 (2015).

Chen, Q. et al. Controllable self-induced passivation of hybrid lead iodide
perovskites toward high performance solar cells. Nano Lett. 14, 4158-4163
(2014).

Abate, A., Staff, D. R., Hollman, D. J., Snaith, H. J. & Walker, A. B. Influence of
ionizing dopants on charge transport in organic semiconductors. Phys. Chem.
Chem. Phys. 16, 1132-1138 (2014).

52.
53.

54.

55.

56.

57.

58.

59.

Acknowledgements

M.G. thanks the financial support from SNSF-NanoTera (SYNERGY), Swiss Federal
Office of Energy (SYNERGY), CCEM-CH in the 9t call proposal 906: CONNECT PV
and the SNSF NRP70 ‘Energy Turnaround’ and GRAPHENE project supported by the
European Commission Seventh Framework Programme under contract 604391 is
gratefully acknowledged. A.A. has received funding from the European Union’s Seventh
Framework Programme for research, technological development and demonstration
under grant agreement no 291771. We thank Aisin Cosmos R&D Co., Ltd, Japan for
financial support.

Author contributions

F.G. proposed the experiment. F.G., A.A., ].P.C.B., M.S. and T.M. prepared the PSC
devices. J.P.C.B. performed the microscopy analysis and analysed the XPS data. F.G,,
A.A. and J.P.C.B. prepared the SSDSC devices, performed IMPS, charge extraction and
analysed the data. All the authors contributed to the analysis of the data and the writing
of the paper. M.G. supervised the experiment.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Giordano, F. et al. Enhanced electronic properties in
mesoporous TiO, via lithium doping for high-efficiency perovskite solar cells.

Nat. Commun. 7:10379 doi: 10.1038/ncomms10379 (2016).

This work is licensed under a Creative Commons Attribution 4.0
L7 International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise

in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 7:10379 | DOI: 10.1038/ncomms10379 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions
http://npg.nature.com/reprintsandpermissions
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	X-ray photoelectron spectroscopy analysis

	Figure™1X-ray photoelectron spectroscopy.Doped and undoped mesoporous TiO2 layers for the O 1s peaks Li doped (a) and the undoped control (c), Ti 3s and Li 1s peaks slightly visible at 55thinspeV for Li-doped (b) and the signal for the undoped TiO2 here s
	Charge extraction and electron transport analysis

	Figure™2Charge extraction and electron transport time constant.(a) Charge extracted at open circuit as function of the voltage for no treated samples (black) and Li-doped samples (red) and (b) charge transport lifetime as function of the short circuit cur
	PV characterization

	Discussion
	Figure™4Morphology and J-V curves of the solar cells.(a) SEM cross-sectional image of the device. (b) Current density-voltage curves of the solar cells with and without the Li+ doping (red and black curve, respectively) collected under AM1.5 simulated sun
	Figure™3IMPS spectra.Nyquist plot (a) for PSCs prepared with no treated TiO2 electrode (in black at 0.15thinspmAthinspcm-2) and with Li-doped TiO2 electrode at 0.07thinspmAthinspcm-2 (open triangle) and 0.26thinspmAthinspcm-2 (closed triangle). (b) Imagin
	Table 1 
	Methods
	Substrate preparation and Li-doping TiO2
	DSSC preparation procedure
	Perovskite precursor solution and film preparation
	Hole transporting layer and top electrode
	PV device testing
	Charge extraction technique

	KojimaA.TeshimaK.ShiraiY.MiyasakaT.Organometal halide perovskites as visible-light sensitizers for photovoltaic cellsJ. Am. Chem. Soc.131605060512009YangW. S.High-performance photovoltaic perovskite layers fabricated through intramolecular exchangeScience
	M.G. thanks the financial support from SNSF-NanoTera (SYNERGY), Swiss Federal Office of Energy (SYNERGY), CCEM-CH in the 9th call proposal 906: CONNECT PV and the SNSF NRP70 ’Energy TurnaroundCloseCurlyQuote and GRAPHENE project supported by the European 
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information


