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Performance and Stability Enhancement of Dye-Sensitized
and Perovskite Solar Cells by Al Doping of TiO,

Sandeep K. Pathak, A. Abate, P. Ruckdeschel, B. Roose, Karl C. Godel, Yana Vaynzof,
Aditya Santhala, Shun-Ichiro Watanabe, Derek J. Hollman, Nakita Noel,
Alessandro Sepe, Ullrich Wiesner, Richard Friend, Henry J. Snaith,* and Ullrich Steiner*

Reversible photo-induced performance deterioration is observed in
mesoporous TiO,-containing devices in an inert environment. This phenom-
enon is correlated with the activation of deep trap sites due to astoichiom- For
etry of the metal oxide. Interestingly, in air, these defects can be passivated

by oxygen adsorption. These results show that the doping of TiO, with
aluminium has a striking impact upon the density of sub-gap states and
enhances the conductivity by orders of magnitude. Dye-sensitized and per-
ovskite solar cells employing Al-doped TiO, have increased device efficiencies
and significantly enhanced operational device stability in inert atmospheres.
This performance and stability enhancement is attributed to the substitu-
tional incorporation of Al in the anatase lattice, “permanently” passivating

electronic trap sites in the bulk and at the surface of the TiO,.

1. Introduction

The commercial viability of a photovoltaic technology replacing
single-crystal silicon solar cells relies on three essential attrib-
utes: cost, performance and lifetime. While dye-sensitized
and more recently perovskite solar cell are highly promising
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in terms of the first two attributes,
the stability of these devices remains
unproven.[1-3]

solid-state ~ dye  sensitized
(ssDSSC)M™  and perovskite sensitized
solar cells (PSSC)P! non-stoichiometry
induced defects in TiO, appears to be a
limiting factor for two of the key param-
eters; efficiency and more importantly
the long-term photo-stability. Limitation
in charge transport is an important factor
for device performance, which has been
studied extensively in context of ssDSSCs.
Recently the emergence of perovskite-
based solar cells (PSSCs) has led to a
marked increase in solid-state device per-
formance, to up to 15%. In the perovskite
devices, replacing the electron acceptor TiO, with an insulating
alumina scaffold has played an important part in the increase
in open-circuit voltage.!! This has been rationalized by the
presence of deep electron traps in the non-stoichiometric TiO,
reducing the splitting of the quasi Fermi levels under illumina-
tion. The same mechanism is likely to affect ssDSSCs, but in
contrast to perovskite solar cells in which organometal trihalide
perovskites are a light absorbing charge transporter, ssDSSCs
rely on the metal oxide for charge transport, ruling out the use
of alumina or other insulating scaffolds.!!

In ssDSSCs, the dye is regenerated from its oxidised state
within a few hundred picoseconds, orders of magnitude faster
than in the iodide/triiodide-based liquid electrolyte cells, where
dye regeneration occurs on the microsecond time scale.l®
These extremely rapid regeneration dynamics should play
an important role in improved long-term stability of the dye
in the ssDSSC, since the dye is most likely to degrade in its
charged oxidized state.”] However, to realize long-term stability
of DSSCs it is paramount to protect the organic components
of the device from oxidation by oxygen, moisture and other
oxidizing agents, by encapsulation in inert environment. We
have discovered a critical instability of mesoporous TiO, based
devices; when they are encapsulated in an inert atmosphere
and exposed to sunlight, a quick loss in device performance is
observed.®% Encouragingly though, the cells recuperate to their
initial performance when the encapsulation is broken, exposing
them to air.

Here, we discuss in detail the nature of the titania surface
chemistry in the presence of oxygen and light, and its role in

Adv. Funct. Mater. 2014, 24, 6046—6055


http://doi.wiley.com/10.1002/adfm.201401658

Makeis
Vier'S
www.MaterialsViews.com

device performance and stability. In particular, we demonstrate
the reversible deterioration of ss-DSSC device performance
when exposed to sunlight in an inert atmosphere. We show that
this deterioration is primarily caused by oxygen-induced defects
in TiO, and we postulate that it is driven by photo-induced des-
orption of adsorbed oxygen. This effect is very effectively sup-
pressed by doping the mesoporous TiO,, or compact TiO, films
employed in perovskite cells, with aluminum cations, which
have the unexpected benefit of increasing the conductivity of
the TiO, by many orders of magnitude. Our methodology dif-
fers from the various previously employed Al-doping tech-
niques, the role of which in device performance has remained
unclear.[1%-17]

2. Results

2.1. Reversible Photodegradation of Encapsulated ssDSSCs

We start by examining the stability of ssDSSCs. TiO, photo-
anodes were manufactured using the well-established co-
assembly of a polyisoprene-block-polyethyleneoxide (PI-b-PEO)
diblock copolymer with a precursor-sol, yielding a mesoporous
scaffold.'®19 In contrast to other methods, this technique
provides simultaneous control over the TiO, chemistry and
meso-structure, which is governed by the self-assembly of the
amphiphilic block-copolymer. D102 dye and spiro-MeOTAD
were used as a light absorber and hole-conductor respectively.
Devices were aged under continuous illumination with simu-
lated AM 1.5 sun light (76.5 mWcm™) and current voltage
(J-V) curves were recorded continuously in a sealed ageing box
where the atmosphere could be switched from inert to air and
vice versa. The temporal evolution of solar cell performance
for devices aged in air and an inert atmosphere are shown in
Figure 1a. Surprisingly, the performance of the latter deterio-
rated rapidly to approximately half the initial performance within
1h and in less than 15 h the device became predominantly non-
functional. In contrast, the devices aged under ambient condi-
tions lost only =5% of their peak power conversion efficiency,
which was 10% higher than their initial
performance, even after ageing for 15 h.

Interestingly, the non-functional aged a
devices fully recuperate to their initial per- e
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in the presence of LiTFSI such oxidation is irreversible and its
reduction is unlikely during the ageing process.?!"?2l The argu-
ment that the degradation of the sealed device performance
does not arise from the HTM is confirmed in a separate study
in which we replaced Spiro-MeOTAD with poly(3-hexylthio-
phene) (P3HT), as shown in Figure S1. The resulting DSSCs
behaved similar to Spiro-MeOTAD-based devices when aged
under similar conditions.®! In difference to Spiro-MeOTAD,
neat P3HT is sufficiently conducting and does not need to be
oxidized before use.l?>24

We also show normalized solar cell performance during
continuous ageing at room temperature (RT) for encapsulated
(which resembles an inert atmosphere), and non-encapsulated
ssDSSCs for a longer period of time, see Figure S2a. Figure S2b
shows the UV-vis spectra of dye molecules adsorbed on TiO,,
encapsulated and non-encapsulated, at RT. This demonstrates
that dye molecules are stable when encapsulated; in contrast
non-encapsulated films are completely degraded after several
hours of ageing. The encapsulated films show quite a remark-
able resistance to thermal degradation even at elevated temper-
atures, 100 and 120 °C, as shown in Figure S2c.

Since neither dye degradation, nor changes in the HTM
appear to be responsible for the marked loss in device perfor-
mance, it is necessary to investigate the electronic properties of
the TiO, meso-structure during illumination in an inert atmos-
phere. A close look at the current and voltage decay of sealed
devices in Figure 1b shows a rapid drop in the open-circuit
voltage and in short-circuit current. The former is indicative of
the formation of low-resistance electrical pathways across the
device, while the latter may either be caused by a rapid accel-
eration of electron hole- recombination!?>2% or the introduction
of deep electron traps, from which the electrons cannot escape,
leading to direct recombination with holes. The formation of
energetically deep traps in TiO, nanocrystals has been reported
to be induced by UV light.*”l Our results indicate that these
traps interact with the oxygen in air, as explained below.

This gives rise to a conundrum in device design: sealed
devices are required to prevent the oxidation of dye and HTM,
while the presence of oxygen passivates electron traps in TiO,.

formance once the photoactive layer was re- 1.0+

exposed to air, as shown in Figure 1b. The
reversible device deterioration of devices aged
in an inert atmosphere points to a revers-
ible change in the electronic properties of
the device and not to the photo-degradation
of the dye or the hole conductor. Irrevers-
ible photo-degradation of the organic com-
ponents is observed only when the device is
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exposed to light and air for long periods of o 2 4
time.[6:20]

It is unlikely that the hole transporting
material (HTM) plays a role in such a rapid
and reversible deterioration. In a recent pub-
lication we have shown that oxygen and light
are required to oxidize spiro-MeOTAD, but
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Figure 1. Ageing of ssDSSCs. (a) Normalized performance of ssDSSCs during continuous illu-
mination in air and in an inert atmosphere. The former shows a very small gradual performance
degradation whereas the latter shows substantial rapid deterioration within an hour. (b) J-V
curves of a device that was first aged in inert atmosphere and then exposed to air exhibiting
more-than full recovery of the initial device performance.
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Addressing trap formation in TiO, is the only way to solve this
dilemma.

2.2. Alumina-Modified TiO, Photoanodes

To address the implications of defect states in TiO, crystals we
have investigated doping of TiO, with a number of different
ions. Titanium is tetra-valant, and will usually be doped with
penta (or greater) valent ions to induce n-type doping and
ions with a lower valancy to induce p-type doping. We found
a remarkable impact of doping TiO, with tri-valent aluminum.
The advantage of synthesising mesoporous TiO, photoanodes
by block-copolymer directed sol-gel chemistry is the ease of
chemical modification. Here, we have added an Al-containing
precursor to the Ti-sol in a well-controlled fashion to substitu-
tionally dope the resulting anatase TiO,.

Figure 2a shows scanning electron microscopy (SEM)
and atomic force microscopy (AFM, inset) images of a meso-
structured TiO, films, synthesized with 1% Al precursor. The
well-defined pore-morphology arises from the self-assembly
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of the block-copolymer, which is removed by high tempera-
ture sintering.” The formation of smooth films with the
20 nm meso-morphology is invariant with the addition of
the Al-containing precursor, indicating the robustness of this
processing method with respectto changesinthe employed sol-gel
chemistry.

The TiO, lattice structure was confirmed by X-ray diffraction
(XRD) of pristine TiO, and films manufactured with added Al-
precursor (Figure 2b). All peaks can be assigned to the anatase
phase of TiO,, indicating that anatase nano-crystalline struc-
ture is retained upon Al precursor addition of up to 5 mol%.
No Al,O; peaks were observed even for the highest (5 mol%)
doping concentration.

While the (101) anatase peak exhibited a slight shift towards
20 for the two higher doping levels (2.5 and 5 mol%), the peak
positions of low-level doped TiO, (0.5 and 1 mol%) did not show
any discernible difference to pure anatase. An increase in the
broadening of the (101) anatase peak with increasing doping
was observed for all Al concentrations. The TiO, crystallite size
was calculated using Scherrer equation, which reduces with the
increasing doping concentration, ' as shown in Figure S3.
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Figure 2. Al-doped mesostructured TiO, films. (a) SEM and AFM (inset) images of the 20-nm morphology that arises from PI-b-PEO self-assembly.
(b) XRD (101), (211) and (105) TiO, peaks show only a slight shift towards lower 20 values. (c) XPS, and (d) UV-vis spectra of the TiO, meso-structure
for varying doping concentrations, indicating a blue shift with the Al doping.
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Low doping concentrations (0.5 and 1 mol%) only intro-
duce a small amount of impurities, mostly as point defects in
the crystal. The lattice parameter is unchanged and so are the
XRD peaks. An increase in the doping concentration (2.5 and
5 mol%) may introduce stresses in the lattice, resulting in peak
shifts.” The small peak shifts are in agreement with the rela-
tively small difference in ionic radii of Al(III) (0.53 nm), Ti(IV)
(0.61 nm) and Ti(III) (0.64 nm), resulting in only a small distor-
tion of the anatase lattice upon Al-doping.l

Al-doping was further corroborated by X-ray photoemis-
sion spectroscopy (XPS). Figure 2c shows XPS spectra of
Al2s, Ti2p and Ols for doped and undoped samples. The
Al2s peak increases in peak intensity with increasing dopant
concentration. The calculations of the Ti to Al atomic ratios
based on XPS for different doping levels was: 1% - (14.57),
2.5% —(9.16) and for 5% — (5.73).

The binding energies of Ti in the anatase lattice at 458.8 and
464.5 eV correspond to Ti2p 3/2 and Ti2p 1/2 respectively. The
Ti2p and Al2s core level spectra of the Al doped films show only
one single component. The O1s major component near a binding
energy of 530.0 eV may correspond to bonding with Ti and Al
The other component near the binding energy of 531.4. eV
may mainly correspond to hydrated bonds or carbonate caused
by contaminations on the film surface.l3] For the highest Al
doping of 5 mol%, the Ti2p peak was shifted to a lower binding
energy (by 0.4 eV). This shift by the Al doping is due to a charge
transfer effect, suggesting that the Al ions are incorporated in
the TiO, lattice and do not form a separate phase.*"

The UV-vis absorption spectra in Figure 2d show an incre-
mental blue shift with Al-doping, as also shown by previous
authors."'31 A blue shift indicates a possible increase in the
effective band gap, where the Fermi level moves closer to the
conduction band. An increase in the band gap further corrobo-
rates Al (III) doping into the TiO, crystal lattice. A widening of
band gap due to quantum confinement can be ruled out since
the crystal sizes for doped and undoped TiO, are larger than
10 nm (see Figure S3).3233

We have investigated the electron conductivity of the undoped
and doped TiO, meso-structured films by performing space
charge limited current (SCLC) measurements,?* shown in
Figure 3a. For undoped TiO,, the quadratic dependence of cur-
rent with the voltage indicates the existence of space charges,
e.g. oxygen vacancies, Ti interstitials, Ti(III), etc. For low concen-
trations of Al-doping (0.5 and 1 mol%) the current-voltage (J-V)
curves are linear, indicating velocity-saturated conduction (i.e.
a suppression of space charges) and a substantial conductivity
enhancement. Upon a further increase in doping (2.5, 5 mol%),
the ohmic character of the J-V curves is maintained but the con-
ductivity is substantially reduced. This indicates a suppression
of charged defects, but excess Al** may act as scattering centers
for charges and hence reduce the conductivity. It suffices to say
that up to certain concentration, Al** doping reduces the defects
density. To further corroborate this and to investigate the sub-
band gap density of states by Al doping photo-thermal deflection
spectroscopy (PDS) was carried out, as shown in Figure 3b. Sub-
bandgap optical absorption can be used to characterize band-tail
states induced by disorder in the anatase crystal.

This sub-bandgap absorption tail has an exponential varia-
tion, A ~ exp(E/E,), defining the Urbach Energy E, which is

Adv. Funct. Mater. 2014, 24, 6046—-6055
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Figure 3. Enhancement of charge carrier conductivity and reduction of
defect states with Al-doping. (a) Current-voltage curves for un-doped and
doped TiO, mesostructured thin films under an inert atmosphere. The
inset shows the electron conductivity derived from SCLC measurements,
(b) PDS spectra for different dopant concentrations. The inset shows the
corresponding Urbach energies.

a measure for the degree of disorder within the material.l3>-3¢
The inset in Figure 3b shows a decrease in E, upon 0.5 mol%
Al-doping followed by an increase for higher Al concentra-
tions. For 2.5 and 5 mol% doping the Urbach energy is even
higher than in undoped TiO,. This is further evidence that Al
doping reduces the number of trap states for low concentra-
tion doping (0.5 and 1 mol%). E, follows a similar trend as the
conductivity.

2.3. ssDSSCs Based on Al-Doped TiO,

Oxygen defects in the metal oxide photoanode have a direct
impact on solar cell performance. Their removal should
enhance the device efficiency. To investigate if this is the case,

wileyonlinelibrary.com 6049

“
G
F
F
>
v
m
~




-
™
s
[
-l
wd
=
™

6050  wileyonlinelibrary.com

s
3
g
B
3
-
f =
3
B
a
(1]

Current Density (mA/cm?)
N

01
PC
| T 0.0mol% [72 To.85 [0.47 [3.0
-2 -0~ 0.5 mol% [6:2[0.90 [0.64 [ 3.7
A~ 1.0 mol% [5.1 [0.92 |0.65 | 3.0

|1 < 25mo% [32T096 07123 )
- 5.0mol% [2.3 [0.98 [0.73 | 1.6

T

'a\
M"‘"{);ﬁ»}

www.MaterialsViews.com

Jsc Voc FF PCE*"

51 —=—0mol% [16.04]1.06 [0.66 [11.13 | §

Current Density (mA/cm?)

00 02 04 06 08 1.0 00 02 04 06 08 1.0

Bias (V)

-~ C ————————
2
g ® Undoped
= O 1 mol% doped
:g i
] |
£ L |
o
Q.
(0]
(=
o
=

0.5 1.5 2.5 3.5

Charge Density X107 (cm3)

Bias (V) d
0.9 T T
DSSC
s
o 0.7
)
©
>
2 0.5
B Undoped
0.3 O 1 mol% doped |
0.0 0.2 0.4 0.6

Capacitance (F cm3)

Figure 4. Electronic properties of Al-doped solar cells. -V curves recorded under AM 1.5 simulated sun light (100 mW cm~2); the respective dark cur-
rents are also shown. (a) ssDSSCs fabricated with doped and undoped meso-structured TiO,. (b) PSCs manufactured with doped and undoped solid
flat TiO, hole blocking layers. The device performance parameters are summarized in the inset-tables. (c) ssDSSC charge transport lifetimes at short
circuit vs. charge density. (d) ssDSSC differential capacitance vs. open circuit voltage. The lines in (c) and (d) are single-exponential fits.

ssDSSCs and perovskite based MSSCs were manufactured with
Al-doped meso-structured TiO, (DSSCs) and compact TiO, for
the n-type selective contact in MSSCs. The J-V curves of these
devices are shown in Figure 4a,b. For ssDSSCs a clear trend
emerges. A continuous increase in open circuit voltage (V)
and fill-factor (FF) and a continuous decrease in short circuit
current (Jy) is observed with increasing Al-doping levels. For
the lowest doping concentration the marked increase in V.
and FF resulted in the highest power conversion efficiency
(PCE). Both the increase in V,. and the decrease in J,. with Al-
doping may be correlated with an increase in the TiO, conduc-
tion band (CB) (10 to 50 meV upon doping from 0.5 to 5%,
as indicated by the UV-vis spectra). The negative impact of the
increase in the TiO, CB is that it may reduce the charge injec-
tion efficiency from the dye into TiO,.F7~% A similar effect
was found for chemically treated TiO,.*!l The reduction in J
is however quite large for the relatively small CB-shift upon
Al-doping. This has been explained with an enhancement of
doping density at the crystal surface, causing a locally enhanced
CB-shift that substantially reduces charge injection.*>*3 The
possibility of higher Al-doping densities at the crystal surface
has been reported before,*>#3] presumably arising from the
higher number of oxygen vacancies at the surface combined
with the ability of Al (I11) to diffuse within the crystal.*>*4 The
raise in V,. of over 100 mV for the highest doping concentra-
tion is, on the other hand, larger than the maximum CB-shift

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of 50 meV indicated by the UV-vis measurements. However,
the UV-vis measurements show a general widening of the
bandgap, but do not specify if there is any preferential shift in
the conduction or valence band, nor are they sensitive to any
change in surface potential, which may arise from a change in
surface charge.

We have further investigated the impact of Al doping by per-
forming small perturbation photo-voltage and photocurrent
decay measurements on the dye-sensitized solar cells.*’] These
measurements can be used to extract charge collection lifetimes
(how fast charges diffuse out of the solar cell), charge recombi-
nation lifetimes, and also determine the differential capacitance
as a function of open-circuit voltage which is closely related to
the density and position of sub-bandgap states in TiO,. Figure 4c
shows the charge collection lifetime for Al doped and pristine
TiO, based DSSCs. We observe that, for the same charge den-
sity, there is a significant increase of more than one order of
magnitude in transport rate for Al doped DSSCs. This is con-
sistent with the enhanced conductivity determined by SCLC
measurements.

Figure 4d shows the differential capacitance-voltage curve,
which clearly illustrates a substantial reduction in the sub-
band gap density of states for the Al doped TiO,. This is in
good agreement with the PDS and UV-Vis absorption analysis
(Figures 3b and 2d). At higher charge densities, the capacitances
converge, but the Al doped material exhibits a significantly

Adv. Funct. Mater. 2014, 24, 6046-6055
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reduced capacitance at low voltages, consistent with the
passivation or elimination of sub-band gap states.

2.4. Perovskite MSSCs with Al-Doped TiO, Compact Layers

Perovskite-based meso-superstructured solar cells eliminate
the requirement for mesoporous TiO,, since this is replaced
with a mesoporous insulating scaffold, typically Al,O3, and
the perovskite absorber assumes the roles of light absorption
and long range charge transport. However, in the current
most efficient embodiment, a flat compact layer of TiO, of
about 50 nm is still employed as the electron selective con-
tact forming a planar heterojunction with the perovskite
film.[l We have produced 50 nm thick TiO, compact layers
using the sol-gel chemistry discussed above, in the absence of
the block-co-polymer structure-directing agent, with various
Al-doping levels. Samples with Al concentrations of 0.5, 1,
2.5 and 5 mol% were prepared and MSSCs were fabricated as
discussed elsewhere.['*%] The mesoporous alumina thickness
was 400 nm and the mixed halide perovskite precursor was
cast with a 3:1 molar ratio of CH3;NH;I:PbCl, at 40 wt% in
DMF.

The solar cell performance parameters of this series are
shown in the Supplementary Information (Figure S4). The V.
for the chosen doping range i.e. 0.5, 1, 2.5 and 5 mol%, shows
an incremental improvement, but the overall PCE values do not
show any improvement as compared with the undoped device,
possibly due to a reduction in J . (which is partially offset by a
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Vo increase). Further optimization led to a lowering of doping
levels to i.e. 0.3 mol%. The J-V curve of the best performing
device is shown in Figure 4b. Devices using this doping
level (0.3 mol%) showed an enhanced J. value, leading to an
improved device efficiency of 13.8%, compared with a pris-
tine compact layer which had a PCE of 11.1%. This is most
likely connected to the improved conductivity of TiO, for low
Al-doping.

3. Discussion

3.1. Lattice Defects in TiO,

The sensitivity of ssDSSCs to the presence of oxygen and Al-
doping points to the importance of lattice defects in anatase.
There is a general consensus that oxygen vacancies and/or Ti
interstitials are the predominant reason for non-stoichiometry
in TiO,, arising form the reduction of Ti(IV) to Ti(III).*/->% The
removal of one neutral oxygen atom from the lattice leaves one
point defect and two under-coordinated Ti(III) (Figure 5a). Since
Ti(III) is less stable then Ti(IV) it acts as an electron trap, forming
Ti(IV)* + €. In anatase crystals, TI(III) defects induce a shallow
energy level (0.7-1 eV) below the conduction band which is not
easily available for electron transport and act as an electron trap
sites. Because of its unsaturated coordination, Ti(IIl) is reac-
tive. When reacting with oxygen, the thermodynamically stable
O, superoxide is formed, which is Coulomb-bound to the posi-
tively charged Ti(IV)* to form a Ti(IV)" — O,~ complex (Figure 5c).

b —AI—O—"I:“i—O—]:‘i—O—l:‘i—O—’I:“i -

P o o ¢

—-1|&l— 0—1?1 - O—’l|‘i— 0—Al -
T

_T|i_O_T|i_O_T|i_ O—'ll‘i—O—Al -
I

Al-doped TiO, (Trap passivized)

Figure 5. Schematic of Ti(lll) trap passivation, doping and oxygen adsorption. (a) Oxygen defects in the lattice give rise to Ti(lll) defects that form
deep electronic traps. (b) Al substitution at the Ti(lll) sites passivates these defects. (c) In the presence of oxygen, ionisation of Ti(lll) gives rise to O~
superoxide which passivates the trap sites. (d) Photoexcited holes neutralise and desorb O,, activating Ti(lll), which (e) enables charge recombination.
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Figure 6. Ageing of ssDSSCs. Normalized solar cell performance parameters during ageing, in inert atmosphere, of ssDSSCs fabricated with undoped

and 2.5 mol% Al-doped mesostructured TiO,.

This complex is stable and does not significantly distort the CB,
thereby effectively passivating the Ti(IIl) electron trap. This O,
adsorption occurs predominantly at surface oxygen defects.*'->3

UV photo-exitation forms an electron-hole pair in TiO,.
The hole in the valence band recombines with the unpaired
O, electron, setting free a neutral oxygen moleculel?”>4
(Figure 6d). This reverts the Ti(IV)* — O, complex to Ti(III),
generating deep defect levels. These deep energy levels provide
a cascading path for the recombination of injected electrons in
the CB of TiO, with holes in Spiro-MeOTADP*7] (Figure 5e).
In the presence of air, the Ti(IV)* — O, complexes are able to
re-form, while in oxygen-free encapsulated devices these com-
plexes are depleted and the population of deep electronic traps
increases, enhancing the recombination rate to a point where
the device becomes non-functional within a few hours.

3.2. The Role of Al Doping

Despite a lack of agreement on the effect of Al-doping of TiO,,
Al was found to occupy Ti substitution sites,*+>%-01 intersti-
tial sites,©2%% a combination of both,® and a combination of
Ti substitution and oxygen vacancies.[®*%! Our results are best
described by the latter result, which is also believed to be ther-
modynamically favorable.[®%]

In contrast to Ti(IIl), Al(III) is the most stable form of Al,
while having a very similar ionic radius as Ti(IV) and Ti(III).
The substitution of Al(III) for Ti(IV) is energetically unfavour-
ablel® and would lower the anatase band-gap, in contrast to
our observation. The substitution of two Ti(IV) with AI(III)
and the release of the bridging oxygen was however reported
to be thermodynamically and electronically more favorable
than the creation of a lone oxygen vacancy,®® which in essence

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

corresponds to the substitution of the two adjacent Ti(III) of an
oxygen vacancy. Al(III) substitution therefore removes oxygen
defects from the lattice (Figure 5b). This type of Al(III) substitu-
tional doping combined with oxygen vacancies does not intro-
duce defect energy levels in the band gap because of the stable
3-fold coordination of Al(III). The presence of AI(III) raises
the CB band and widens the band gap, in agreement with our
experimental observation.

The substitution of two Ti(IIl) adjacent to an oxygen defect
with two Al(III) is only possible if A(III) is able to migrate as
interstitial ion through the lattice during processing, as confirmed
by several studies.*”% The reduction in Ti(IlI) and lone oxygen
vacancies also explains the PDS data in Figure 3b. Most impor-
tantly, the stability of Al(III) removes the sensitivity of the anatase
photo-anode to the presence of oxygen and therefore makes the
doped TiO, invariant to ageing under irradiation and heat.

3.3. Device Lifetime Improvement

The effect of Al-doping on the recoverable device degrada-
tion shown in Figure 1 was tested, using the same ageing
procedure described above. The temporal evolution of solar cell
performance parameters for devices aged in inert atmosphere
is shown in Figure 6.

While the undoped devices degraded significantly over the short
measurement period of 30 min in an inert atmosphere, the per-
formance of the 2.5 mol% Al-doped devices was unchanged. This
does not amount to a stable solar cell, but indicates that the sub-
stantial reduction in sub-band gap density of states caused by Al
doping has significantly assisted the reduction of short-term deg-
radation observed for ssDSSCs operating in an inert atmosphere.
Experiments over longer ageing times are currently in progress.
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4, Conclusions

We have explored the implications of non-stoichiometric defects
in TiO, on the dye sensitized and perovskite solar cells. Oxygen
vacancy induced defects in anatase TiO, were identified not
only limit electron transport within the material but are also the
cause of substantial deterioration of device operation upon UV-
irradiation in inert condition. This gives rise to a conundrum:
sealed, oxygen-fee devices degenerate rapidly because of the
loss of defect-passivating O, under realistic device operation.
In unsealed devices, on the other hand, dye oxidation is the
cause of permanent losses in device efficiency.

A low level of Al-doping into TiO, substantially resolves this
problem. Employing mixtures of Ti- and Al-containing precur-
sors in a sol-gel chemical synthesis, and by inducing a 20-nm
mesoporous length-scale by block-copolymer self-assembly, we
have fabricated mesostructured Al-doped anatase TiO,. The
substitution of Al into the TiO, lattice was confirmed by XPS
and UV-vis spectroscopy. PDS measurements suggested that Al-
doping reduces the number of sub-bandgap states (increasing
the V,.) and dramatically increases electron conductivity. This
leads to an overall improvement in device performance of dye
sensitized and perovskite based meso-superstructured solar
cells (which employ a compact TiO, n-type collection layer).
More importantly, we have observed that low levels of Al-
doping reduced the rate of the rapid performance deterioration
of encapsulated devices, which occurs for devices based on pris-
tine TiO,.

Both the improvement in solar cell performance and increase
in stability are attributed to the reduction of non-stoichiometric
oxygen-induced defects in the TiO, by Al-doping, which per-
manently passivates bulk and surface defects, removes deep
electronic traps and sub-bandgap states and raises the conduc-
tion band. Importantly, the employed processing technique is
simple and scalable. Based on earlier sol-gel approaches, no
additional processing steps are introduced and the only altera-
tion is the introduction of an Al- containing precursor sol. Our
method is general and robust, and easily adaptable to TiO,
doping with other metals. This study is a significant step on the
path towards the realization of solid-state DSSCs with practical
outdoor operational lifetimes.

5. Experimental Section

Substrate Preparation: FTO-coated glass sheets (7/0, Pilkington) were
etched with zinc powder and HCl (2 M) to obtain the required electrode
pattern. The sheets were then washed with soap (2% Hellmanex in
water), deionized water, acetone, and methanol. The last traces of organic
residues were removed by oxygen plasma cleaning. The FTO sheets were
subsequently coated with a compact layer of TiO, (100 nm) by spin-
coating a titanium sol precursor at 2000 rpm. The titanium precursor sol
was prepared by drop-wise adding a solution of 175 pL Ti isopropoxide
in 1.25 mL EtOH into a solution of 17.5 pL of 2 M HCl in 1.25 m| EtOH.
The coated FTO substrate was then heated to 300 °C for 30 min.

Mesostructured TiO, Electrodes: Meso-structured TiO, electrodes
were fabricated using a BCP as a structure-directing agent for the
condensation reaction of sol-gel chemistries.®’] The polyisoprene-
block-polyethyleneoxide (PI-b-PEO) block-copolymer (BCP) (0.4 g,
molecular weight M, = 34.4 kg mol™', 28 wt% PEO) was dissolved
in 8 ml of an azeotrope solvent (72.84 wt% toluene and 27.16 wt%
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1-butanol). Separately, a titanium precursor sol was prepared by adding
1.54 ml titanium (IV) isopropoxide (Sigma Aldrich, 99.999%) to 0.49 ml
hydrochloric acid (37%) under vigorous stirring. After stirring for a few
minutes, the titanium precursor sol was added to the polymer solution
and subsequently stirred for a further 30 min. For Al-doping, 0.5, 1,
2.5 and 5 mol% aluminum isopropoxide pre-cursor was added and
stirred until the solution became clear. The resulting solution was spin-
coated (2000 rpm, 40 s) onto the compact layer coated FTO substrate.
The films were then annealed on a hot-plate (2000 W, Harry Gestigkeit
GmbH), typically for 10 min at 50 °C, followed by a 45 min linear
heating ramp to 300 °C and held there for 5 min. The procedure of film
deposition and subsequent annealing was repeated 3 times to achieve
the required layer thickness. Finally, the entire stack was calcinated at
600 °C (3 h, heating ramp 5 °C /min) to remove the organic material
and to crystallise the TiO,.

Compact Layer Doping: The compact layer preparation above was
modified by adding 0.3, 0.5, 1, 2.5 and 5 mol% aluminum isopropoxide
precursor to the Ti isopropoxide solution.

Materials Characterization: Scanning electron microscopy was carried
out on a LEO 1550 FESEM (Zeiss) with a field emission source operated
at an acceleration voltages of 5 kV.

X-ray diffraction was measured using Bruker D8 theta/theta (i.e. fixed
sample) spectrometer with a position sensitive detector (LynxEye) and
a standard detector (SC) with auto-absorber and graphite 2nd beam
monochromator (Bragg Brentano parafocusing geometry, reflection
mode).

For X-ray photoemission spectroscopy (XPS) measurements, TiO,
samples were fabricated on an oxide-covered silicon wafer, which was
transferred into the ultrahigh vacuum chamber of an ESCALAB 250Xi.
The measurements were carried out using a XR6 monochromated Alka
X-ray source (hv =1486.6 eV) with a 650 ym spot size.

To measure conductivity, space charge limited current (SCLC) in a
vertical configuration was adopted. 100 nm TiO, films were spin-coated
on 25 nm gold coated corning 1737F glass substrate (15 mm x 15 mm).
A top electrode of 25 nm gold was deposited on top of the film.

Photothermal deflection spectroscopy (PDS) was used to measure
sub band gap states in TiO, films deposited on Si-substrates. PDS is
a highly sensitive surface-averaged absorption measurement technique.
For the measurements, the sample was exposed to monochromatic light
(pump beam), producing a thermal gradient due to the non-radiative
relaxation of the absorbed light. This results in a refractive index gradient
in the area surrounding the sample surface, which was further enhanced
by immersing the sample in an inert liquid (Fluorinert FC-72) which has
high refractive index changes for small variations in temperature. A fixed
wavelength continuous wave laser beam (probe beam) (670 nm) was
passed through this refractive index gradient producing a deflection
proportional to the absorbed light. This deflection was measured using
a position sensing detector and a lock-in amplifier. The deflection is
proportional to the light absorption in the sample at that wavelength of
the pump pulse, and scanning pump-pulse wavelength yields a complete
absorption spectrum.

UV-vis absorption was measured on films in air using a commercial
spectrophotometer (Varian Cary 300 UV-Vis, USA).

Device Fabrication: For ssDSSC fabrication, mesoporous electrodes
were cut down to size and soaked in a TiCl, aqueous bath (2 x 1072 M)
for 1 hour at 70 °C in an incubator. After rinsing with deionized water
and drying in air, the films were heat-treated at 500 °C for 45 min in air,
cooled to 70 °C and finally immersed in a 0.5 mM C106 dye solution (in
a 1:1 mixture of acetonitrile and tert-butyl alcohol) for 12 h. The dye-
adsorbed films were then rinsed with acetonitrile before spinning-on
spiro-MeOTAD (LUMTECH) hole-conductor at 1000 rmp for 60 s in
air. The solution for spin-coating consisted of spiro-MeOTAD dissolved
in anhydrous chlorobenzene (reagent grade) at 10 vol%, assuming
a density of spiro-MeOTAD of 1 g cm™. Tert-butyl pyridine (tbp) was
added to the solution at a concentration of 1.26 pyL mg™' (tbp: spiro-
OMeTAD). Lithium bis(trifluoromethyl sulfonyl)imide salt (Li-TFSI)
(170 mg mL™" in acetonitrile) was added. After drying overnight, back
contacts were applied by thermal evaporation of 150 nm of silver.
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Perovskite solar cells were fabricated on doped and undoped
compact TiO, layers. An Al,O; meso-structured scaffold was deposited
by spin-coating a colloidal dispersion of 20nm Al,O; nanoparticles
in isopropanol, followed by drying at 150 °C. Upon cooling to room
temperature, a DMF solution of methyl- ammonium iodide and
PbCl, (3:1 molar ratio) was deposited by spin-coating, which forms a
perovskite after heating to 100 °C for 45 min. Spiro-MeOTAD and an
Ag-electrode were deposited in similar fashion as in the fabrication of
ssDSSCs.

For the measurement of the solar-cell device parameters, solar-
simulated AM 1.5 sunlight was generated with an ABET solar simulator
calibrated to output 100 mW cm~2 using an NREL- calibrated KG?5 filtered
silicon reference cell, and the J-V curves were recorded with a Keithley
2400 source meter. The solar cells were masked with a metal aperture
defining an active area of 0.09 cm?. Photovoltage and photocurrent
decay measurements were performed by a similar method as O’Regan
et gl 138:68-70]

The devices were sealed inside a glove box in inert atmosphere. Surlyn
(DuPontTM Surlyn packaging resins) were cut to size, placed on the
device and a glass slide covering the entire active area was placed over
the device. The assembly was placed on hot plate set to 130 °C with the
glass slide facing down for several minutes and a uniform pressure was
applied. Commercial two-part epoxy resin mixed with the appropriate
hardener was then applied around the device to further seal its sides.

Ageing measurements were performed in a SUNTEST CPS+ (Atlas
material testing solution) ageing chamber, equipped with a 1500 W
air-cooled xenon lamp, (O 76.5 mWcm™2). A sample holder was placed
inside the chamber, and the sample was connected to the Keithely
source meter. The samples were kept inside the chamber for the entire
measurement period under constant illumination and fixed temperature
and J-V -curves were taken every 30 min.
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