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A new method for melting hole transporting materials (HTM) into mesoporous TiO2 elec-
trodes to obtain solid-state dye-sensitized solar cells (DSSC) is reported. Internal coverage
is determined from the efficiency of hole conductor oxidation by photo-oxidized dyes (dye
regeneration), measured using transient absorption spectroscopy. High efficiency regener-
ation indicates complete coverage of the electrode internal surface. A high work function
hole conductor (>5.2 eV) was found to give shorter regeneration lifetimes (<1 ls) and bet-
ter regeneration efficiencies (>90%) than expected. Cell photocurrents were low, but
improved after iodine vapor doping of the hole conductor. Counter intuitively, doping also
reduced the recombination rate constant 7-fold. A solid state solar cell with power conver-
sion efficiency of 0.075% at 1 sun is reported.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction In previous reports, HTMs have been deposited by var-
Dye-sensitized solar cells (DSSC) as a low-cost and effi-
cient alternative to conventional inorganic photovoltaics
have been under development since 1991 [1]. For hole
transport, an iodine/iodide redox couple dissolved in a vol-
atile organic electrolyte is utilized. Alternative approaches,
such as non-volatile ionic liquids [2], polymer electrolytes
[3], conjugated polymer conductors [4] and small molecule
hole transporting materials [5] (HTM) have been demon-
strated. Devices utilizing a triphenylamine based spiro-
OMeTAD as the HTM layer are still unrivaled as solid-state
DSSCs, yielding 5% power conversion efficiency [6]. Several
other triphenylamine [7–10], hydrazone [11] and pentacene
[12] based compounds have been reported as alternatives,
with efficiencies of 2%, 0.07% and 0.8%, respectively. Inor-
ganic hole conductors such as CuI and CuSCN have demon-
strated efficiencies in the 2–3% range [13,14].
. All rights reserved.
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Regan).
ious means, including thermal evaporation and from solu-
tion. Poor titania pore filling has been reported as a major
performance limiting factor in all cases. Various studies
have indicated that for solution-deposited spiro-OMeTAD,
or CuSCN the pore filling fraction is never more than 70%
for oxide films 62 lm, and drops off rapidly for thicker
films [14,15]. This poor pore filling limits the photocurrent
available from these cells. An alternative approach that
could circumvent the pore filling problem would be the
use of a solvent-free, melt-processable hole conductors to
infiltrate the mesoporous titania. One previous study has
pursued this approach [16]. Scanning electron microscopy
was used to show that high pore-filling was obtained,
however a low efficiency (0.04% at 0.1 sun) was reported.
The authors did not attempt to include the standard addi-
tives used in high efficiency OMeTAD cells such as tert-bu-
tyl pyridine, lithium salts and chemical oxidants. Presence
of these compounds in the HTM layer is vital in order to
obtain efficient devices [17]. Solvent-free incorporation of
ionic and chemical dopants into melt deposited HTM phase
is a challenging task and in this paper we begin to address
this issue. Using new melt-processable hole conductor we
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Fig. 1. Energy level diagram of a dye-sensitized solar cell. Arrows indicate the charge transfer processes. VM3 hole conductor and N719 dye structures are
also indicated.
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demonstrate high efficiency regeneration of the
photo-oxidized dye molecules, indicated good pore filling
or at least good surface coverage of all pores. Initial at-
tempts to incorporate lithium salts and doping increase
both the photocurrent and photovoltage of these cells,
resulting in an increase of efficiency over the previous
report.

Fig. 1 is an energy level diagram of the different dye-sen-
sitized solar cell components and the fundamental charge
transfer processess. Upon light absorption, an electron is ex-
cited from the HOMO to the LUMO of the dye molecule. The
electron is then injected (kinj) into the conduction band of
TiO2. The resulting photo-oxidized dye can then be regener-
ated (kreg) by an HTM or it can recombine with the injected
electron (krcd). After dye regeneration, charge transport is
competing against electron recombination (krch) with a hole
in the HTM layer. The energy values of TiO2 conduction band
edge and dye HOMO/LUMO levels were recently summa-
rized elsewhere [18]. For comparison energy levels vs.
NHE have been converted to vs. vacuum with NHE set at
�4.4 eV relative to vacuum. In this report, transient absorp-
tion spectroscopy (TAS) is utilized to study regeneration
yield and recombination kinetics.
2. Experimental

2.1. Device fabrication

Reagents TiCl4�2THF, acetylacetone, titanium iso-prop-
oxide, tris(4-bromophenyl)aminium hexachloroantimo-
nate (TBPA), lithium bis(trifluoromethanesulfonimide)
(LiTFSI), coumarin (1,2-benzopyrone) and solvents were
purchased from Sigma–Aldrich and used without further
purification. TiO2 paste was prepared following published
recipe [19,20]. N719 was kindly provided by Prof. M. Grat-
zel’s group in EPFL, Switzerland. Synthesis and physical
properties of the hole conductor VM3 (Fig. 1) will be
reported separately [21]. The work function of VM3 was
determined by ultraviolet photoelectron spectroscopy
and was found to be 5.26 eV.

FTO/TiO2/dye films were prepared as previously [22]. In
brief, a glass plate covered with a thin film of SnO2:F
(TEC15, 15 X/h, Pilkington) was washed with a detergent,
rinsed with deionized water and iso-propyl alcohol, dried
and heated at 450 �C in air for 30 min. Thin film of TiO2

blocking layer was deposited by spray pyrolysis of 0.4 M
Ti(acetoacetonate) solution in ethanol at 450 �C with air
flow [23]. After cooling down to room temperature, TiO2

paste was applied by doctor blading using 50 lm scotch
tape as a spacer. After drying in air for 30 min, the films were
sintered at 450 �C for 30 min, giving 5 lm thick TiO2 films as
determined by profilometry. A TiCl4 post-treatment was
then carried out by immersing the films into a solution of
0.84 g TiCl4�2THF in 80 mL of deionized water for 30 min
at 70 �C. Substrates were then washed with deionized water
and sintered for 30 min at 450 �C and cut into 1.5 � 2.5 cm
pieces. Surrounding TiO2 was scraped off to give 1 cm2 ac-
tive area, then heated again at 450 �C for 30 min and while
still hot (�100 �C) immersed into a 0.3 mM solution of
cis–bis(isothiocyanato)bis(2,20-bipyridyl-4,40-dicarboxyla-
to)ruthenium(II) (N719) dye in 1:1 mixture of acetoni-
trile:tert-butyl alcohol for 16 h.
2.2. Melting and doping

A dye-sensitized mesoporous titania electrode with
TiO2 area of 1 cm2 was covered with a 1 mm thick glass
plate which was just wide enough to cover the TiO2 film.



Table 1
Summary of solar cell parameters.

Device Jsc (lA cm�2) Voc (V) FF PCE (%) LiTFSI pre-treatment Iodine vapour exposure time (min)

A 24 353 0.26 0.002 No 2
B 130 560 0.34 0.025 Yes 5
C 332 521 0.43 0.075 Yes 15
D 473 270 0.33 0.042 No 80
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This plate was held down lightly with a screw clamp. HTM
powder was then added next to the glass strip/
electrode junction and the device was transferred to a
hot-plate in a nitrogen glovebox in order to avoid HTM oxi-
dation. It should be noted, however, that it was not estab-
lished if the nitrogen atmosphere is necessary. It was not
checked if the HTM melt oxidizes in air. The substrate
was heated at a temperature slightly higher than the
HTM melting point, 134 �C for the VM3 used herein. As
the HTM powder melted it was drawn into the space be-
tween the glass plate and the TiO2 film. In approximately
2 min the whole TiO2 active area was covered. The clamp
was then tightened to force the glass plate closer to the
TiO2 film. This was done to minimize the HTM overlayer
outside the TiO2, which contributes to the series resistance
of the cell. Without the tightening step, HTM overlayers of
�10 lm are obtained, whereas with tightening it is re-
duced to 0–2 lm. In some cases coumarin (CM) was used
as an inert meltable material that would not regenerate
the dye, but would provide a similar history and chemical
environment in the pores to provide blank samples for
transient absorption measurements.

The glass strip was removed after the electrode had
cooled down. UV–Vis absorption was recorded before and
after the melt infiltration to monitor any dye degradation.
No changes in the dye absorption spectrum were observed
after heating/melting, except for higher optical density due
to presence of VM3. In order to p-dope the hole conductor,
the electrode was transferred into a vial containing a few
iodine crystals and the vial was sealed. The hole conductor
was observed to darken immediately. Doping was carried
out for fixed times as specified in Table 1. After doping a
pressed graphite electrode was applied to the hole conduc-
tor overlayer to complete the solar cell. Schematic illustrat-
ing a finished device is shown in Fig. 2. In some cases 20 lL
of 10 mM LiTFSI in acetonitrile was drop-cast on top of
dye-sensitized TiO2 prior to melting in the HTM.
2.3. Characterization

All the measurements were recorded in air at room
temperature, unless indicated otherwise. Current–voltage
Fig. 2. Final device structure schematic i
curves were recorded using a Keithley 2400 Source Meter.
A Xenon lamp fitted with an AM1.5 global filter was used
for illumination. Silicon photodiode was used to calibrate
the light source to give 1 sun light intensity. Voltage was
cyclically sweeped from 0 to 1 V and to �1 V under illumi-
nation or in the dark.

Transient absorption spectroscopy was conducted using
a pump–probe system similar to that reported previously
[24]. Probe light was Bentham IL1 lamp output attenuated
with neutral density filters to give roughly 1 sun light
intensity (�100 mW cm�2). Light was focused onto the
sample and subsequently onto a monochromator. The pho-
todetector had a rise time of 100 ns and was connected to a
Costronics 2008 amplifier which was further connected to
an oscilloscope with a time resolution of 4 ns. At least 20
laser pulse repeats per probe wavelength were used for
averaging. The pump signal was supplied by an Nd:YAG
1064 nm light pumped OPO (Opotek Opolette 355) with
10 Hz repetition rate, 6 ns pulse duration. A waveguide
was used to direct and decollimate the laser light.
Excitation wavelengths were 460 nm for dye/coumarin
and 510 nm for dye/VM3 samples. Pulse energy was
roughly 0.026–0.04 mJ cm�2. At early time scattered laser
light was subtracted from the TA spectrum. During scat-
tered light measurement the probe light was blocked and
white background illumination was provided by 12 white
LEDs (Luxeon LXHL-NWE8). Sample temperature was
monitored to be at 27–30 �C. All samples used for TAS
had very similar optical densities and film thicknesses in
order to make the absolute absorptions comparable.

To obtain the optical absorption spectrum of VM3 cat-
ion a small amount of VM3 compound was dissolved in
chlorobenzene and an equivalent amount of TBPA or iodine
was added to obtain the oxidized form of VM3.
3. Results and discussion

3.1. Melting and solar cell performance

Filling the capillary space between the TiO2 electrode
and the covering glass sheet was observed to proceed eas-
ily and reproducibly using VM3, other hole conductors
ndicating component thicknesses.



Fig. 4. Incident photon to current conversion efficiency of a FTO/TiO2/
N719/VM3/Graphite cell, doped for 15 min in iodine vapour. Overlaid is a
normalized absorption spectrum of the same film before adding the HTM
and iodine doping. It can be concluded that the photoaction is due to the
dye absorption.

26 M. Juozapavicius et al. / Organic Electronics 13 (2012) 23–30
such as commercially available N,N0-Bis(3-methylphenyl) -
N,N0-bis(phenyl)benzidine and 1, 3, 5-Tris[(3-methylphe
nyl)phenylamino]benzene and other non-hole conducting
substances such as Coumarin. However, of the three above
mentioned HTMs only VM3 gave any photocurrent. Based
on data presented in the next section, it seems that the
hole conductors filled the pore space of the TiO2, or at least
coated the interior of most pores. Without iodine doping,
the cells essentially showed no photocurrent. With iodine
doping the conductivity of the hole conductor increased,
as judged from the forward bias dark currents in Fig. 5. Io-
dine penetrated the HTM matrix and oxidized the hole
conductor as confirmed by UV–Vis absorption spectros-
copy, illustrated in Fig. 3. This implies that by oxidizing
the hole conductor, free charges are introduced into the
film which can carry the current. With the increased con-
ductivity a photocurrent was observed.

Incident photon to current conversion efficiency (IPCE)
was recorded of a cell with N719 dye and VM3 melted in,
doped with iodine vapour for 15 min. The spectra is given
in Fig. 4. Overlaid is absorbance spectrum of TiO2 sensi-
tized with N719, recorded in air. The two curves show sig-
nificant overlap, indicating that the current does come
from the absorption of the N719 dye. The IPCE spectrum
is broader, indicating that more scattering occurred in
the cell with VM3 and iodine doping.

Current–voltage curves at approximately 1 sun are gi-
ven in Fig. 6. The IV parameters are collected in Table 1.
We presume that the effect of iodine doping is in large part
due to increasing conductivity of the hole conductor over-
layer as under illumination the hole conductor in the pores
should be photodoped. The addition of LiTFSI by itself in-
creased both the photocurrent and photovoltage, although
Fig. 3. UV–Vis absorption spectra of N719 sensitized TiO2 samples filled
with VM3 and at different iodine doping levels. Increasing the iodine
doping time results in appearance of more VM3 cations. Iodine doping did
not change the main spectral features.
it must be noted that both Li and doping time were chan-
ged in the samples compared.

Solar cells doped with iodine for 15 min had the highest
power conversion efficiency (0.075%). Devices which had
20 lL of 10 mM LiTFSI drop-cast prior to HTM deposition
had �250 mV higher photovoltage. The overall cell
performances reported herein are still quite poor, and
there may be several reasons for this. The most likely one
is slow charge transport, as seen from the dark currents
above. Another is fast charge recombination, as will be
shown below. These two factors significantly retard the
amount of charge which is able to reach the counter elec-
trode and contribute to the photocurrent.

Addition of lithium salts is a widely employed perfor-
mance enhancing method [25], but the mechanism for the
improvement is inconclusive. However, it was found that
lithium salts may significantly slow down the charge recom-
bination [26]. They were also found to affect the interfacial
energetics and influence the charge separation kinetics in
solid-state DSSCs [7].
3.2. Transient absorption spectroscopy

Transient absorption spectroscopy (TAS) was employed
to study photoinduced charge transfer kinetics in HTM
melt-infiltrated TiO2 films. During the TAS measurements
samples were also illuminated with �100 mW cm�2 white
bias light to mimic operating conditions of a solar cell. In
the absence of a counter electrode this is equivalent to
the open-circuit condition of a full cell Fig. 7. shows differ-
ence spectra of three infiltrated TiO2/N719 films recorded
3 ls after the laser pulse. The Figure also shows a control



Fig. 5. Current–voltage curves of the four solar cells (FTO/TiO2/N719/
VM3/Graphite) in the dark. Increasing the iodine doping time improved
the conductivity of the HTM layer, as seen from the increased forward
bias current.

Fig. 6. Current–voltage characteristics of dye-sensitized solar cells (FTO/
TiO2/N719/VM3/Graphite) with melted in hole conductor and different
iodine vapour exposure times. Illumination with AM1.5G simulated
sunlight, intensity 100 mW cm�2 and device active area of 1 cm�2. Details
of solar cell parameters are given in Table 1. Arrows indicate the effect of
iodine doping. Cells A and B had LiTFSI drop-cast prior to HTM deposition.

Fig. 7. Transient absorption spectra recorded 3 ls after laser pulse of
460 nm on FTO/TiO2/N719/CM (triangles) and laser pulse of 510 nm on
both FTO/TiO2/N719/VM3 (squares) and FTO/TiO2/N719/VM3 exposed to
iodine vapour for 2 min (circles).
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film (N719/CM) which was infiltrated with a high work
function material which does not regenerate the
photo-oxidized dye, but does provide a chemical/physical
environment similar to that when a hole conductor is pres-
ent. Coumarin was chosen for this role due to its low-lying
HOMO level, transparency at 400–1000 nm light and low
melting point [27].

In the FTO/TiO2/N719/CM spectrum in Fig. 7, the de-
crease of absorption at 490–600 nm corresponds to the
bleach of the dye ground state. There is also likely a contri-
bution from a Stark shift of the dye ground state absorption
towards the blue [28,29]. The Stark shift would add to the
apparent bleach on the red side of the ground state absorp-
tion. The strong absorption at 700–900 nm, centered at
810 nm is attributed to the oxidized dye [30,31]. Electrons
in the TiO2 contribute to absorption at 700–990 nm [32].
The presence of oxidized dye and TiO2 electrons, and the
magnitudes of the signals, indicate that excited state elec-
tron injection from the dye into TiO2 is not strongly re-
duced by the melt infiltration procedure. Replacing the
inert coumarin with VM3 produced two changes in the
spectrum (Fig. 7). The absorption centered at 810 nm is
strongly reduced compared to N719/CM case, indicating
the oxidized dye concentration is much lower in this sam-
ple. In addition, a strong absorption at 460–590 nm
appears which is assigned to the VM3 cation as demon-
strated in Fig. 8.

Fig. 8 shows the optical absorption spectrum of VM3
cation in solution in comparison to the TiO2/N719/VM3
difference spectrum, reproduced from Fig. 7. The two spec-
tra share the 460–590 nm feature, and the rising absorp-
tion beyond 800 nm. In Fig. 8, the expected absorption at
600–700 nm region by the VM3 cation is mostly masked
by the apparent dye bleach due to Stark shift, as mentioned



Fig. 8. Transient absorption spectra (3 ls after laser pulse) of FTO/TiO2/
N719/VM3 compared to the optical absorption of oxidized VM3 in
solution. Solution spectra normalized to the transient at 520 nm. Also
shown is subtraction of the normalized solution spectrum from the
transient.

Fig. 9. Transient absorption decay of electrons in TiO2 for three different
devices. Decay of probe signal at 990 nm for FTO/TiO2/N719/CM (trian-
gles), at 810 nm for FTO/TiO2/N719/VM3 (squares) and at 810 nm for FTO/
TiO2/N719/VM3 +2 min iodine vapour exposure (circles). Stretched
exponential fitted electron lifetimes for the three devices were 55, 52
and 340 ls, respectively.
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above. Subtracting the contribution of oxidized VM3 from
the TiO2/N719/VM3 spectrum (normalized at 520 nm) pro-
duces the dash-dot spectrum (A–B) in Fig. 8. On the red
side, the remaining signal resembles the visible and NIR
absorption of electrons in TiO2. There appears to be virtu-
ally no contribution from oxidized dye molecules, implying
that the regeneration of oxidized N719 by VM3 is complete
by 3 ls. At 810 nm, the ratio of the oxidized dye signal in
N719/CM to the electron signal in TiO2/VM3 is four. This
is essentially the same as that seen in N719/electrolyte
cells where �100% regeneration can be shown to occur
by photocurrent efficiency [33]. Thus we can assume here
that near 100% of the photo-oxidized dyes have been
regenerated by VM3.

Fig. 7 also contains the TAS spectrum of a TiO2/N719/
VM3 electrode exposed to iodine vapour for 2 min. The
spectrum is almost identical with the undoped sample
spectrum. It appears iodine doping did not significantly al-
ter injection and regeneration yields. If the iodine doping
gives rise to free iodide in the hole conductor film, regen-
eration of the oxidized dye by iodide might occur, tran-
siently re-creating iodine. The slightly larger absorption
in the region of 500 nm might be an indication of iodine
formation but much more data would be required to estab-
lish this.

Electron recombination to the oxidized dye in the N719/
CM, and electron recombination to the hole conductor in
N719/VM3 samples are examined in Fig. 9. The transient
absorption wavelength for each sample was chosen to rep-
resent almost entirely the electrons in TiO2. Thus we chose
980 nm for the TiO2/CM sample, where there is no hole con-
ductor contribution, but 810 nm for the TiO2/VM3 samples
where 980 nm appears to have a contribution from VM3+ as
well. The signal at 810 nm would also contain the oxidized
dye if any, but as shown in Fig. 7, there is no remaining oxi-
dized dye by 3 ls. The transient decays were fit with a
stretched exponential function (DOD � Aexp[�(t/s)b]) and
fitting parameters are indicated in Fig. 9. In TiO2/N719/CM
the recombination lifetime to the oxidized dye is about
50 ls, similar to that found for inert electrolyte cells (where
no regeneration occurs) [33]. Interestingly, the electron/
hole recombination in TiO2/N719/VM3 is almost identical,
implying the dye layer by itself does not block recombina-
tion, and perhaps that, after regeneration, the VM3+ hole
is trapped near the surface analogous to the situation in
polymer/PCBM solar cells [34]. Contrary to expectation
the iodine doped sample showed a 7-fold slower recombi-
nation. One might expect the increase in hole concentration
in the VM3 to increase recombination, analogous to increas-
ing the iodine in an electrolyte cell, however, the opposite
happens. The effect is not fully understood.

The decays in Fig. 9 further indicate that the regenera-
tion of the oxidized dye by VM3 is probably faster than
100 ns. If the regeneration was between 100 ns and 3 ls,
one would expect a biphasic decay at 810 nm with the
early decay reflecting regeneration. Although the data is
noisy, there is no such decay seen. The initial amplitude
of the oxidized dye signal would be on the order of 1.2
mOD as in Fig. 7, four times higher than that shown in
Fig. 9. Thus we can conclude that regneration by VM3 is



M. Juozapavicius et al. / Organic Electronics 13 (2012) 23–30 29
substantially faster than 100 ns. That agrees well with sim-
ilar studies where pico to nanosecond regeneration by an
organic hole conductor was observed [35]. The kinetic data
shown above imply a very high level of penetration of the
pores by the melt infiltrated hole conductor, consistent
with efficient dye regeneration.

The effect of iodine doping is twofold. It oxidizes the
hole conductor and possibly introduces free charges into
the HTM film, effectively improving conductivity of the or-
ganic layer. As discussed above, it also retards the recom-
bination rate to oxidized species. The mechanism of the
latter effect is unknown and is also counter-intuitive, as
with a higher concentration of oxidized HTM molecules
one would expect to obtain a faster charge recombination
rate.

Solar cells without iodine doping had fast charge
recombination rate and very low conductivity of the organ-
ic layer. Two minutes of iodine vapour exposure resulted in
significant reduction of recombination rate, but only minor
improvement in solar cell short-circuit current and overall
performance. Further vapour exposure improved the HTM
conductivity and photocurrent ten-fold up to almost
500 lA cm�2, but these samples were unavailable for TAS
studies as they became opaque. Further research to under-
stand the limiting factors of these solar cells is in progress
and new venues for improvement of melt-processed DSSCs
are being explored.

4. Conclusions

A novel meltable hole transporting material and a
reproducible melting method have been reported. Tran-
sient absorption spectroscopy experiments showed quan-
titative dye regeneration and implied complete wetting
of the dye-sensitized TiO2. Chemically doping the HTM
layer increased its conductivity and was found to decrease
charge recombination rate. Power conversion efficiency of
0.075% at simulated 1 sun illumination was obtained for
the best device. It was demonstrated that melt-processing
HTMs is an alternative option to infiltrate mesoporous
nanocrystalline electrodes with compounds which other-
wise might not be available for deposition from solution
or thermal evaporation. Very low pure HTM conductivities
and fast charge recombination rates were found to be the
main performance limiting factors.
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