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a b s t r a c t

We employ time-dependent density functional theory to study the optical properties of a squaraine sen-
sitized TiO2 system, as a model for the corresponding dye-sensitized solar cell. The all-organic squaraine
dye is particularly promising for light absorption in the red spectral region. We compute the photoab-
sorption spectrum of a periodic TiO2 slab exposing anatase (101) surfaces, both for the clean slab and
for the surface covered by the squaraine dye. Those spectra are compared to recent experimental data.
The main absorption peaks are analyzed, concluding that both direct and indirect charge injection mech-
anisms are active in this system.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

In recent years Dye Sensitized Solar Cells (DSSCs) are attracting
considerable interest. On the one hand, application oriented re-
search is focused on the prospect of converting sunlight into elec-
tricity both with high efficiency and low costs [1]. On the other
hand, fundamental theoretical research is unraveling the fast
charge transfer mechanisms which underlie the functioning of
such devices [2]. DSSCs consist of an overlayer of dye molecules ad-
sorbed on the surface of a large gap semiconductor, typically TiO2

in the form of nanoparticles or thin films. The key process that al-
lows for the harvesting of energy from the sun is the injection of
light-excited electrons from the dye into the conduction band of
the semiconductor substrate. The efficiency of this process de-
pends on the structure of the dye/semiconductor interface, as well
as on the precise nature of the electronic excited states involved in
it. In general, the HOMO (highest occupied molecular orbital) of
dye-sensitized TiO2 is localized on the dye, whereas the LUMO
(lowest unoccupied molecular orbital) is localized on the sub-
strate; the net effect is basically a lowering of the energy gap of
the bare semiconductor substrate. Given this alignment of the en-
ergy levels, the injection of a photo-excited electron into the semi-
conductor can be due to different underlying mechanisms. Indeed,
ll rights reserved.
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a direct transition can occur from the occupied levels of the dye to
the conduction band of the TiO2 substrate (direct mechanism). In a
second possible scenario an electron is firstly photo-excited to a
dye localized orbital and then transferred to the semiconductor
conduction band. This indirect mechanism is in general more effi-
cient since it can involve a larger number of final states in the TiO2

conduction band. In this case, in order to achieve high electron-
transfer quantum yields, light must produce long-lived excited
states in the dye that are strongly coupled with a large number
of states of same energy in the TiO2 conduction band. After the
injection process, the photo-excited electron diffuses away into
the substrate, thus determining a potential drop that produces
electric power upon closure of the circuit through an electrolyte
and a counter-cathode (the anode being the TiO2 substrate itself,
in contact with a conducting collecting plate), while the charge
neutrality and chemical stability of the dye is assured by the dona-
tion of an electron from the electrolyte.

A breakthrough of the DSSC technology has been made possible
by the extraordinary performance of ruthenium complexes sensi-
tizer attached to nanocrystalline TiO2 films [1,3,4]. Such transition
metal complexes are still the most widespread dyes in this kind of
application, but research to find alternative optimal dyes is very
active. Ruthenium complexes absorb visible light mainly in the
green region, around 2.3 eV. For this reason, in order to further im-
prove the performance of DSSCs, it is necessary to better fit the
absorption band of the dye with the solar spectrum, which extends
into the red and infra-red region. The introduction of dyes that en-
hance absorption in the red/near infrared region is, therefore, of
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fundamental importance. From this point of view squaraines are
good candidates because of their intense absorption in that energy
range. Several pilot applications already exist [5–10]. In Ref. [10] a
new asymmetrical squaraine has been introduced, with a carbox-
ylic acid group to anchor the molecule to a 4 lm TiO2 film. The
DSSC built with this molecule reached an Incident Photon to Cur-
rent Efficiency (IPCE) of 80% at about 1.9 eV, up to now one of
the best performances for these devices in the far-red/infrared
region.

In spite of the large amount of experimental work on DSSC’s, a
theoretical understanding of such devices is still limited by practi-
cal and conceptual difficulties. The main theoretical challenge con-
cerning DSSCs is to understand the mechanisms ruling their
functioning at the atomic scale, with the final purpose of engineer-
ing new dyes with custom-tailored optimal properties. To that pur-
pose an accurate description of the excited state properties of the
combined dye/semiconductor system is necessary. TDDFT is a suit-
able approach to address this issue and some applications of this
method to DSSCs already exist [11–14]. Indeed, TDDFT allows for
an approximate account of correlation effects on the spectra, at a
substantially lower computational price than approaches based
on many-body perturbation theory. In spite of this, the simulation
of extended portions of the spectrum (as opposed to the calcula-
tion of a few individual lines) of fairly large and complex systems,
such as those needed to model a DSSC, still remains a major com-
putational challenge.
Fig. 1. Translational unit of the squaraine DSSC model, consisting of the molecule
adsorbed on a two-layer slab. The system exposes the (101) surface and is oriented
with the z axis perpendicular to such surface plane. A proton, initially residing on
the dye, is transferred to the surface upon geometry optimization.
2. Computational method and discussion of the results

A particularly efficient implementation to solve TDDFT equa-
tions for large systems has been recently introduced in Refs. [20–
22]. Within this approach the dynamical polarizability of an inter-
acting electron system is expressed as an appropriate off-diagonal
matrix element of the resolvent of a Liouvillian superoperator. By
using a representation for operators and density matrices bor-
rowed from density functional perturbation theory [24,25,23] we
can avoid the explicit calculation of the unoccupied states of the
ground-state Hamiltonian. The problem is then solved through a
method based on the non-symmetric Lanczos algorithm; further-
more an inexpensive extrapolation of the Lanczos coefficients can
be used to enhance even more the convergence properties of this
iterative chain [22]. The overall computational cost of this proce-
dure can be compared to that of ground state calculations. This
new technique has been implemented in a plane wave (PW) basis
set within the QUANTUM ESPRESSO distribution of computer codes
(http://www.quantum-espresso.org).

We applied this new approach to investigate the fundamental
processes of dye-sensitized solar cells working in the red/near
infrared region. We consider the specific case of the squaraine syn-
thesized in Ref. [10], since it has been shown to be the more effi-
cient in this kind of applications. Our model consists of the
molecule adsorbed on a two layers periodically repeated TiO2 slab;
the supercell used for our simulations is shown in Fig. 1. The struc-
ture of the squaraine was simplified by replacing the octyl substit-
uents with methyls; this simplification does not lead to significant
changes in the dye electronic structure [10]. The exposed surface of
the slab is the (101) of anatase structure, using a ð1� 4Þ primitive
cell. The dimension of the cell containing the system is
19:35� 28:61� 54:28 a3

0. We also performed the simulation of
the isolated slab and of the isolated molecule in cells of dimension
19:35� 28:61� 45:66 a3

0 and 52:91� 26:46� 23:62 a3
0, respec-

tively. This model system is chosen as a compromise in between
the computational cost and the purpose of minimizing the spuri-
ous interactions between repeated dye images along the directions
parallel to the surface, i.e. x and y. In these directions, the distance
between repeated images of the dye molecules is about 5 Å, which
we have checked to be sufficient to decouple the interaction
among periodic images. Also in the direction perpendicular to
the slab, i. e. z, we have checked that the vacuum ðca: 6=AAÞ in be-
tween the lowermost TiO2 layer and the repeated dye image is suf-
ficient to minimize spurious dipole–dipole interactions among
repeated images.

The calculations were performed sampling the C point only in
the first Brillouin zone. We used the Perdew–Burke–Ernzerhof
(PBE) [15] XC-GGA functional, ultra-soft pseudopotentials [26]
and a PW’s basis set, up to a kinetic energy cut-off of 25 Ry and
200 Ry for the charge density. The absorption spectra are calcu-
lated as IðxÞ / xImð�aðxÞÞ, where �a is the spherical average (aver-
age of the diagonal elements) of the dipole polarizability; an
imaginary part of 0.002 Ry has been added to the frequency, in or-
der to smooth the divergences of the polarizability.

To check the adequacy of the GGA functional to reproduce the
electronic properties of the dye, we performed additional TDDFT
calculations on the squaraine system by the GAUSSIAN 03 program
[27] using the same PBE functional used in the reported results
and the B3LYP [28] functional. In doing so we selected the rather
large 6-311G* basis set. Compared to the experimental value of
1.94, PBE/6-311G* results provide a 2.07 eV transition, in excellent
agreement with the experiment and with periodic results reported
here, while B3LYP provides a main transition at 2.27 eV, blue-
shifted compared to the experimental value by as much as 0.31 eV.

As a preliminary study we ascertained the proper alignment of
the molecular electronic states with those of the substrate and cal-
culated the projected density of Kohn–Sham states (PDOS) for the
full DSSC system. The results showing the PDOS are reported in
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Fig. 2. Projected density of states (PDOS) for the combined dye-semiconductor
system. TiO2 (dye) states are in red (green). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Isosurfaces of the HOMO (a) and LUMO+34 (b) states.

Fig. 4. Absorption spectrum of the TiO2 slab, as calculated from TDDFT between 0
and 10 eV.

Fig. 5. (a) Experimental absorption spectrum of squaraine in ethanol (red) and
adsorbed on a 4 lmTiO2 film (green). (b) TDDFT results for the absorption spectrum
of squaraine in gas-phase (red) and adsorbed on a TiO2 slab (green). For
comparative purposes the green curve has been multiplied by a factor 1.2. In the
inset the imaginary part of the zz component of the polarizability is shown in the
energy range between 0 and 3 eV. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 2, where we also indicated the positions of the TiO2 valence
and conduction band edges along with the energies of the dye
HOMO and LUMO. We obtained the expected behavior for dye-sen-
sitized TiO2: the HOMO corresponds to a purely dye state (Fig. 3a),
well separated from TiO2 states, while the LUMO corresponds to a
state of the slab (not shown). We also notice that the dye LUMOs
are energetically located in a region of high density of TiO2 conduc-
tion band states, a fact that should lead to a strong coupling be-
tween the dye and the semiconductor states, thus facilitating
electron injection.

For this reason molecular states tend to hybridize with the
states of the slab. Mixing is also increased by proton transfer from
the protonated carboxylic anchoring group of the squaraine dye to
TiO2, which takes place in our system upon geometry optimization
[14]. Indeed, the analysis of the isodensities of the KS orbitals in
conduction band has revealed sizable mixing of dye and TiO2 states
(the state LUMO+34 in Fig. 3b is an example of such behaviour).

We move now to the optical properties of our dye-sensitized
TiO2 system. A proper description of the optical threshold of the
TiO2 substrate is crucial in order for our model to mimic the optical
properties of the real system. Both the KS HOMO–LUMO gap and
the TDDFT optical gap are underestimated to the value of 2.5 eV,
as a consequence of the well known DFT-GGA gap problem [16].
Nevertheless the overall shape of the TDDFT absorption spectrum
in Fig. 4 shows a very low intensity in the visible region and makes
this model substantially reliable in the description of a realistic
TiO2 substrate. We notice that this problem is ameliorated by hy-
brid functionals, which usually deliver improved band gaps com-
pared to GGA functionals [11,17,18].

As shown in Fig. 5, experimentally the squaraine dye presents a
strong absorption peak around 1.94 eV in the visible region [10],



Fig. 6. Imaginary part of the charge response (2) for the DSSC system as a function
of the z coordinate in correspondence to the energy x1. In blue the same quantity is
shown for the molecule standing alone; for comparative purposes this curve has
been divided by 1.2. The charge response for the transition x3 is shown in the frame
(b). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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which corresponds to a p! p� transition involving substantial
charge-transfer from the squaraine core to the molecular region
where the carboxylic groups are located. This excited state is
potentially strongly coupled to the semiconductor conduction
band, due to charge delocalization involving the anchoring carbox-
ylic group. When the molecule is adsorbed on a 4 lm TiO2 film the
spectral features do not significantly change, but the main peak is
broadened and the maximum in the absorption is slightly red-
shifted by about 0.02 eV, due to the interaction of the anchoring
group with the surface. A shoulder of the main transition is pres-
ent, probably due to vibronic transitions [9]. In Fig. 5, the TDDFT
spectra are shown for a molecule in the gas phase and for our
dye-on-a-slab model. The main transition of squaraine has been
found at 2.08 eV, shifted only by 0.14 eV compared to experimental
results in Fig. 5. The calculated value is essentially the same as pre-
viously found in a GGA-TDDFT calculation employing a localized
basis set [10]. This shift is possibly related to solvent effects, but
the magnitude of the discrepancy is beyond the expected accuracy
of this kind of TDDFT calculations. When the molecule is adsorbed
on the surface, a small red-shift of about 0.03 eV occurs, in close
agreement with experimental results. The shoulders observed in
the experimental spectra are not present in our results, possibly
due to our neglect of vibronic effects. As in the experimental data,
the calculated spectrum of the dye + slab system shows only a
weak absorption intensity for energies beyond the first strong tran-
sition. This result confirms once more that the oscillator strength of
the slab spectrum can be neglected for energies below 3 eV (Fig. 4)
and that the substrate model gives an accurate description of the
real system.

We have shown that theoretical and experimental results in the
visible range are in good agreement. Both seem to suggest an indi-
rect transition mechanism in the solar cell, since there is no signif-
icant change between the spectrum of free-standing and adsorbed
molecules. Nevertheless in the TDDFT results some weak transition
appeared in the infrared region, namely for energies lower than the
main transition peak. In this energy region no experimental data
are available for comparison. These transitions are particularly evi-
dent in the zz component of the absorption (see inset of Fig. 5), but
with smaller intensity in the yy component as well. Despite their
weakness, these transitions can bring a contribution to the solar-
to-electric power conversion mechanism.

To investigate in detail the origin of these transitions, we calcu-
lated the charge linear response of the system to the application of
an external electric field Ez along the z direction (since we are
interested in the zz component of the polarizability):

n0Ez
ðr;xÞ ¼

Z
vðr; r0;xÞz0dr0; ð1Þ

where vðr; r0;xÞ is the generalized susceptibility; n0Ez
ðr;xÞ is useful

to show the spatial localization of the dipoles induced by the field Ez

at a given frequency x. We computed explicitly the integral of this
function in the planes orthogonal to the z direction

�n0Ez
ðz;xÞ ¼ 1

Rxy

Z
n0Ez
ðr;xÞdxdy; ð2Þ

which gives information on the dipoles along z. Indeed Eq. (2) is re-
lated to the element azz of the polarizability tensor through

azzðxÞ ¼
Z

�n0Ez
ðz;xÞzdz: ð3Þ

In principle this relation is ill-defined in periodic boundary con-
ditions, since it depends on the choice of the simulation cell [19].
Nevertheless, at least in the energy range we are considering, the
orbitals involved are far from the boundaries of the supercell along
z and for practical purposes there is no substantial difference with
respect to an open boundary conditions approach. Eq. (3) has been
verified to hold a posteriori (namely by computing the absorption
spectrum starting from the charge density response function).

In Fig. 6 we show the values of Im �n0Ez
ðz;xÞ for two of the tran-

sitions displayed in Fig. 6 as a function of the z coordinate; the re-
gion of space occupied by the molecule and by the slab are
delimited by green and red lines respectively. In the frame (a) we
see a strong dipole in the dye region at energy x1, which is very
similar to what we have found for the free-molecule (blue line); al-
most no charge response is present in the region of the slab, but for
a charge accumulation opposite to the one where the dye is an-
chored. In the other frames of Fig. 6 the charge response function
is shown for x3; in this case it is evident that this low energy peak
is mainly associated to a molecule-slab transition. Indeed the den-
sity response is almost exclusively negative in the squaraine region
and almost exclusively positive in the slab and the slab-dye inter-
face region, thus forming a net dipole between the molecule and
the slab. This transition corresponds to a direct injection
mechanism.

The TDDFT analysis of the optical spectra and of the charge re-
sponse functions indicates that the functioning of the squaraine so-
lar cell is dominated by an indirect injection mechanism, even
though a weak contribution arising from a direct dye to semicon-
ductor transition cannot be excluded. Further work is necessary
to improve the reliability of TDDFT calculations on DSSC systems,
especially concerning the description of the semiconductor. A more
realistic model with many layers would lead to a more appropriate
description of such system; but the most important problem con-
cerns the correction of the gap of TiO2, that we have underesti-
mated in our calculations. To this purpose, hybrid functionals,
despite a large computational cost, are a suitable method to correct
both the KS gap and the TDDFT optical gap of the substrate [11].
Nevertheless, our computational approach is able to provide con-
siderable insight into the electronic structure and the nature of
the excited states of this important class of systems, bridging
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chemistry and solid state physics, thus aiding the design of new
and more efficient dyes and DSSC devices.
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