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We report a first principles DFT/TDDFT computational investigation on a prototypical perylene
dye anchored to realistic ZnO substrates, as a model of the related DSC devices. DFT
calculations were performed on different (ZnO), clusters of increasing size, with n up to 222 of
1.3x1.3x3.0 nm dimensions, and for the related dye-sensitized models. We show that quantum
confinement in the ZnO nanostructures substantially affects the dye/semiconductor alignment of
energy levels, with smaller ZnO models providing unfavourable electron injection
thermodynamics. An increasing mixing between dye and semiconductor unoccupied states is
found moving to larger substrates, substantially contributing to the interfacial electronic
coupling. TDDFT excited state calculations for the investigated dye@(ZnQ),,, system are fully
consistent results with the experimental data, quantitatively reproducing the red-shift and
broadening of the visible absorption spectrum observed for the ZnO-anchored dye compared to
the dye in solution. TDDFT calculations on the fully interacting system also introduce a further
contribution to the dye/semiconductor state admixture, due configurational excited state mixing.
Our results highlight the challenges in the simulation of dye-sensitized ZnO interfaces, yet we

show that a proper computational set up is able to capture the fundamental insight lying at the

heart of the associated DSC devices.

Introduction

In the field of renewal energies, Dye Sensitized Solar cells
(DSCs)*® are a promising alternative to traditional carbon-
based energy. DSCs are potentially low cost devices which
can work under non-optimal and diffuse light conditions.
Moreover, being coloured-transparent and flexible they have
attracted great interest for architecture and design. In the last
decades great effort has been devoted to the increase of the
DSCs efficiencies and a growing number of papers have been
published on this field.

In DSCs devices, an organic/metallorganic dye adsorbed onto
the surface of a nanostructured wide band-gap semiconductor
absorbs the solar radiation, thus producing a charge-transfer
excited state. The resulting photoexcited electrons and holes
are transferred to the semiconductor manifold of unoccupied
states and to an electrolyte or hole conductor, respectively.
The oxidized dye is then regenerated by the reduced species in
the electrolyte. The injected electron travels through the
network of semiconductor particles to reach the contact,
produces an external work, and eventually reaches the cathode
where the oxidized form of the electrolyte is regenerated,
closing the circuit.

Even though many efforts have been focused on the
generation of new dyes with improved electronic properties,
the role of other components of the cell are also being actively
investigated. New redox couples’® have been proposed as
alternatives to the standard I7/15" liquid electrolyte and
alternative semiconductors, such as ZnO, SnO,, ZrO,, Nb,Os,

Sn0, and 1n,03,%*™ are being studied to try to rival the most
widely used and efficient TiO,-substrates. DSCs based on
nanostructured TiO, have indeed led to the highest
efficiencies to date,’*'® with a recently achieved record of
efficiency exceeding 12%'%, while for ZnO-based DSCs
efficiencies up to 7.5% have been reported.’” Despite the
lower efficiency, ZnO has received considerable interest as a
semiconductor substrate for DSCs due to its high electron
mobility that can lead to a faster electron transport rate.'®%
Moreover, a large variety of ZnO nanostructures have been
synthesized,® further allowing to tuning of the electronic
properties of the DSC photoanode.

Bulk ZnO and TiO, posses similar band gaps and conduction
band edge energies,?* but a quite different band structure, with
TiO, showing a indirect band gap and a much larger density of
states than ZnO, which shows a direct band gap. The higher
density of states in TiO, can directly affect electron injection
from the dye excited state, ensuring a strong coupling between
the dye excited state and the semiconductor manifold of
unoccupied states.’® Interestingly, while for TiO, the band
gap and conduction band energy edge are largely insensitive
to the particle size above a minimum threshold,?® a significant
quantum confinement effect has been reported for ZnO. Band-
gap variations between 3.4 and 3.8 eV have been reported for
ZnO depending on the size of the nanostructures.?*? The
band gap increase is associated to different valence and
conduction band energy shifts, with the conduction band edge
increasing its energy, i.e. becoming less negative vs. vacuum,
when reducing the structure size.®3° In light of the
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anticipated strong effect of the conduction band energetics,
density of states and alignment with the energy levels of the
excited dye on the electron injection efficiency, 3" significant
differences between TiO, and ZnO can be expected when
varying the dimensions of the nanostructures constituting the
DSCs semiconductor film.

Computer simulations rooted into Density Functional Theory
(DFT) and Time Dependent DFT (TDDFT) have become a
crucial tool to understand the detailed atomistic factors ruling
the DSCs efficiency. The simulation of the dye/semiconductor
interface is however a formidable task, since it requires to
model on the same footing the molecular dye and the extended
semiconductor in the environment of the electrolyte (typically
acetonitrile). As a matter of fact, the calculation of the
explicitly interacting dye/semiconductor/solvent excited states
has been possible only in limited cases and with a large
associated computational overhead.

For dye sensitized TiO, interfaces, we have devised over time
an integrated computational protocol, based on a description
of the semiconductor relying on large clusters, e.g. (TiO5)g, >
which has allowed us to accurately simulate the excited state
properties of the most efficient Ru(ll) and organic dyes
adsorbed onto TiO, entirely from first principles.®>** An
alternative approach which avoids the solution of the
interacting system’ properties in a full quantum mechanical
framework has been also reported,®* in which the dye
excited states are perturbed by the presence of the
semiconductor in a quantum mechanics/molecular mechanics
embedding fashion. This approach, however, should only hold
for weakly interacting dye/semiconductor systems, which is
often not the case for the most performing systems. 31333
Recently, we have set up realistic ZnO nanostructures which
accurately describe the electronic and optical properties of the
corresponding experimental systems.?*® Following this work
and motivated by the high-level time-resolved spectroscopic
study on the injection mechanism of perylene dyes on ZnO,*
we aim here at extending our theoretical investigations to
perylene dye-sensitized ZnO, with particular reference to the
conjugated dye reported in Fig. 1. The class of perylene dyes
has been extensively investigated and have shown very
promising efficiency when employed in solid state devices®
and in liquid electrolyte DSCs.*°

Fig. 1 Structure  of
the investigated
perylene dye and
adsorption modality into
ZnO.

We find that proper
modelling of dye/ZnO
interfaces turns out to
be a much more
challenging task  than

that of the corresponding TiO, systems, due to the pronounced
ZnO quantum confinement effects which introduce substantial
difficulties in reproducing the dye/semiconductor mixing and
alignment of energy levels. We thus investigate saturated

(Zn0), clusters of increasing dimensions, up to n=222 of ca.
1.3x1.3x3.0 nm dimensions, which show a progressively
lower conduction band energy edge, finding that the mixing of
dye/semiconductor molecular orbitals and the nature of the
excited states substantially changes with the semiconductor
size and eventually strongly affects the electronic coupling
across the dye-sensitized semiconductor interface. Our results
highlight the very relevant role and the challenge of properly
describing the nature and the alignment of excited state energy
levels at the dye/ZnO interface, opening the way to the
accurate simulation of dye-sensitized ZnO solar cells.

Model and computational details

To model ZnO nanostructures of increasing dimensions
(Zn0)42, (Zn0O)g, and (Zn0),,, clusters have been built, see
the optimized geometries in Fig 1. To avoid the metallization
of the semiconductor due to the polar Zn- and the O-
terminated surfaces, proper saturation has been applied with
dissociated water molecules, as reported in our previous
work.?

Fig.1 Optimized geometrical structures of the investigated (ZnO)y,
(Zn0)g, and (Zn0),2, clusters.

The semiconductor and dye@semiconductor models have
been optimized in vacuo using the BPWO91 exchange-
correlation functional,** as implemented in the ADF program
package.*? For simplicity, we considered the dye to adsorb in
its deprotonated state in a bridged bidentate configuration on
the apolar (1010) surface, see Figure 2. Subsequent DFT and
TDDFT calculations have been performed on the optimized
structures using the B3LYP exchange-correlation functional,**
# 2 6-31G* basis set***” and including solvation effects by
means of the conductor-like polarizable continuum model of
solvation (CPCM),***! as implemented in Gaussian03.%2 The
absorption spectra have been simulated by using a convolution
of Gaussian functions with an FWHM = 0.25 eV.

Results and Discussion

The focus of this work is on the electronic structure and
optical properties of the perylene derivative with a conjugated
acrylic acid anchoring group, Fig. 1, hereafter simply the dye,
adsorbed onto ZnO. This system has been investigated by



time-resolved spectroscopic techniques,”® finding quite a
strong dye/semiconductor coupling, as signalled by the
broader and partly unstructured steady-state absorption
spectrum measured for the dye anchored to the semiconductor
compared to the dye in solution. Coherently with this
observation, a 190 fs fast electron injection component was
measured for the dye@ZzZnO. Stronger coupling and shorter
injection times were found for TiO, compared to ZnO.'®
Considering the charge injection as a non-adiabatic
radiationless process, the dye/semiconductor coupling can be
directly related to the electron injection rate constant by using
the Fermi's golden rule.? In this framework, the injection rate
depends on two factors: i) the density of available states of the
semiconductor, and ii) the electronic coupling between the
donor and the acceptor.?® The first (second) term is related to
the alignment (mixing) of dye/semiconductor energy levels,
which therefore both contribute to the electron injection
process.

Electronic structure

We start by investigating the electronic structure of three
(Zn0O), models of increasing size, with n=42, 84 and 222, and
of the corresponding dye@(ZnOQ), systems. The results for the
non interacting and interacting dye@(ZnO), structures (for
n=42 and 222) are reported in Fig. 3.
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Fig. 2 Schematic energy levels of the isolated Dye and (ZnO), clusters
(n=42, 84 and 222) and of the interacting Dye@(ZnO), (n=42 and 222)
systems. Levels which are maximally localized on the dye are in red.

Comparing the isolated (ZnO), systems, we immediately
notice that the ZnO conduction band edge, corresponding to
the systems’ LUMO, substantially down-shifts on going from
n=42 to 84 and to 222 ZnO units, with 0.18 and 0.62 eV
shifts, respectively. For the non-interacting dye and n=42 and
84 systems, the lowest semiconductor unoccupied state lies
above or is almost coincident with the dye-based LUMO,
making electron injection energetically unfavourable. For the
large (Zn0O)y,, cluster, on the other hand, the ZnO-based
LUMO lies ca. 0.4 eV below the dye-based LUMO, reverting

the dye/semicondutor energetics and making electron injection
a favoured process. Concerning the band gap of the
investigated (ZnO), models, we find values of 3.43, 3.04 and
2.67 eV for n=42, 84, 222 respectively. These results are
underestimated compared to expected band gaps for small
nanostructures, e.g. ca. 3.5-3.6 eV,?®? but since we are
interested here in the conduction band energetics the HOMO-
LUMO gap underestimate, mainly due to the valence band
energy upshift,”® is believed not to affect the subsequent
results.

For the interacting dye/ZnO system we find a similar
alignment of energy levels as for the non-interacting systems,
Fig. 3; the energy and the composition of the frontier
molecular orbitals of the Dye@(ZnO), systems in terms of
dye and semiconductor contributions are reported in Table 1.

Table 1 Highest occupied and lowest unoccupied molecular orbital
energies (eV) and compositions for the Dye@(ZnO),, with n=42 and 222.

Dye@(Zn0)4, Dye@(Zn0)2,2

State Energy | Dye ZnO | Energy | Dye ZnO

HOMO -5.03 99% 1% -4.94 91% 9%

LUMO -2.28 95% 5% -2.73 0% 100%

LUMO+1 | -2.07 1% 99% -2.43 0% 100%

LUMO+2 | -1.61 1% 99% -2.26 87% 13%

LUMO+3 | -1.39 0% 100% | -2.10 0% 100%

For both Dye@(ZnQ)4, and Dye@(Zn0),,, we calculate the
almost pure dye HOMO to insert within the semiconductor
band-gap; this level is only marginally affected by the size of
the ZnO cluster. On the contrary, as found for the non-
interacting systems, the position of the semiconductor-based
LUMO is strongly dependent on the system size. For
Dye@(ZnQ),,, the LUMO is mainly localized on the dye, with
the lowest unoccupied level localized on the ZnO lying 0.11
eV above. For Dye@(ZnQ)y,, , on the other hand, the LUMO
is manly located on the semiconductor, with the first
unoccupied orbital localized on the dye being the LUMO+2,
found 0.47 eV above the LUMO. Furthermore, while the dye-
based LUMO has only a 5% mixing with ZnO states for
Dye@(Zn0O)4,, for Dye@(Zn0),,, a 13% contribution to the
dye-based LUMO+2 comes from the semiconductor. These
differences can be clearly visualized in the isodensity plots
reported for the relevant orbitals in Fig. 4. In a previous
investigation of the same dye on TiO,* we found the
interacting dye/semiconductor LUMO to be distributed by
15% and 85% in the dye and the semiconductor, respectively.
This reflects, in comparison with the ZnO substrate, the much
stronger electronic coupling and the shorter injection times
experimentally observed for TiO, compared to ZnO.®

To summarize this section, we have shown how the size of the
ZnO substrate affects the band alignment energetics and
consequently the mixing between dye and semiconductor
molecular orbitals, which are the two fundamental parameters
affecting the electron injection from the dye excited state into
the manifold of unoccupied semiconductor states.?



Dye@(ZnO),,
LUMO

Dye@(ZnO),,,
LUMO+2

Fig. 4 Isodensity plots (0.001 isodensity) of the LUMO and LUMO+2
states for Dye@(Zn0O)4, and Dye@(ZnO),2, systems. Notice the larger
ZnO contribution to the dye-based LUMO+2 in Dye@(Zn0O),z,. For
clarity, only the dye-anchoring region is shown for the Dye@(ZnO)z,
system.

Excited states

To gain further insight on the Dye@(ZnO), excited state
nature beyond a simple one-electron picture, we performed
TDDFT excited state calculations for both the n=42 and
n=222 cases. For the latter system, TDDFT calculations were
particularly heavy, involving 4362 occupied orbitals and
11951 basis functions, so we were able to calculate only the
lowest seven excited states in the fully interacting orbital
space. The computed absorption spectra for the Dye@(ZnO),
systems (n=42 and 222) are compared to results for the
isolated dye in solution and to experimental data in Figure 5,
while a list of the main computed transitions along with their
character in terms of constituting molecular orbitals are
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reported in Table 2.

Fig. 5 TDDFT-calculated absorption spectra for the isolated dye (black
line) and for the Dye@(Zn0O),, (blue line) and the Dye@(ZnO)z,, (red-
line) systems. Vertical lines correspond to unbroadened excitation
energies and oscillator strengths. The experimental absorption maxima
values for the isolated dye and for the dye-sensitized ZnO from ref. 18 are
also reported with black and magenta markers, respectively.

Table 2 Computed TDDFT excited states for the Dye@(ZnO)a, and
Dye@(ZnO),,, systems. The energy (eV), oscillator strength and
decomposition in terms of molecular orbitals reported.

Exc. | Energy| f Composition |Energ| f Composition
state y
Sy 249 |1.00 |80% H->L 2.04 | 0.00 |99% H->L

S; 2.72 | 0.00 |100% H->L+1 | 2.31 | 0.09 |54% H-1->L
34% H->L+1
6% H-1->L+1
2% H->L+2

Ss 3.02 |0.01|83%H-1->L+1 | 2.34 | 0.00 [63% H->L+1
8% H-1->L+2 35% H-1->L

S4 3.05 | 0.00 93%H-1->L 241 | 1.05 |76% H->L+2
6% H-1->L+1 3% H-1->L
2% H-1->L+2

‘ Dye@(ZnO)a, ‘ Dye@(ZnO)22, |

Experimentally, an absorption maximum at 2.72 eV is
measured for the isolated dye in methanol solution, while dye
anchoring onto the ZnO surface produces an absorption
maximum red-shift of ca. 0.10 eV.'® The computed absorption
spectrum of the isolated dye is formed by a single
HOMO—LUMO excitation computed at 2.47 eV, i.e. 0.25 eV
red-shifted compared to the experimental data.®* The
absorption spectrum of the Dye@(Zn0),, system is dominated
by a single transition (Syo—S;) computed at 2.49 eV, of
essentially (80%) HOMO—LUMO character. Recalling the
nature of the involved orbitals from Table 1, this implies
essentially a charge-redistribution taking place within the dye,
with negligible coupling to semiconductor unoccupied states.
Furthermore, the absorption maximum is slightly blue-shifted
with respect to the isolated dye, contrary to the experimental
findings.

For the Dye@(ZnO),y, system, we calculate the absorption
maximum at 2.41 eV, i.e. 0.06 eV red-shifted compared to the
isolated dye molecule in solution, as experimentally retrieved.
The spectrum is mainly formed by two transitions: i) S¢—S,,
computed at 2.31 eV, characterized by a small but sizable
oscillator strength (0.09), and ii) the more intense Sq—S,
excitation, computed at 2.41 eV, with an oscillator strength of
1.05. The lowest excitation, Sq—S;, is calculated at 2.04 eV
with zero oscillator strength, see Table 1, and corresponds to a
direct charge-transfer excitation from the dye-based HOMO to
the ZnO-based LUMO. The Sy;—S, excitation is made of
contributions from four major orbital excitations; these are
mainly localized within the semiconductor, although they are
characterized by a small admixture with dye states. The
intense So—S, excitation is mainly formed by a HOMO —
LUMO+2 transition, with the latter orbital showing 87% and
13% localization within the dye and semiconductor,
respectively.

The differences between the n=42 and n=222 cases clearly
point out how the mixing of the dye excited state and the
unoccupied orbitals of the ZnO substrate is highly dependent
on the semiconductor size. For the (ZnQO)j, cluster, the
lowering of the unoccupied semiconductor energy levels
introduces a sizable mixing between these states and the
lowest unoccupied orbital localized on the dye. Such mixing
leads to a new optical transition in the absorption spectrum
with large semiconductor character and it also contributes
substantial semiconductor character to the main optical
transition, definitely increasing the coupling between dye and
semiconductor excited states, thus facilitating electron
injection. On the contrary, for the smaller (ZnO)4, cluster, the



unoccupied semiconductor orbitals lay above the lowest
unoccupied state localized on the dye, impeding any sizable
coupling. Indeed, for Dye@(Zn0O),, the absorption spectrum
shows a single excitation to an unoccupied state having only a
5% contribution from the semiconductor.

A more complete vision of the overall character and
localization of excited state at the dye/semiconductor interface
for n=42 and 222 can be obtained by plotting the absolute
values of the charge differences between the excited states
involved in the main excitations and the ground state,
|Ap|=lp(Sh) - p(So)|- This quantity allows for the visualization
of the excited state localization, whereby the absolute value
serves to exclude possible Ap cancellations due to sign
changes within a given region of space which would show up
upon Ap integration. We have computed |Ap| curves for the
S¢-S;  and S-S, transitions of Dye@(ZnO),, and
Dye@(Zn0),,,, respectively, the results are reported in Fig. 6.
For each system, we define the z coordinate as the dye axis
normal to the semiconductor surface and integrate the charge
differences along the x and y directions.

98% 179%

vz(A)

Fig. 6 Isodensity plot of the absolute charge difference differences (|Ap|)
between So-S; of Dye@(ZnO)s,, (left, magenta) and So-S4, of
Dye@(Zn0),,, (right, blue). Center: Integral of |Ap| along the x and y
directions plotted as a function of z. The zero is in all cases set in the
middle of the O-Zn bonds between the dye and the semiconductor.

As it can be observed from Figure 6, for both n=42 and n=222
the most intense excitations are primarily located in the dye
space region. Noticeable differences are however found at the
dye/semiconductor interface for the two systems. The
Dye@(ZnO),, system exhibits a negligible excited state
spreading into the semiconductor, as it can be quantitatively
seen from the isodensity |Ap| plot and from the integrated |Ap|
curve. On the contrary, for Dye@(ZnO),y, the isodensity |Ap|
plot clearly shows a sizable contribution from the
semiconductor, being characterized by a 79/21%
dye/semiconductor localization. It is worth to notice that this
value, obtained from excited states calculations, is larger than
the 87/13% dye/semiconductor localization retrieved from the
one-electron molecular orbital analysis of Table 1, due to the
additional  configurational mixing between dye and
semiconductor states introduced by the TDDFT calculation.

Our results clearly show that a substantial coupling between
the dye and the large ZnO model exists. This is due both to
orbital and excited state configuration mixing, both imparting

a substantial semiconductor character to the otherwise dye
optical transitions. The sizable dye/semiconductor mixing and
the calculated alignment of energy levels are perfectly in line
with the measured ultrafast electron injection dynamics.

Concluding Remarks

We have reported a first principles DFT/TDDFT
computational investigation on a prototypical perylene dye
anchored to realistic ZnO substrates, as a model of the related
DSCs devices.

DFT calculations were performed on three different (ZnO),
clusters of increasing size, with n=42, 84 and 222, up to
realistic 1.3x1.3x3.0 nm ZnO substrate dimensions and for the
related dye-sensitized models. We have shown that quantum
confinement in the ZnO nanostructures substantially affects
the dye/semiconductor alignment of energy levels, with
smaller ZnO models providing unfavourable electron injection
pathways. Along with the shifts of the energy levels, a
substantial mixing between dye and semiconductor
unoccupied states is found when moving to the largest
investigated system, substantially contributing to the
interfacial electronic coupling. To move beyond a single
orbital picture, we carried out TDDFT excited state
calculations for the dye@(ZnO),,, system, providing fully
consistent results with the corresponding experimental data. In
particular, for such a complex system, we are able to
quantitatively reproduce the red-shift and broadening of the
visible absorption spectrum in going from the dye in solution
to the dye anchored to the ZnO surface, which signals a
substantial electronic coupling. TDDFT calculations on the
fully interacting system are also found to introduce a further
contribution to the dye/semiconductor state admixture, due
configurational  excited state mixing. The sizable
dye/semiconductor coupling and the calculated alignment of
energy levels, showing ca. 0.4 eV driving force for electron
injection, are perfectly in line with the measured ultrafast
injection dynamics for this system.

Our results highlight the challenges in the simulation of
dye-sensitized ZnO interfaces, yet we show that a proper
computational set up based on extended semiconductor
models and extensive TDDFT excited state calculations is
able to capture the fundamental insight lying at the heart of
the associated DSCs devices.
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