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ARTICLE INFO ABSTRACT

In this report, we studied the interaction between 9-vinylcarbazole (VK) —i.e. the monomer of poly(9-vi-
nylcarbazole) (PVK)- and a TiO, (101) surface in order to shed some light in the interface phenomena of this
Donor promising fullerene-free donor:acceptor system as active layer for solar cells. Since the role of the TiO, surface

Keywords:
Solar cells

;\C?ptor defects is the main concern of our study, we proceeded to simulate the adsorption of the molecule on TiO, with
TYO oxygen or titanium atom vacancies and without any defect. All these systems were studied using First Principles
DFT2 calculations, utilizing Density Functional Theory (DFT). The adsorption energy of the VK monomer-TiO, systems

was favorable in all cases. The presence of vacancies in the TiO, surface yielded modifications in the electronic
properties: the difference between the LUMO level of VK and the conduction band of TiO»-O surface is only
~0.2 eV, thus allowing to infer a decrease in the energy barrier associated to the injection of electrons from VK
monomer towards the TiO,-O surface. The charge density differences in all systems also revealed that the do-
nor:acceptor model is plausible and concurs with previous results, suggesting promising features for potential

application as a donor:acceptor systems in fullerene-free solar cells.

1. Introduction

After the first appearance of polymer donor:acceptor heterojunction
systems as active layers materials for solar cell applications [1-3], there
has been a lot of effort focused in the preparation of different materials
pursuing the enhancement of the photovoltaic performance [4-6]. The
more popular electron donor polymers are typically poly(carbazole) or
poly(thiophene) and their derived polymers [1-8]. On the other hand,
the most common electron acceptor is [6,6]-phenyl-(C71 or C61)-bu-
tyric acid methyl ester (PC61BM or PC71BM) fullerene due to their high
electron affinity and mobility [1-8]. However, these acceptor materials
are expensive and possess low absorption in the visible spectra, making
them nonideal candidates for technological applications. In the last
years, non-fullerene acceptors have been thoroughly studied pursuing
higher visible light absorption and lower costs of fabrication [9-13].
Moreover, inorganic nanoparticles fillers such as titanium oxide (TiO,)
in its anatase polymorph have been already reported as promising ac-
ceptor materials for safer and lower cost hybrid solar cells [14-18]. In
our case, we have recently shown that for TiO, nanoparticles sizes
confined down to ~3 to 7 nm size, the experimentally observed beha-
vior was as excellent acceptors when loaded to a poly(vinyl carbazole)
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(PVK) donor host, probably due to the increment of the effective in-
terface between both materials [19]. Our main goal in the present
manuscript is to unravel the interface phenomena behind the electronic
interaction of this promising donor:acceptor system by means of Den-
sity Functional Theory (DFT) calculations. Interesting theoretical ap-
proaches of different chemically bonded chromophore molecules onto
TiO, surface has recently shed some light on the donor:acceptor elec-
tronic interactions in these systems [20-22]. However, there is a recent
study of the proximity effects of unbonded acceptors such as polycyclic
aromatic hydrocarbons onto TiO, surface, revealing that donor:-
acceptor coupling do not always require covalent bonding [23]. In the
present manuscript, we will theoretically study the electronic interac-
tions of a chemically unbonded PVK monomer and a TiO, surface
studying the effect of the presence of atom vacancies at the surface, in
an effort to get a better approximation to a more realistic experimental
situation.

2. Computational method

The purpose of the work is to simulate the adsorption of poly(9-
vinylcarbazole) (PVK) on TiO, (101) surface; for that reason, we started
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Fig. 1. Optimized structures for a) TiO,/VK b) TiO,-O/VK and c) TiO,-Ti/VK system with different perspectives. Arrows show the vacancies sites.

Table 1
Average distances and adsorption energy for TiO,/VK, TiO,-O/VK and TiO,-Ti/
VK systems.

Distances (A) Adsorption energy (eV)

TiO,/VK d=371 -0.17
TiO,-0/VK d =354 —0.88
TiO2-Ti/VK d = 3.62 -1.09

the optimization separately, for the molecule model -i.e. the monomer,
named VK- and the surface. In the case of the VK we performed a full
geometrically optimization. In the case of the surface, due to the fact
that the most stable nanoparticle consists in anatase, and the (101) is
the most favorable surface, in terms of surface energy, we decided to
build a slab model of anatase-TiO, (101) [24]. This slab model consists
in a unit cell with a =10.5 10\, b=149A and ¢ = 27.1 ;\, having a
vacuum space of 15 A aligned along the c-axis, see Fig. 1. The structure
was fully optimized in the atomic positions, until reaching a force down
to 0.01eV/A. In particular, for the anatase TiO, (101) surface we
considered three different situations, without and with vacancies, one
titanium and one oxygen vacancies in the surface, named as TiO»-Ti and
TiO5-O, respectively. The non-defected structure presents and stoi-
chiometry of Tiz»0g4, TiO,-Ti structure presents Tis3;Og4 and TiO,-O
one presents a Tiz»Oe3. After achieving the optimization of the VK
model and the three different optimized/reconstructed surfaces, we
proceeded with the VK adsorption on anatase TiO, (101) surfaces, al-
lowing all the atomic positions to relax again. All the calculations were
performed utilizing Density Functional Theory (DFT) [25,26] with the
VASP code [27-30] (Vienna ab initio simulation package). Pseudopo-
tentials were applied with a plane-wave basis set with a projector
augmented wave (PAW) method [31], using a generalized gradient
approximation (GGA) as the exchange-correlation functional according
to Perdew-Burke-Ernzerhof (PBE) [32,33]. The employed
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pseudopotentials correspond to the following configurations:
3s23p®3d24s? for titanium, 2s 2p* for oxygen, 2s* 2p° for nitrogen, 25>
2p? for carbon and 1s’ for hydrogen atoms. The k-point mesh was taken
equivalent to 2 x 2 X 1 for the full Brillouin Zone (vacuum space along
c-axis), and an energy cutoff of 400eV was utilized to expand the
Kohn-Sham orbitals into plane wave basis sets. The structures were
optimized again until the forces in all the atoms were lower than a
tolerance value of 0.01 eV/A. Dipole corrections were applied along the
direction perpendicular to the surface.

3. Results and discussion
3.1. Geometry

The optimized structures of TiO,/VK without vacancy, with O va-
cancy (TiO»-O/VK) and Ti vacancy (TiO»-Ti/VK) systems are shown in
different perspectives in Fig. 1. In the three relaxed systems, the aro-
matic and pyrrole rings of VK are located almost parallel to the TiO,
surface. For all cases, there is a slight deviation from parallelism for the
VK with respect to TiO, surface, especially due to steric effects of vinyl
moiety of VK. In order to have a rough comparison between all cases,
we show the average carbon-oxygen distances, as an approximation to
the VK-to-TiO, lowest distance for all adsorbed systems, in Table 1. For
this purpose, we define this distance by considering the carbon atoms of
the aromatic and pyrrole ring of the VK molecule and the oxygen atoms
of the TiO, surface. In the non-vacancy system, the average carbon-
oxygen distances is 3.71 A, while for oxygen and titanium vacant sys-
tems the same average distances are 3.54 and 3.62 A, respectively. This
suggests that both oxygen and titanium defects on TiO, systems slightly
improves the VK molecule adsorption, as expected. Apart from the
slightly different values observed in each case, it is evident that dis-
tances, in all structures, are small enough to allow us to consider this
interaction as real adsorptions of the molecule. Nevertheless, this will
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Fig. 2. Density of states (DOS) for all structures. Each atom contribution is represented with the selected colors assigned in each label.
3] [ in TiO,-Ti/VK and TiO,-O/VK systems produces a slight reconstruction
of the original TiO»(110) surface. In the case of TiO5-O/VK, the oxygen
2 L vacancy slightly moves from the surface into the TiO, structure along
— the c-direction, while in the case of TiO»-Ti/VK, the titanium vacancy
14 D B slightly moves along the b- and c-direction as depicted in Fig. 1b and c.
0 —
g —_— 3.2. Total energy analysis
COEE -
w 5 1 s — In order to analyze the adsorption process, the corresponding ad-
a0 e S i sorption energies for all structures were calculated according to the
34 B following expression, and presented in Table 1:
_4_- | Eaas = Etioa—x/vk — (Etio2—x + Evk)
5_' i where Eioo.x is the total energy for isolated TiO5(101) surface with
] non-vacancy, X = O and X = Ti for oxygen and titanium vacancy, re-

TiO,/ VK TiO,-O/VK  TiO_-Ti/VK
Fig. 3. Schematic energy level diagram for TiO,/VK, TiO»-O/VK, TiO»-Ti/VK
systems.

be discussed again when analyzing the adsorption energy and the
charge density transfer upon adsorption for all cases in the following
sections. It is also interesting to remark that the position of the vacancy
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spectively, Eyy is the isolated VK monomer total energy and Eriozx, vk
is the TiO5-X/VK total energy with non-vacancy, X = O and X = Ti for
oxygen and titanium vacancy, respectively. The calculated adsorption
energies for non-vacancy, oxygen and titanium vacancy systems were
Eags = —0.17, —0.88 and — 1.09eV, respectively; all of them are
lower than zero, suggesting a favorable process in all the cases. When
comparing the E,4s values among them, the most favorable adsorption
processes are observed for the TiO,-Ti/VK system, followed by the
TiO5-O/VK system, being less favorable for the non-vacancy system.
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Fig. 4. Spin density maps represented with isosurfaces at 50% of maximum value are represented, where red and green represents spin-up and -down contribution

respectively. For a) TiO,-O/VK and b) TiO,-Ti/VK systems.
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Fig. 5. The charge density associated of the single electron wavefunctions, corresponding to a) —0.05 to 0.00 eV and b) 0.00 to 0.05 eV energy ranges for TiO,-O/VK

system in side view (up) and top view (down).

This trend is somehow expected, since the presence of vacancies de-
stabilizes the surface, favoring the VK adsorption process. Additionally,
our values concur with E.4s values reported for anatase (101) surfaces
with other chemically anchored chromophore molecules, with values
ranged from —0.6 to —1.3 eV [20-22,34,35] and also with chemically
unbonded polycyclic aromatic hydrocarbon (PAH) molecules, which
yielded down to —2.1 eV values [23]. It was already observed that the
presence of oxygen vacancies also leads to an increment of the ad-
sorption onto TiO, anatase (101) surface [21] but to our knowledge,
there are no reports about similar systems with titanium vacancies.

3.3. Electronic structure

In order to discuss the electronic structure of the system, we start

1107

presenting the density of electronic states (DOS) plots for TiO,, VK and
TiO,/VK structures without vacancy and with O and Ti vacancies,
which are shown in Fig. 2. The DOS for the isolated non-vacancy TiO,
system presented a typical semiconductor behavior with a main con-
tribution of oxygen (O-p states) and titanium (Ti-d states) for the va-
lence and conduction band, respectively. The isolated non-vacancy
TiO, surface showed an energy gap of ~2.7 eV, in good agreement with
the typical ~3.0eV band gap values calculated for anatase TiO, in
previous reports [24,36]. Upon the adsorption of the VK monomer, the
Fermi level shifts close to the TiO, surface conduction band edge
yielding to an n-type semiconducting behavior. This could be sug-
gesting that the VK monomer is acting as an electron donor promoting
the electronic doping of the TiO, surface but this will be further ana-
lyzed in the next section. In the case of the oxygen vacancy system, the
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Fig. 6. The charge density associated of the single electron wavefunctions, corresponding to a) —0.05 to 0.00 eV and b) 0.00 to 0.05 eV energy ranges for TiO,-Ti/VK

system in side view (up) and top view (down).

difference between the valence band maximum and the conduction
band minimum of TiO, surface is ~2.6 eV for the isolated TiO-O sur-
face and TiO,-O/VK system, showing a slight shift of the TiO, surface
conduction band minimum below the Fermi level, as depicted in Fig. 3.
Moreover, the LUMO energy level of the VK monomer shifted to lower
energy values when interacting with the TiO-O surface, as depicted in
Fig. 3. The difference between the LUMO level of VK and the conduc-
tion band of TiO,-O is only ~0.2 eV, thus allowing to infer a decrease in
the energy barrier associated to the injection of electrons from VK to-
wards the TiO,-O surface. In the case of the titanium vacancy system,
the difference between the valence band maximum and conduction
band minimum for the TiO, surface is ~2.6 eV and ~2.3 eV, for the
isolated TiO,-Ti surface and the TiO,-Ti/VK system, respectively.
However, the valence band maximum of TiO, surface shifted close
below the Fermi level and the LUMO energy level of the VK monomer is
slightly above the Fermi level, as depicted in Fig. 3. The previous results
indicate that the charge injection at the PVK:TiO, interface could be
drastically enhanced, especially in the presence of oxygen vacancies.
Although an enhancement in the charge injection at the PVK:TiO, in-
terface was also experimentally observed for PVK:TiO, nanocomposites
by means of dc and ac electrical transport studies, the presence of va-
cancies in TiO, surface has not been discussed in depth experimentally
[16,18,19]. In addition, both titanium and oxygen vacancy systems
presented unbalanced density of states (DOS) diagram in the corre-
sponding spin-up and spin-down contribution. In the TiO,-O/VK
system, the difference in the spin-up and spin-down contribution in the
density of states is mainly attributed to the TiO,-O surface with a small
contribution of the VK monomer, meanwhile the difference in the TiO,-
Ti/VK system is related to both the TiO,-Ti surface and the VK mole-
cule.

3.4. Magnetic ordering analysis

The spin-densities, obtained as ,o“P(7) - pd"w"(7), for TiO,-O/VK
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and TiO»-Ti/VK systems are shown in Fig. 4. In the case of TiO»-O/VK,
shown in Fig. 4a, the spin-density is mainly located in the TiO,-O
surface with a minor contribution in the VK molecule which is in
agreement with the corresponding DOS, where the difference of the
spin-up and spin-down density of states could be attributed mostly to
the Ti and O contributions. On the other hand, in the case of TiO,-Ti/VK
system, the spin-density is mainly located at the TiO,-Ti surface and
also in the molecule, which could suggest that the interaction between
them produces an unbalance in the spin of the whole system. The
magnetic moments for the TiO,-O surface and for the TiO5-O/VK
system have the same value, 1.03 ip. In the case of the TiO,-Ti surface
the magnetic moment is 4.11 yg while TiO,-Ti/VK system shows a
magnetic moment of 2.00 pg. The non-vacancy system presented no
magnetic moment because there is no defect causing a magnetization in
the TiO, surface, since there is no electronic-spin unbalance that could
contribute to a magnetic ordered state. On one hand, in the TiO»-O/VK
system, the magnetic moment is produced by the Ti contribution with
0.12 pp and 0.23 pg caused by two titanium atoms in the surroundings
of the O-vacancy of the TiO, surface. On the other hand, in the TiO,-Ti/
VK system, the total magnetic moment is mainly produced by the
oxygen atoms in the surroundings of the Ti-vacancy of the TiO, surface,
with 1.12, 0.44 and 0.43 pg. All these values are in agreement with DOS
presented in Fig. 2, where spin-up and spin-down unbalance are at-
tributed to the titanium atoms for TiO,-O/VK system and to oxygen
atoms in the TiO,-Ti/VK system. The presence of a non-zero magnetic
moment due to the presence of vacancies has been also recently ob-
served experimentally for bulk and nano-TiO, in its anatase polymorph
[37,38].

3.5. Charge density analysis
The charge density associated to the single electron wavefunctions,

corresponding to —0.05 to 0.00 and 0.00 to 0.05 eV energy ranges of
TiO5-O/VK and TiO,-Ti/VK systems are represented in Figs. 5 and 6,
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Fig. 7. Charge density differences for a) non-vacancy system (TiO,/VK), b)
oxygen vacancy system (TiO»-O/VK) and c) titanium vacancy system (TiO,-Ti/
VK) where the loss and gain of electron density is represented in blue and
yellow, respectively.

respectively. In the TiO5-O/VK system, the main charge density is ob-
served in the titanium atoms of the TiO, surface in the whole range. In
the TiO,-Ti/VK system, the main charge density is observed in the
oxygen atoms of the TiO, surface in the —0.05 to 0.00 eV energy range
while in the 0.00 to 0.05 eV range the main charge density is observed
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in the molecule, especially in the aromatic and pyrrole rings. This is in
agreement with the DOS in the selected energy range, where the main
contribution is generated because of the oxygen atoms of TiO, surface
below the Fermi level and by the nitrogen and carbon atoms of the VK
monomer in the other energy range. The difference in the charge
density for all surface-monomer interactions are represented in Fig. 7,
where the gain and loss of electron density is presented in yellow and
blue, respectively. The charge density difference was calculated with
the following expression:

AP (T ags

In all cases, there is an evident gain of electron density at the TiO,
surface, while the VK monomer showed a loss of the electron density.
This fact suggests that the TiO,/VK junction acts as a good ac-
ceptor:donor system and this behavior do not seem to be drastically
modified with the presence of titanium or oxygen vacancies at the TiO,
surface. This behavior provides strong evidence that the PVK:TiO,
could be considered as a promising donor:acceptor system for potential
fullerene-free solar cells applications.

P(7)ﬂoz—X/VK - (0(7)n02—x + P(7)VK)

4. Conclusions

In this report we studied the interaction between a monomer of poly
(9-vinylcarbazole) and a TiO, surface without vacancies, with titanium
and oxygen vacancy. According to the calculated adsorption energies,
all surfaces presented favorable adsorptions. In both vacancies systems
the molecule adsorption is more favorable than the non-vacancy sur-
face. Upon the adsorption of the VK monomer, the Fermi level shifts
close to the TiO, surface conduction band edge yielding to an n-type
semiconducting behavior. This could be suggesting that the VK
monomer is acting as an electron donor promoting the electronic
doping of the TiO, surface. However, the presence of vacancies in the
TiO, surface yielded interesting modifications of the electronic prop-
erties. For instance, the difference between the LUMO level of VK and
the conduction band of TiO,-O surface is only ~0.2 eV, thus allowing to
infer a decrease in the energy barrier associated to the injection of
electrons from VK towards the TiO,-O surface. The charge density
differences in all systems also revealed that the donor:acceptor model is
plausible and concur with the previous results, suggesting promising
features for potential application as donor:acceptor systems in full-
erene-free solar cells.
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