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ABSTRACT: The nature of charged photoexcitations at the interface of highly
delocalized inorganic crystals and more localized conjugated polymer systems is of great
fundamental interest for a number of hybrid photovoltaic applications. Here we study the
interaction between mainstream compound semiconductor GaAs and conjugated polymer
P3HT by means of density functional theory simulations. When considering both nonpolar
GaAs(110) and polar GaAs(111)B surfaces, we find that polarity of the GaAs surface
strongly affects the electronic orbitals and charge redistribution: electrons are efficiently
transferred to GaAs substrates, implying the formation of hybrid delocalized states at the
interface. Furthermore, P3HT can act as an “acceptor” for GaAs(111)B via hole transfer
from GaAs valence band states. Overall the intrinsic surface dipole moment of GaAs
surfaces is enhanced by the charge displacement induced by adsorbed P3HT. These
theoretical predictions correlate well with energy alignments derived by ultraviolet
photoelectron spectroscopy and provide a robust methodology for the design of polymer/
III−V heterointerfaces that optimize photovoltaic performance.

SECTION: Physical Processes in Nanomaterials and Nanostructures

Organic−inorganic hybrid photovoltaic (PV) systems, for
instance, conjugated polymers blended with function-

alized inorganic nanoparticles or nanorods,1,2 offer great
flexibility for the design of solar cells with large power
conversion efficiency (PCE).3−5 The overall photocurrent of
hybrid PVs is primarily affected by the competition between
interfacial charge separation and charge recombination.6

Typically, the energy alignment between the conjugated
polymer and the inorganic semiconductor is chosen so that
the inorganic semiconductor acts as electron acceptor,
facilitating dissociation of the photogenerated excitons and
preventing charge recombination.7 These processes depend
strongly on the atomic configurations and electronic structures
at the interface as well as on the electronic coupling between
the polymer and the semiconductor substrate.8 The nature of
charged photoexcitations at the interface of highly delocalized
inorganic crystals and more localized, disordered conjugated
systems is indeed of great fundamental interest but not yet
completely understood.9−13

GaAs, a mainstream III−V compound semiconductor with
high carrier mobility and direct bandgap absorption well-
overlapped with the solar irradiance, is rapidly emerging as
exceptional PV material for thin film technologies,14 including
dye or polymer sensitized hybrid solar cells.15−18 Early
demonstration of a hybrid PV cell based on a quaterthio-
phene/GaAs bilayer yielded 1.7% PCE;15 more recently, use of
GaAs nanowires blended either in P3HT bulk heterojunc-

tions16 or in a bilayer thin-film configuration17,19 allowed
achieving PCEs of >2.3 and 9.2%, respectively.
Despite very promising device performances, current under-

standing of the electronic properties leading to charge transfer
at organic−inorganic interfaces like GaAs/P3HT is relatively
limited.20 For instance, the effects of surface polarity on charge
redistribution and the nature of hybrid excitations formed upon
charge transfer between highly delocalized electronic states of
the crystal, and less extended states of the polymer are
unknown. In this work, we investigate the structural and
electronic properties of thin P3HT films deposited on polar
GaAs(111)B and nonpolar GaAs(110) substrates. First-
principle, total-energy calculations are used to study the
orientation and position of P3HT molecules at the different
interfaces and to determine stable atomic configurations.
Density of states and charge density rearrangement due to
the formation of the interface suggests the formation of hybrid
states upon photoexcitation. Calculated electronic energy
structure at the GaAs/P3HT interfaces and electronic coupling
between GaAs surfaces and the P3HT molecules display a good
agreement with X-ray photoelectron spectroscopy (XPS) and
ultraviolet photoelectron spectroscopy (UPS) experimental
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results. Finally, contributions of ground-state charge-transfer
processes for different surface polarities are identified,
indicating that electron and hole accumulation layers may be
engineered, controlling the GaAs crystal orientation to optimize
PV performance.
DFT simulations proceeded through the optimization of the

structural conformations of P3HT crystal in contact with GaAs
surfaces, followed by full atomistic relaxation to determine
electronic couplings and finally the charge density redistrib-
ution after electron and hole transfer. After structural
optimization, the polar GaAs(111)B surface shows stable
alignment of the outmost layer, while the nonpolar
GaAs(110) surface experiences a strong reorganization of the
outmost layer, where As and Ga atoms display outward and
inward relaxation, respectively. This is in good agreement with
previous calculations.21,22 Surface relaxation causes the enlarge-
ment of Ga−As bonds in the GaAs(111)B surface bilayer (from
2.400 to 2.417 Å) and the reduction of Ga−As bonds in the
GaAs(110) surface bilayer (from 2.400 to 2.375 Å). Similar to
the known case of ZnO/P3HT interface, we assume that van
der Waals interactions of thiophene π band and side-chain force
physisorbed P3HT molecules to lay flat on the GaAs surface.
Dag et al.23 have shown that the LDA method accurately

describes ZnO and P3HT interactions, although it somehow
fails accounting for long-range van der Waals attractive
components. Here we also adopt the LDA method to model
the interactions between the GaAs surface and P3HT, but
instead of calculating a large and thick GaAs supercell with
P3HT polymer interfacial system, we use the outmost bilayer of
the GaAs surface to represent the original GaAs surface and two
repeated P3HT molecules to represent the polymer, a common
approach to study the bonding energy of organic/inorganic
interfaces.23,24 The most stable adsorption sites of the P3HT
molecule on GaAs(110) and GaAs(111)B bilayer surfaces are
shown in Figure 1a,a′. Structural optimization was carried out
through various energy minimization steps: at first, the stable
interfacial distances between the P3HT molecular plane and
the GaAs(110) and GaAs(111)B bilayer surface were
determined to be ∼3.10 and 2.95 Å, respectively. (These
distances correspond to the minima of the binding energy
curves provided as Supporting Information, Figure S1.) Then,
the most stable configurations along the x and y axes were
found to be at x = 1.5 Å and y = 2 Å for GaAs(110) (Figures
1b,c) and x = 3.5 Å and y = 0 Å for GaAs(111B) (Figures
1b′,c′) while the optimal rotational angle in the x−y plane was
0° (Figure S2 in the Supporting Information). Therefore, for

Figure 1. Geometrical optimization of P3HT adsorbed on GaAs surfaces: top views of the optimized geometry of P3HT on GaAs(110) (a) and on
GaAs(111)B (a′); binding energy of a P3HT molecule on GaAs(110) (b,c) and on GaAs(111)B (b′,c′) surfaces as a function of its relative position
along the x and y axes.
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both GaAs surfaces the minimum energy configuration of the
P3HT molecule occurs when the sulfur atom overlaps with the
underneath arsenic atom on the GaAs surface and the hexyl
chain is aligned along the x axis. This analysis of interfacial
configuration of P3HT/GaAs bilayers provides the starting
point for further atomic relaxation and calculation of GaAs/
P3HT electronic properties.
Electron transfer across GaAs/P3HT interfaces will

ultimately determine charge generation efficiency for PV
applications. The efficiency of electron transfer mainly depends
on the interfacial energy alignment between the conjugated
polymer and the inorganic substrate, the electronic couplings
between them, and the change of the polymer geometric and
electronic structure due to the thermal fluctuations.23 In
experiments, ultrafast pump−probe experiments in GaAs/
oligothiophene systems have shown that electron transfer to
the conduction band of GaAs occurs upon exciton diffusion
toward the heterointerface.25 In theory, Prezhdo et al. gave
detailed time-domain atomistic descriptions of the interfacial
charge separation and relaxation processes in hybrid systems.26

In the case of alizarin/TiO2 interface, the adiabatic mechanism
dominates over nonadiabatic ones due to the strong coupling
across the interface.27 In the case of graphene/TiO2 interface,
electron injection is found to be ultrafast due to the strong
electronic coupling between graphene and TiO2, and both
electron injection and energy transfer accelerate for photo-
excited states that are delocalized between the two
subsystems.28 An idealized GaAs(10−10)/P3HT interface was
investigated theoretically by DFT modeling, showing that the
resulting interfacial dipole can lower the highest occupied
molecular orbital (HOMO) of the conjugated polymer until the
whole system attains equilibrium.20

The alignment of the energy levels and the coupling of the
electronic wave functions between a polymer and a semi-
conductor substrate can be obtained from the analysis of the
total density of states (DOS) and of the projected density of
states (PDOS) after charge redistribution.29 These are shown
for GaAs(110) and (111)B/P3HT interfaces in Figure 2. Figure

2a,a′ shows that the overall DOS of the GaAs and P3HT
combined system (black lines) is largely dominated by the
projected DOS of GaAs (shaded area), while the projected
DOS of P3HT (purple line) only slightly perturbs the top of
the valence band of GaAs. States of the P3HT molecule extend
over a broad energy range, and there is large overlap between
the lowest unoccupied molecular orbital (LUMO) level of
P3HT (LP3HT) and the conduction band of GaAs compared
with the relatively small overlap of the HOMO of P3HT
(HP3HT) and the GaAs valence band. This results in strong
electronic coupling between the P3HT molecule and the GaAs.
Analysis of the frontier orbitals of the P3HT molecule
interacting with the GaAs substrate is carried out to
characterize orbital overlap across the interface. Figure
2b,b′,c,c′ shows the spatial distribution of the electron density
distribution calculated at the HOMO and LUMO energies of
P3HT. Compared with reference bulk GaAs, the bandgap of
GaAs(110) slab is lowered as much as 0.4 eV. (See Figure S3 in
the Supporting Information.) In the case of GaAs(110)/P3HT,
electrons may be efficiently transferred to the bulk of the GaAs
crystal thanks to the highly overlapped electron clouds seen at
the interface, suggesting the possibility to form hybrid
delocalized states. Hole transfer is unfavorable and in any
case would be confined to surface states of GaAs(110) due to
the poor overlap between the corresponding conduction band
and HOMO level.
In the case of the polar GaAs(111)B surface, the DOS is

severely affected by the presence of surface dangling bonds
(Figure 2b′): As-4p states of the top surface layer and Ga-4p
states of the bottom surface layer (not included in the
calculations) lie right at the Fermi level inside the bandgap,
which results in the appearance of a large number of intragap
states and in significant narrowing of the energy bandgap upon
lowering of the conduction band energy.30 The lowering of
GaAs(111)B conduction band has a dramatic effect on the
relative overlap between GaAs and P3HT states and changes
the resulting electron density distribution. In the specific, the
conduction band of GaAs(111)B gains overlap with the

Figure 2. Density of states and electronic orbital distribution in GaAs(110)/P3HT (left) and GaAs(111)B/P3HT (right) hybrid systems: (a,a′)
density of states (the dashed line indicates the position of the Fermi energy); charge distribution of the electron (b,b′); and hole (c,c′) orbitals.
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HOMO of P3HT, facilitating hole transfer from GaAs(111)B
to P3HT. Whereas electron transfer from P3HT to
GaAs(111)B may be significantly reduced compared with the
previous case and somehow confined to the GaAs(111)B
surface, holes are allowed to delocalize from the thiophene ring
over to the GaAs(111)B surface states and deeply into the bulk
thanks to the larger coupling.
To quantify the actual charge transfer and separation

processes between polymer and semiconductor substrates, we
evaluated the redistribution of charge density upon P3HT
adsorption and estimated the changes of interfacial dipole
moment and work function that it induces.31 In organic/
inorganic heterojunctions, adsorption of organic molecules on
the inorganic substrate is always accompanied by a certain
degree of rearrangement of the electronic charge density across
the interface; as a consequence, charge transfer between the
molecule and the inorganic semiconductor generates a dipole
moment that offsets the interfacial potential and reduces the
energy level mismatch.32,33 Thus, the nature of the inorganic
surface and its polarity has substantial effects on the formation
of interfacial dipoles and may strongly influence charge
separation. The electronic charge rearrangement upon
formation of the GaAs/P3HT interfaces is shown in Figure 3.
The charge transferred from the P3HT molecule to the GaAs
substrate was calculated as the difference Δρ(r) = ρGaAs/P3HT −
[ρGaAs + ρP3HT], where r is the position vector within the
computational cell, ρGaAs is the charge density of the GaAs(110)
and (111)B slabs, ρP3HT is the charge density of P3HT layer

without substrate, and ρGaAs/P3HT is the electronic charge
density of the GaAs/P3HT interface. For both GaAs(110) and
GaAs(111)B/P3HT interfaces, adsorption of P3HT onto the
substrate induces significant charge transfer, with the formation
of distinct charge accumulation layers and substantial charge
reorganization at the interface. This indicates the importance of
electrostatic interaction between the polymer and the
substrate.34,35 The 1-D plane-averaged charge density difference
(Δρ) along the z direction shown in Figures 3a,a′ provides
quantitative estimate of electron (Δρ < 0) and hole (Δρ > 0)
accumulation, indicating a much larger charge redistribution in
the case of the polar GaAs(111)B compared with the nonpolar
GaAs(110) surface (up to ∼5.3 × 10−3 versus ∼0.8 × 10−3 e/
Å3). The main difference between the two surfaces is in the
type of charges accumulated at the interface: in the case of
nonpolar GaAs(110), holes accumulate both above and below
the GaAs surface, while in the case of polar GaAs(111)B, a
small electron accumulation layer appears in the top As
monolayer. This electron accumulation layer reduces electro-
static screening due to the large interfacial holes density and
favors hole transfer from GaAs to P3HT compared with the
case of nonpolar GaAs(110).
The bare GaAs(110) and GaAs(111)B surfaces have distinct

polarization properties; although GaAs(110) is usually
considered a nonpolar surface, a small intrinsic dipole moment
is found due to the tendency of surface Ga atoms to sink
toward the bulk, leaving behind an As-terminated surface. The
charge-unbalance at the surface forms a negative dipole
moment pointing toward the bulk, which, in our simulations,
results in a surface charge density of qGaAs(110) = 2.2 × 1013 e/
cm2. Unlike the nonpolar GaAs(110) surface, a large intrinsic
dipole moment exists in GaAs(111)B due to the alternating As
and Ga terminal layers. In this case, we calculated a surface
charge density of qGaAs(111)B = 7.4 × 1013 e/cm2.36

Upon charge redistribution with adsorbed P3HT, the
intrinsic surface dipole moment of GaAs surfaces is enhanced
by induced charge displacement. A Löwdin charge analysis of
the charge density was conducted for these hybrid systems to
understand the origin of the interfacial dipole moment.37 By
comparing the sum of the Löwdin charge on the GaAs and
P3HT molecule before and after the formation of the interface,
a total charge (ΔQ) of 0.207e and 0.209e for GaAs(110)/P3HT
and GaAs(111)B/P3HT is found to be transferred between
P3HT and GaAs. These charge values are lower than typical
organic molecules on metals (Au(111)/naphthalocyanine ≈
0.7e, Cu(110)/petencene ≈ 0.8e)38,39 but on the same order of
inorganic metal-oxide/polymer interfaces (ZnO/P3HT ≈
0.3e)40 and metal-oxide/graphene interface (ZnO/graphene ≈
0.4e),41 which are known to induce significant charge transfer.
To validate our simulations, we performed XPS and UPS

measurements of the energy alignment of GaAs/P3HT
interfaces. According to the integer charge transfer (ICT)
model,42 the energy level alignment of organic/inorganic
systems with weak interfacial interactions can be determined
from the change of work function upon adsorption of the
organic molecule. Removing charges from conjugated polymer
can induce substantial geometric and electronic relaxation
effects, which leads to localized positive polaronic states (p+).43

If the work function of substrate (ΦSUB) is larger than the
energy of the polaronic states (Ep+), then electrons will
spontaneously transfer from the organic layer into the inorganic
substrate, creating a dipole that reduces the vacuum level,
where the interfacial dipole energy (Δ) caused by charge

Figure 3. Charge redistribution in GaAs(110)/P3HT (top) and
GaAs(111)B/P3HT (bottom) hybrid systems: 1-D plane-averaged
charge density difference, Δρ(z), upon P3HT adsorption (a,a′). 3-D
representation of the charge density difference with an isovalue of
±0.005 e/Å3 (b,b′). The solid lines in (a,a′) indicate the average
positions of the GaAs surface and the P3HT plane, while the
horizontal dashed line shows the interfacial distance at which charge
depletion converts into charge accumulation.
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redistribution can be obtained from the energy difference
between the ΦSUB and Ep+.
The position of the HOMO level of P3HT is determined to

be 1.10 and 0.64 eV below the Fermi energy from the Fermi-
edge regions of UPS spectra of P3HT-coated GaAs(110) and
GaAs(111)B substrates (Figures S4a,c in the Supporting
Information). Meanwhile, from the cutoff of the UPS spectra
(Figure S5a,c in the Supporting Information), the work
function of P3HT on GaAs(100) and GaAs(111)B substrates
(ΦP3HT/SUB) is found to be 3.78 and 4.00 eV, respectively. Care
was taken to effectively remove the surface oxide layer before
deposition of P3HT in an inert argon-gas atmosphere by
treating the GaAs substrates with H2SO4 solution. This is
substantiated by the absence of Ga2O3 and As2O3 peaks in the
XPS spectra of the substrates. (See Figure S6 in the Supporting
Information.) To determine the energetics of the bare
substrates, the thin P3HT films were removed in situ by Ar
ion sputtering until exposure of clean GaAs surfaces.
GaAs(110) and GaAs(111)B substrates showed the valence
band maxima (VBM) of 0.69 and 0.68 eV (shown in Figures
S4b,d in the Supporting Information) and work functions of
4.76 and 4.95 eV (as obtained from the onset of the UPS
spectra in Figure S5b,d in the Supporting Information). The
LUMO level of P3HT is determined by adding the optical gap
energy (1.9 eV) to the HOMO; similarly, the CBM of GaAs is
the sum of VBM and GaAs optical gap energy (1.42 eV).
The overall picture of energy level alignment determined by

the above measurements is sketched in Figures 4a,a′. A nested
configuration (type I) is obtained at the GaAs(110)/P3HT
interface, whereas a staggered band alignment (type II) is
observed in the GaAs(111)B/P3HT case, which agrees well
with the calculated energy alignment in Figure 2a,a′. Both
configurations favor electron transfer from P3HT to GaAs
substrates because of the barrier between conduction band
minimum (CBM) of GaAs and LUMO of the P3HT film. The
higher work function of bare GaAs substrates compared with
the hybrid GaAs/P3HT systems can be attributed to the build
up of interfacial dipole barrier of −0.98 and −0.95 eV,
respectively, which results from the displacement of negative
charge from P3HT film to GaAs substrates. Only in the case of
GaAs(111)B is the valence level offset favorable for hole
injection from the P3HT layer (EHOMO − EVBM = 0.04 eV),
suggesting that P3HT could act as a “hole acceptor”; opposite
behavior is expected for the GaAs(110) surface. The vacuum
level shift induced by the interfacial dipole, ΔΦ, can be
calculated from the comparison of the electrostatic potential
between the GaAs surface and the P3HT molecular plane using
the Helmholtz equation ΔΦ= μn/ε0.

31 (Here μ is the interface
dipole moment, that is, the amount of excess of charge obtained
from Löwdin charge analysis multiplied by the interfacial
distance, n = 1/A, where A is the surface area of the interface.)
Because only one monolayer of P3HT was considered in the
simulations, the values of ΔΦ = 0.769 and 0.868 eV obtained
for the GaAs(111)B and GaAs(110) are slightly lower than the
interfacial dipole barriers observed experimentally. Preliminary
findings from ultrafast spectroscopy measurements in organic−
inorganic bilayers confirm these predictions: upon photo-
excitation of P3HT, fast (<100 fs) electron transfer takes place
from P3HT to GaAs(111)B and GaAs(110) substrates, and
convincing signatures of hole transfer to P3HT are also
observed by energy-selective excitation of GaAs. (These results
are about to be published elsewhere.)

In summary, we performed DFT calculations to investigate
the atomic configurations and electronic properties of GaAs/
P3HT organic−inorganic hybrid systems. We find that the
different polarity of the GaAs surface states shows different
electronic orbital and charge redistribution properties. Both
cases favor electron transfer from P3HT to GaAs substrates.
GaAs(111)B surface tends to facilitate hole transfer from the
VB states to HOMO of P3HT that acts as a “hole acceptor”.
Enhanced surface dipole moments of GaAs surfaces induce
charge transfer (ΔQ ≈ 0.21e) for both GaAs(110)/P3HT and
GaAs(111)B/P3HT. The results of our calculations correlate
well with experimental observations made by UPS and ultrafast
spectroscopy measurements and are significant for the
fundamental understanding and the design of hybrid PV
systems based on the combination of organic and inorganic
semiconductors.

Figure 4. Schematic of the energy diagrams determined from UPS
measurements of GaAs(110)/P3HT (a) and GaAs(111)B/P3HT (a′)
heterointerfaces.
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■ EXPERIMENTAL METHODS

Computational Method. Density functional theory (DFT) with
local density approximation (LDA) functional44 calculations
were carried out using the Quantum-ESPRESSO software
package.37 The ultrasoft (C, S, and H atoms) and norm-
conserving of (Ga and As atoms) pseudopotentials were used
to describe the electron-ion interactions. The electronic wave
functions and charge density were expanded with an energy
cutoff of 40 and 320 Ry, respectively. The vdW-DF functional45

that accounts for dispersion effects self-consistently was also
used for structural and electronic calculations because
dispersion forces have a significant additive stabilization effect
on CT systems. For calculations of bulk GaAs, the integration
over the Brillouin zone was performed using a k-points grid of 8
× 8 × 8 during the cell optimization and electronic properties
calculations. We have obtained a lattice constant of a = 5.543 Å,
which is close to the experimental value of a = 5.653 Å.
GaAs(110) and (111)B surface orientations were selected to
study the effects of surface polarity; they are stable surfaces
observed in the experiments,46,47 and both top layers terminate
with As atoms. For the calculations of the GaAs slabs, in-plane
lattice parameters of GaAs(110) and GaAs(111)B surfaces were
obtained from optimization of the corresponding bulk GaAs.
The corresponding surfaces were represented by periodically
repeated 4 × 2 surface supercells originated from common
GaAs(110) (1 × 1) and GaAs(111)B (2 × 1) surface
reconstructions. Each slab layer contains four bilayers, where
atomic positions in the bottom bilayer are fixed to mimic the
bulk GaAs while the other layers are fully relaxed. A vacuum
region of ∼15 Å was added to avoid interaction between
neighboring slabs. For the calculations of crystalline P3HT, the
polymer structure was determined from a repeat unit
containing two thiophene rings. The 4 × 2 GaAs(110) and
(111)B surface supercells combined with the P3HT crystal two
repeated unit (no interdigitation of alkyl side chain) were used
to model interfacial structure. The transverse areas of the
GaAs(110) and (111)B slabs are 22.17 × 7.70 and 20.37 × 7.66
Å2, respectively. A 4 × 4 × 1 k-point grid was used to study
clean GaAs(110) and (111)B surfaces and GaAs/P3HT
interfaces. All surface and interface geometries were optimized
with the method of Broyden−Fletcher−Goldfarb−Shanno
(BFGS) until all of the forces on all atoms became lower
than 0.02 eV/Å and total energy difference between two
optimization steps of the minimization procedures was <10−4

eV. All of the 3-D representations of charge density are
produced by VMD.48 The surface energy is defined as Esurf =
(1/2A)[Eslab − nEbulk],

49 where Esurf is the total energy of the
surface, n is the total number of atoms in the slab, Ebulk is the
energy per atom of the bulk structure, and A is the area of the
surface.
XPS and UPS Spectroscopy. X-ray and ultraviolet photo-

electron spectroscopy (XPS and UPS) are used to investigate
the energy level alignments of GaAs/P3HT interfaces. n-doped
GaAs(111)B and (110) substrates were chemically etched with
diluted H2SO4/H2O 1:10 solution. P3HT was dissolved in 1,2-
dichlorobenzene (4 mg/mL) and spin-coated on the GaAs
substrates at 3000 rpm for 60 s. The resulting polymer film
thickness was determined to be 5−7 nm by atomic force
microscopy. After deposition the samples were thermally
annealed at 150 °C for 20 min under an inert atmosphere of
Ar gas. XPS and UPS measurements were performed under

high vacuum with excitations of Al Kα (hν = 1486.7 eV) and
He I (hν = 21.2 eV).
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