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ABSTRACT: Recent work on hybrid photovoltaic systems based on conjugated polymers
and III−V compound semiconductors with relatively high power conversion efficiency
revived fundamental questions regarding the nature of charge separation and transfer at the
interface between organic and inorganic semiconductors with different degrees of
delocalization. In this work, we studied photoinduced charge generation and interfacial
transfer dynamics in a prototypical photovoltaic n-type GaAs (111)B and poly(3-hexyl-
thiophene) (P3HT) bilayer system. Ultrafast spectroscopy and density functional theory
calculations indicate the coexistence of electron and hole transfer at the GaAs/P3HT
interface, leading to the generation of long-lived species and photoinduced absorption
upon creation of hybrid interfacial states. This opens up new avenues for the use of low-
dimensional III−V compounds (e.g., nanowires or quantum dots) in hybrid organic/
inorganic photovoltaics, where advanced bandgap and density of states engineering may
also be exploited as design parameters.

SECTION: Kinetics and Dynamics

Integration of conjugated polymers with inorganic nano-
crystals such as nanowires, nanoribbons, and quantum dots,

has proven an attractive strategy to increase power conversion
efficiency (PCE) of organic photovoltaic (PV) devices.1−7

Typically, in this type of hybrid solar cells, photogenerated
excitons dissociate at the inorganic/polymer interfaces, trans-
ferring an electron to the semiconductor nanocrystals and
leaving behind a positive polaron on the polymer chain. Charge
carriers can then escape recombination and be extracted from
opposite electrodes so that the competition between interfacial
charge separation and charge recombination becomes the
primary factor affecting the overall photocurrent.8,9 One way to
improve the PCE of polymer solar cells is to replace the
commonly used fullerene-based acceptors with inorganic
counterparts with higher electron mobility, such as group IV
(Si10 and Ge11), IV−VI (PbS12 and PbSe13,14), II−VI
(CdSe15,16 and CdS17), or metal oxide (TiO2

1 and ZnO18,19)
compounds. So far, hybrid organic/inorganic PVs based on
III−V semiconductors (e.g., GaAs and InP) and conjugated
polymers demonstrated promising performance, thanks to the
strong near-infrared absorption, the high carrier mobility, and
the optimal staggered band alignment to common conducting
polymers of III−V materials.5,20−22 PCEs as high as ∼4.2%
were obtained in GaAs/octithiophene bilayers,23 ∼2.37% in
GaAs nanowire/P3HT (poly(3-hexylthiophene-2,5-diyl)) bulk
heterojunctions,5 and ∼2.31% in GaAs/polymer bilayers.24

Despite the good characteristics of hybrid PVs, charge-
transfer process at inorganic/polymer interfaces (e.g., GaAs/
P3HT) is still not well understood.25−28 Similarly, the

fundamental nature of charged photoexcitations at the interface
between highly delocalized inorganic naonocrystals and more
localized, disordered conjugated systems is also of great
fundamental interest but not completely unraveled.29−33

Thus, better understanding of the nature of hybrid photo-
excitation and their physical origin at III−V/polymer
heterointerfaces is of primary importance and impact from
both experimental and theoretical standpoints.
Few recent studies on charge transfer in hybrid III−V/

organic semiconductor systems (small molecules, oligomers,
and polymers) provided useful insights into interfacial
processes upon photoexcitation as well as some guidelines for
the design of efficient PV devices. Blackburn et al. investigated
ultrafast hole-transfer from colloidal InP quantum dots to
organic hole-transfer material by photoluminescence and
transient absorption (TA) spectroscopy.34 Lanzani et al.
observed charge-transfer-induced exciton dissociation at the
hybrid GaAs/oligothiophene bilayer interface. Subsequently,
this group reported photoinduced electron transfer from
CuPcF16 to GaAs and from GaAs to C60 in hybrid CuPcF16/
GaAs28 and C60/GaAs

35 bilayer, respectively. Employing
electric-field-induced second-harmonic generation, Zhu and
coworkers reported photoinduced charge transfer from photo-
excited GaAs to localized CuPc molecular orbital. This was
attributed to charge-carrier separation in GaAs by the space-
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charge field following ultrafast hole injection to CuPc.26 More
recently, Giustino and coworkers performed DFT modeling on
a GaAs/polythiophene heterojunction, showing that the
resulting interfacial dipole can lower the highest occupied
molecular orbital (HOMO) of the conjugated polymer until the
whole system attains equilibrium.25 We have also considered
the effect of surface polarity on the charge redistribution at
GaAs/P3HT heterointerface by DFT modeling, showing that
polar GaAs (111)B tends to facilitates hole transfer from the
valence band (VB) states to the HOMO of P3HT, as compared
with nanpolar surface GaAs (110).36 While all of these studies
demonstrated effectiveness of either electron or hole charge
transfer at III−V/organic heterointerfaces, “ambipolar” charge
transfer is expected to occur in GaAs/P3HT, whereby both
electron transfer from the HOMO of P3HT to the conduction
band (CB) of GaAs and hole transfer from excited states of
GaAs to the LUMO of P3HT can occur simultaneously. This is
an interesting new paradigm that may prove effective to
improve charge photogeneration efficiency in hybrid PV
devices.
We choose a prototype bilayer system based on a typical hole

transporting material P3HT and n-type GaAs (111)B substrate.
Our study focuses on the charge-carrier photogeneration and
photoinduced interfacial charge transfer between GaAs and
P3HT by combining various spectroscopy measurements and
density functional theory (DFT) calculations. Photolumines-
cence and TA spectra with excitation energy above the P3HT
optical gap clearly indicate that electron transfer takes place at
GaAs/P3HT interface; this results in enhancement of polaron
formation rate and increase in polaron lifetime. Moreover,
energy-selective excitation below the optical gap of P3HT
allows isolating a strong contribution of hole injection from
GaAs to P3HT, a unique feature predicted by DFT modeling:
for polar GaAs (111)B surfaces, calculations suggest that P3HT
acts as an acceptor for hole transfer from the GaAs VB state to
the HOMO of P3HT.36 This shows that GaAs can perform a
dual function of electron acceptor and light-harvesting material.
Moreover, as its band energy diagram suggests, GaAs has one of
the most favorable energetics for hole transfer to P3HT so that
ambipolar charge transfer could indeed be achieved in GaAs/
polymer solar cells with proper design engineering.

To fabricate GaAs/P3HT bilayer samples, we spun cast
regioregular P3HT films at 1500 rpm on chemically etched, n-
type (Si-doping∼2 × 1018 cm−3) GaAs (111)B substrates in an
inert Ar atmosphere. The resulting P3HT film thickness, as
measured by atomic force microscopy, was 40 nm. Figure 1a
shows the reflectance spectra of a typical GaAs/P3HT bilayer, a
bare GaAs reference substrate (top panel), and absorption
spectrum of pristine P3HT film deposited on a quartz substrate
(bottom panel). The GaAs substrate shows a broad reflectance
band covering the entire visible region, while the absorption
spectrum of pristine P3HT exhibits well-resolved, typical
vibronic replicas at 610 (0−0), 555 (0−1), and 520 nm (0−
2). The bottom panel of Figure 1a shows the corresponding
steady-state photoluminescence spectra of P3HT, GaAs/P3HT
bilayer, and bare GaAs. The GaAs/P3HT system shows main
peaks originating from both P3HT, with emission peaks
centered at 650 and 720 nm, and from the GaAs substrate, with
an emission peak centered at ∼860 nm. However, the intensity
of photoluminescence transitions corresponding to P3HT is
reduced in the bilayer compared with the pristine P3HT film
with the same thickness. The quenching of steady-state
photoluminescence of P3HT is a first indication of exciton
population reduction upon charge-transfer across the hetero-
interface, similar to the well-known case of P3HT/PCBM
blends, where radiative emission is completely quenched upon
ultrafast (sub-50 fs) electron transfer to the fullerene
acceptor.37,38 Both emission and reflectance spectra of the
GaAs/P3HT bilayer therefore suggest that GaAs acts as
effective electron acceptor and light absorber in the combined
hybrid system. Figure 1b shows a comparison between the
photoluminescence transient dynamics of pristine P3HT,
P3HT on GaAs, and a P3HT/PCBM bulk heterojunction
(1:1 wt %). The photoluminescence lifetime of P3HT
deposited on GaAs is found to be significantly reduced
compared with the pristine P3HT sample, in agreement with
the observed quenching of steady-state photoluminescence.
Assuming that effective exciton dissociation takes place at the
GaAs/P3HT interface, followed by photoinduced charge
transfer between the two components, the charge-transfer
efficiency can be estimated by comparing the exciton lifetimes
extracted from Figure 1b.37 The relative charge-transfer
efficiency of the combined system, obtained from the ratio

Figure 1. (a) Top panel: reflectance spectrum of GaAs (dashed-dotted line) and GaAs/P3HT (dashed line). Bottom panel: absorption and steady-
state photoluminescence spectra of P3HT (solid lines), photoluminescence spectra of GaAs/P3HT bilayer (dashed line), and GaAs substrate
(dashed-dotted line). (b) Time-resolved photoluminescence of pristine P3HT film (squares), P3HT/PCBM blend film (triangles), and GaAs/P3HT
bilayer (circles). The time-resolved photoluminescence spectra were detected at 660 nm with photoexcitation at 500 nm. The photoluminescence
decay dynamics were fitted to a bioexponential function (solid lines), where t1 and t2 are the extracted lifetimes. All films used for absorption and
photoluminescence measurements were 40 nm thick.
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kGaAs/P3HT/kPCBM/P3HT, where kGaAs/P3HT is the fast component
of the radiative decay of GaAs/P3HT and kPCBM/P3HT is that of
the P3HT/PCBM blend (known to have charge transfer
efficiency near 100%),39 is on the order of 3%. This indicates
that the GaAs/P3HT interface facilitates dissociation of
photogenerated excitons, although charge-transfer efficiency is
significantly lower than that in the P3HT/PCBM bulk
heterojunction system, which offers larger interfacial area
compared with the simple bilayer thanks to the interpenetrating
morphology of the nanometer-scale donor−acceptor network.
From the optimal type-II energy alignment of GaAs (111)B
versus P3HT, electron transfer from P3HT to GaAs is indeed
expected to yield positive polarons in P3HT; at the same time,
hole injection from GaAs to P3HT is also anticipated to be
energetically favorable (Figure S1 in the Supporting Informa-
tion).36

Ultrafast time-resolved measurements (Figure 2) were
performed to elucidate the interfacial charge-carrier dynamics
at the hybrid GaAs/P3HT interface promptly after photo-
excitation (t > 100 fs). Pump−probe spectroscopy was carried
out with excitation wavelength of 500 nm and probe
wavelengths in the range of 500−950 nm, collecting relative
differential signals (ΔR/R) in backscattering configuration. In
GaAs/P3HT bilayers, the probe beam passes twice through the
thin P3HT film after being reflected by the GaAs substrate. To
mimic the effect of highly reflecting GaAs in control
measurements of pristine P3HT, we spun cast films on quartz
with a back aluminum metallization. Within this experimental
configuration, the differential signal obtained by amplitude
modulation of the pump beam effectively gauges the photo-
induced TA of the P3HT film, together with photoinduced
contributions from the interfacial layer. Negative signals

correspond to an increase in the reflected probe light and
originate from ground-state bleaching (GBS) or stimulated
emission (SE), while positive signals are due to the decrease in
reflected light intensity and originate from polaron absorption.
Figure 2a,b shows transient reflectance spectra of pristine

P3HT film and n-type GaAs (111)B at different delay times.
The spectra of P3HT (Figure 2a) exhibit negative features
below 630 nm with three distinct vibronic peaks at 520 (0−2),
560 (0−1), and 610 nm (0−0) assigned to GSB, a very weak
negative band between 700 and 750 nm arising from the SE of
singlet excitons, and positive feature with a peak centered at
670 nm, which has been previously attributed to photoinduced
absorption (PIA) of photogenerated charged species.40,41 The
spectra of n-type GaAs (Figure 2b) consist of three main
features, two of which are PIA bands centered at 650 and 770
nm, and the third is a SE band centered at 875 nm. At early
times after excitation, the SE band is broad due to hot-carrier
cooling toward the band edge of GaAs.33 Even at short times,
the transient reflectance spectra of GaAs/P3HT bilayer (Figure
2c) are significantly different than those of control GaAs and
P3HT samples. In the transient reflectance spectra of the
GaAs/P3HT bilayer, there are three main features: a positive
PIA band between 570 and 770 nm with peak centered at 650
nm, a negative photobleaching (PB) band at shorter wave-
lengths (<570 nm), and an SE band of GaAs at longer
wavelengths (>770 nm). The negative PB band shows
characteristic peaks at about 520 and 560 nm, which are
attributed to the GSB of P3HT due to state-filling of the
ground excitonic and polaronic states. Conversely, the 0−0
vibronic feature at 600 nm appears as a positive signal, most
likely due to an offset due to the spectral overlap of the PB with
the tail of the PIA. A new positive PIA band appears above 630

Figure 2. Left: transient reflectance spectra of pristine P3HT film (a), n-type GaAs (111)B (b), and hybrid n-type GaAs (111)B/P3HT bilayer (c) at
different delay times following photoexcitation at 500 nm. Right: photoexcitation dynamics of the GaAs/P3HT bilayer at selected probe
wavelengths: ground-state bleaching (GSB) probed at 540 nm (d); photoinduced absorption (PIA) probed at 650 nm (e); and stimulated emission
(SE) probed at 880 nm (f). The solid lines are fitting of the data with multiexponential functions.
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nm with peak centered at 650 nm, which is quite long-lived and
persists beyond the 500 ps temporal window of our
measurements. Several factors may contribute to the observed
long-lived PIA signal. According to the staggered band
alignment of GaAs and P3HT, the GaAs/P3HT bilayer
interface is expected to facilitate dissociation of photogenerated
excitons. This results in the conversion of P3HT excitons into
positive P3HT polarons, which is reflected in the transient
reflectance signatures of the GaAs/P3HT bilayer. The
appearance of strong PIA band could be due to the
enhancement of polaron formation yield in P3HT as a result
of charge-transfer-induced excitons dissociating at the hetero-
interface: this would inhibit recombination of hole polarons in
P3HT, thus increasing lifetime. The assignment of the PIA
band to positive P3HT polarons is indeed supported by
previous PIA and charge-modulation spectroscopy measure-
ments performed on P3HT diodes.42,43 In addition to the
appearance of a strong PIA feature, the SE band of GaAs is
featureless and broadened. Although SE of GaAs does not
appear to be quenched at the initial time, consistent with
steady-state PL data showing no reduction of GaAs emission in
the bilayer and a previous report on GaAs nanowires embedded
in P3HT,25 SE is significantly reduced at later times, providing
further evidence of ultrafast photoinduced charge transfer in
this hybrid system. The second PIA band between 700 and 770
nm could result from the excitation of both GaAs and P3HT.
We are not able to unambiguously assign this band to either
PIA of P3HT species or GaAs because in this region the tail of
PIA of P3HT is spectrally overlapped with the PIA of GaAs;
therefore, we speculate that both GaAs and P3HT contribute to
its formation. Transient reflectance measurements of intrinsic
and p-type GaAs (111)B/P3HT bilayers also confirmed this
assignment of PIA bands.
The dynamics of transient reflectance peaks in Figure 2d−f

corresponding to PB (540 nm), PIA (650 nm), and SE (880
nm) confirms generation of long-lived species and PIA upon
interfacial charge transfer across the heterointerface. In the
GaAs/P3HT bilayer, dynamics of PB and PIA exhibit
significantly longer lifetime of (>1 ns, ∼20% of the initial
amplitude) in comparison with pristine P3HT film (Figure S2
and Figure S5 in the Supporting Information). Both the PB and
the PIA dynamics rise nearly instantaneously (rise time is
slightly longer than duration of pump−probe pulses). The rise

time of PIA correlates well with the fast decay time of PB signal
due to the depletion of the ground state (Figure S3 in
Supporting Information). The appearance of longer lifetime
PIA dynamics shows enhancement of polaron formation in
P3HT due to the electron transfer to GaAs.44 The prolonged
PB dynamics also indicates small repopulation of excited states
following charge transfer. Exciton dissociation and charge
transfer across the GaAs/P3HT bilayer interface happen on a
subpicosecond time scale.
DFT calculations were performed on the ground state of

idealized Si-doped GaAs (111)B/P3HT bilayer model by
replacing one As atom of GaAs top layer by Si atom. (See
Figure S6 in the Supporting Information.) Charge transfer is
usually determined by the electronic coupling strength,
reorganization energy, energetics of the organic adsorbate and
semiconductor, and density of states (DOS) of them. Figure 3a
shows that the overall DOS of the GaAs and P3HT combined
system (black lines) is largely dominated by the projected DOS
of GaAs (shaded gray area), while the projected DOS of P3HT
(blue line) only slightly perturbs the top of the VB of GaAs.
States of the P3HT molecule extend over a broad energy range,
and there is small overlap between the lowest unoccupied
molecular orbital (LUMO) level or P3HT and the CB of GaAs
compared with the relatively large overlap of the HOMO of
P3HT and the GaAs VB. While the CB of GaAs gains overlap
with the HOMO of P3HT, easing hole injection from GaAs to
P3HT. The electronic charge rearrangement upon the
formation of GaAs/P3HT interfaces is also shown in Figure
3b. The charge transferred from P3HT 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 (111)B slab, ρP3HT
is the charge density of P3HT layer without substrate, and
ρGaAs/P3HT is the electronic charge density of the GaAs/P3HT
interface. The in-plane average of Δρ along the z direction
shown in Figures 3b provides quantitative estimate of electron
(Δρ < 0) and hole (Δρ > 0) accumulation, indicating a large
charge redistribution (up to ∼5.38 × 103 e/Å3). Upon charge
redistribution with adsorbed P3HT, the intrinsic surface dipole
moment of GaAs surfaces is enhanced by induced charge
displacement. To understand the origin of the interfacial dipole
moment, we conducted a Löwdin charge analysis of the charge
density for these hybrid systems.45 By comparing the sum of

Figure 3. (a) Density of states and electronic orbital distribution of electronic orbitals of GaAs (111)B/P3HT hybrid system. The dashed line
indicates the position of the Fermi energy. The insets show the electronic distribution of HOMO and LUMO of P3HT. (b) Charge redistribution in
1-D plane-averaged charge-density difference, Δρ(z), upon P3HT adsorption. The inset shows 3-D representation of the charge-density difference
with an isovalue of ±0.005 e/Å3. The solid lines 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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the Löwdin charge on the GaAs and P3HT molecule before
and after the formation of the interface, a total charge (ΔQ) of
0.223e for GaAs (111)B/P3HT is found to be transferred
between P3HT and GaAs, which is slightly larger than the
intrinsic GaAs (111)B/P3HT system (ΔQ = 0.209e), as shown
in our previous work. This implies an efficient charge transfer
compared with other hybrids systems, such as Cu (110)/
petencene, ZnO/P3HT, ZnO/graphene, and so on.36

Ultrafast spectroscopy data and energy considerations
suggest that the rapid generation of charges at the GaAs/
P3HT heterointerfaces may be induced by either electron
transfer from P3HT to GaAs or by hole injection from GaAs to
P3HT. To address the nature of charge-transfer polarity, we
lowered the excitation energy below the optical gap of P3HT
(photoexcitation at 800 nm) to selectively excite GaAs and
isolate the contribution of hole injection from GaAs to P3HT.
As shown in Figure 4a, the transient reflectance spectra of
hybrid GaAs/P3HT bilayer excited at 800 nm shows similar
features as photoexcitation at 500 nm, namely, PB, PIA, and SE
bands. Figure 4b,c shows dynamic profiles of PB and PIA
probed at 550 and 650 nm. In this case, polaron-related bands
are also rather long-lived. The main difference between
dynamics of the different excitations (with energy above or
below of the P3HT optical gap) appears in the characteristic PB
signal below 560 nm. Promptly after excitation, the PB signal
decays within 2 ps due to the predominant excitation of GaAs.
After GaAs relaxation, the PB signal evolves and rises for a few
picoseconds. Subsequently, the PB relaxes on a time scale much
longer than our detection window of 500 ps.27 The longer-lived
charged polarons corresponding to the PB and the PIA signals
are a clear indication of interfacial charge generation upon hole
injection from GaAs (111)B to P3HT.35 Therefore, when GaAs
is selectively excited, holes are injected to P3HT; because the
final state coincides with the electron-transfer state from P3HT
to GaAs (111)B, this process gives rise to similar PIA signal.
Similar results were also reported by Heeger and coworkers in
PCPDBT/PCBM bulk heterojunction film, in which identical
PB and PIA features of the polymer are observed with energy-
selective excitation of PCBM. This was attributed to ultrafast
hole transfer from the HOMO of PCBM to the higher HOMO
energy of the of polymer, with identical final states following
the electron transfer from PCPDBT to PCBM.46

In conclusion, we investigated charge photogeneration and
transfer in a prototype hybrid GaAs/P3HT bilayer by
combination of linear and ultrafast spectroscopy and DFT
calculations. Data provide consistent evidence of ambipolar
charge transfer of electrons and holes across the heterointer-
face, where large population of long-lived polarons is
manifested by PIA and PB signatures with excitation either
above or below the P3HT absorption energy. These findings
are in agreement with DFT simulations that predict a fairly
large interfacial dipole moment due to electrostatic interaction
of electrons accumulated at the GaAs (111)B surface and holes
below the P3HT molecule adsorbed at the surface. Ambipolar
charge transfer can be regarded as an interesting new concept
to optimize PV PCE of hybrid organic−inorganic devices. This
work shows that efficient ambipolar transfer can be achieved at
the interface between organic semiconductors and III−V
compounds and may be further optimized by bandgap and
DOS engineering. To increase charge separation and reduce
recombination pathways, large interfacial areas in contact with
the organic materials would be required in hybrid solar cells
exploiting this concept, similar to bulk heterojunctions. This
may be achieved using low-dimensional crystals, for instance,
nanowires and quantum dots, as solution additives, while
preserving conventional OPV fabrication techniques and
architectures.

■ EXPERIMENTAL METHODS

Steady-state absorption and reflectance spectra were recorded
by using a BRUKER VERTEX 80 V Fourier transform infrared
(FTIR) spectrometer with reflectance accessory at the incident
angle of 11°.
Steady-State and Time-Resolved Photoluminescence. An optical

parametric amplifier (OPA) (Light Conversion TOPAS) was
employed as the excitation source. TOPAS itself was pumped
by a 1 kHz Coherent Legend apparatus(800 nm center
wavelength, 100 fs pulse width, and 1 mJ/pulse power). Steady-
state photoluminescence was measured using a CCD (Acton
Princeton Instrument PIXIS 400) coupled to a monocromator
(Acton Research Corporation SpectraPro 2500i). Time-
resolved photoluminescence was measured by employing fast
triggered streak camera (Optronis FTSU-1) coupled to a

Figure 4. Transient reflectance spectra of GaAs/P3HT at 1 and 10 ps delay following energy-selective photoexcitation of GaAs at 800 nm (a).
Transient reflectance decay profiles of photobleaching (PB) probed at 550 nm (b) and photoinduced absorption (PIA) probed at 650 nm (c). The
solid lines are fitting of the data with multiexponential functions and the corresponding time constants are shown as insets.
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monochromator (Spectral Products RS-232) and a CCD (Pro
Sensicam).
Transient Ref lectance Spectroscopy. Transient reflectance data

were collected with a femtosecond pump−probe setup in
reflection geometry, where the excitation source was generated
from the previously mentioned OPA. Pump−probe transient
reflectance measurements were performed in the double-pass,
back-scattering configuration in which light passes through the
P3HT film and gets reflected off at the GaAs/P3HT interface,
then collected and monitored using a monochromator/PMT
configuration with lock-in detection. The pump beam was
chopped at 83 Hz and referenced to the lock-in amplifier. The
differential transient reflectance ΔR/R is defined as ((ΔR/R) =
((Rpump

on − Rpump
off )/Rpump

off ), where Rpump
on designates the probe

reflected with pump on and Rpump
off designates the probe

reflected with pump off. Second-order effects were minimized
by using excitation density below 100 μJ/cm2 per pulse. The
entire measurements were performed under vacuum (pressure
<10−3 Pa).
Density Functional Theory. The DFT with local density

approximation (LDA) functional47 calculations was carried out
for studying interfacial structures and electronic properties
using Quantum-ESPRESSO software package.45 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. All surface and interface geometries were
optimized with the direct energy minimization method of
Broyden−Fletcher−Goldfarb−Shanno, until forces on all
atoms became lower than 0.02 eV/Å and total energy difference
between two optimization steps of the minimization procedures
was less than 10−4 eV.
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