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ABSTRACT: Organic/inorganic semiconductor heterojunctions
are being explored in hybrid solar cells that take advantage of
unique properties of both material systems. A key question
concerns the mechanism of charge separation across the
localized/delocalized semiconductor interface. Here we probe
photoinduced charge transfer at a model interface between copper
phthalocyanine (CuPc) and gallium arsenide (GaAs) by tracking
the electric field on the femtosecond time scale using time-
resolved second harmonic generation. For above bandgap
excitation of GaAs, we resolve distinction channels of charge
separation on 102 fs time scales: charge carrier separation in GaAs
due to the delocalized space charge field and hole injection from
photoexcited GaAs to localized CuPc molecular orbitals. At sufficiently high excitation density (>1017/cm3), charge separation by
the space charge field leads to band flattening, which accelerates resonant hole transfer from GaAs to CuPc. We discuss
implications of these findings to the design of organic/inorganic hybrid solar cells.

■ INTRODUCTION

Current photovoltaic technologies rely on inorganic semi-
conductors. The solar-to-electric power conversion efficiencies
of single junction photovoltaics based on crystalline inorganic
semiconductors can be as high as 28%, which is ∼85% of the
fundamental Shockley−Queisser limit.1 However, these high-
efficiency solar cells can be prohibitively expensive for large-
scale implementations. In comparison, organic photovoltaics
(OPVs), i.e., solar cells based on organic semiconductor
materials (including conjugated polymers), can be produced
and processed at low cost and on a very large scale. There is
also growing interest in solar cells from hybrid organic/
inorganic semiconductors that incorporate advantageous
properties of both material systems, e.g., the high intrinsic
carrier mobilities of inorganic semiconductors and the high
optical density and broad optical tunability of organic
semiconductors. In addition, molecule-specific photophysical
processes, such as singlet exciton fission,2 may be combined
with inorganic semiconductors3 to exceed the Shockley−
Queisser limit. Hybrid solar cells based on organic materials
and inorganic semiconductors in single crystal, thin film, or
nanostructured formats have been demonstrated recently.3−8

These solar cells rely on charge separation at the organic/
inorganic semiconductor interface, but little is known about
how such charge separation events occur. A fundamental
question concerns how the distinctly different characteristics of
charge carriers on the two sides of the interface determine the
charge separation mechanisms. In most crystalline inorganic
semiconductors, charge carriers move as free electrons or holes

in the delocalized band structure, with charge separation
determined by the space charge field at interfaces or p−n
junctions. In organic semiconductors, optical excitation leads to
localized excitons and charge separation requires energetic
driving force resulting from energy level offset at electron
donor/acceptor interfaces to form localized polarons in each
phase.9 At the hybrid organic/inorganic semiconductor inter-
face, we do not know a priori if the delocalized, the localized, or
both charge separation mechanisms operate and how these
charge separation channels compete dynamically.
In order to answer the above questions, we choose the model

system of copper phthalocyanine (CuPc) and gallium arsenide
(GaAs). CuPc is the electron donor and hole transport material
in the best-known small molecular organic photovoltaic cells
(with fullerene as electron acceptor),10 while GaAs is the
inorganic semiconductor for single junction solar cells with the
highest power conversion efficiency.1 Hybrid CuPc/GaAs
photovoltaic cells have been demonstrated before.11 We
probe photoinduced charge separation mechanism at the
hybrid CuPc/GaAs interface using femtosecond time-resolved
second harmonic generation (TR-SHG), particularly electric-
field-induced SHG (EFISH).12−16 EFISH is a four-wave mixing
process in which two optical fields (ω) mix with a dc field (Edc)
to give signal at frequency 2ω. EFISH has been used to
characterize static space charge fields at semiconductor
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interfaces14−16 and, in the time-resolved mode, to determine
charge separation dynamics at semiconductor interfaces.17−20

For the localized/delocalized semiconductor interface of CuPc/
GaAs, we observe transient EFISH responses due to both
charge carrier separation in GaAs by the space charge field and
hole injection from photoexcited GaAs to localized CuPc
molecular orbitals. These charge separation processes occur on
the ultrafast time scales of ∼102 fs and are cooperative at high
excitation densities: band flattening resulting from charge
separation in GaAs accelerates hole injection into CuPc by
bring the holes in GaAs into resonance with CuPc molecular
orbitals.

■ EXPERIMENTAL SECTION
We used highly doped ((1.0−1.2) × 1018/cm3) n-type (Si-
doped) or p-type (Zn-doped) GaAs wafers with (001) surface
termination (MTI Corporation). After cleaning in acetone and
methanol, we etched each GaAs wafer in 30% aqueous NH4OH
for 5 min to remove the native oxide layer, followed by rinsing
with deionized water. The etched surfaces were passivated with
sulfur (S) in 20% aqueous (NH4)2S for 2 h, followed by water
rinse. The S-passivated GaAs samples were transferred into a
vacuum chamber equipped with a thermal evaporator for the
deposition of 10 nm CuPc, with film thickness calibrated by a
quartz-crystal microbalance. The exact orientation of the CuPc
molecules with respect to the GaAs surface is not known.
Peisert et al. examined the orientation of CuPc thin films on a
variety of solid surfaces and concluded that CuPc molecules
adopt lying-down orientation only on clean single crystal metal
or semiconductor surfaces, but in standing-up orientation on
other technologically relevant surfaces, such as tin oxide, oxide-
terminated silicon, and polycrystalline gold.21 In view of this,
we believe the CuPc thin film on the solution processed S-GaAs
surface likely adopts the standing-up molecular orientation.
We characterized the energetic alignment at the interface by

ultraviolet photoemission spectroscopy (UPS). UPS measure-
ments were performed in an ultrahigh-vacuum chamber (UHV)
with a base pressure of 10−9 Torr. UV light came from a helium
discharge source (VG) with photon energies of 21.2 and 40.8
eV for He I and He II lines, respectively. Photoelectrons were
detected on a hemispherical electron energy analyzer (VG
100AX).
A Ti:sapphire femtosecond oscillator (Coherent Mira 900)

(800 nm wavelength, 76 MHz repetition rate, 110 fs pulse
width) was used in the pump−probe SHG measurements. The
laser pulse width allows us to obtain an experimental time
resolution of approximately ±30 fs based on deconvolution.
The incident pump and probe beams were p-polarized. The
reflected probe beam was passed through a polarizer, a band-
pass filter (400 nm), and a monochromator, and the second
harmonic signal at 400 nm was detected by a photon counter.
The angles of incidence of the pump and probe beams were
55° and 45°, respectively, from surface normal. In most
measurements, the spot size and pulse energy on the surface
were ∼0.025 mm2 and 3.6 nJ/pulse for the pump and ∼0.01
mm2 and 3.8 nJ/pulse for the probe. Zero delay was
determined by autocorrelation measurements from the GaAs
wafers. All optical experiments were performed in air at room
temperature, and we found that the sample was stable over time
due to the exceptional chemical and photochemical stability of
CuPc. In TR-SHG measurements, the pump light at hν = 1.55
eV selectively photoexcites GaAs (Eg = 1.4 eV), which is below
the optical gap (= 1.76 eV) of CuPc.19 Transient SHG signal is

detected with a fundamental at hν = 1.55 eV and the second
harmonic at hν = 3.10 eV.

■ RESULTS AND DISCUSSION
Static and Transient SHG from GaAs(001). GaAs is a

noncentrosymmetric material and there is strong bulk SHG
response.14,22−24 Germer et al. characterized the SHG response
from GaAs(001) using a phenomelogical model for the
effective second-order nonlinear susceptibility, χeff

(2):

χ χ χ χ= + + +E E3 6 ...eff
(2) (2) (3)

dc
(4)

dc
2

(1)

where χ(2), χ(3), and χ(4) are the second-, third-, and fourth-
order nonlinear susceptibilities, respectively.25 While the SHG
response of GaAs is dominated by contributions from bulk χ(2)

and the first-order EFISH (3χ(3)Edc) terms in eq 1, the bulk χ(2)

contribution can be minimized when one uses particular
polarization combinations and sample orientation,22 as shown
by the static SHG signal from a native-oxide terminated
GaAs(001) surface as a function of azimuthal angle (ϕ) from
the (100) direction, with p-polarization for both incident
fundamental and the second harmonic signal output (Figure
1A). Similar results are obtained for the S-passivated and CuPc-

covered GaAs(001) surfaces. This azimuthal dependence shows
a near 4-fold symmetry, as expected from the zinc-blende
crystal structure of GaAs(001).22 The small difference in the
peak SHG intensity at ϕ = 45° or 225° from that at ϕ = 135° or
315° can be attributed to the interference between bulk,
surface, and electric-field-induced (from the space charge
region) SHG signals.23,25 The SHG signal is minimized when
the plane of incidence contains the (100) or (010) crystalline

Figure 1. (A) Dependence of SHG intensity from a p-type GaAs wafer
covered with a native oxide layer as a function of azimuthal angle (ϕ),
which contains the plane of incidence and ϕ = 0 corresponds to the
(100) crystal direction. (B) Normalized pump−probe SHG profile
probed at ϕ = 0°. The inset illustrates schematically the pump−probe
SHG experiment on the GaAs(001) surface.
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direction23 and the magnitude of the signal at each minimum is
nearly 3 orders of magnitude smaller than those at the maxima.
Further insight into the origins of SHG signal comes from

pump−probe experiments in which the first laser pulse (hν1 =
1.55 eV) excites electrons from the GaAs valence band to the
conduction band and the second laser pulse probes the SHG
response. Figure 1B shows time-resolved SHG profile probed at
ϕ = 0°, i.e., the first minimum in Figure 1A. It is characterized
by two features: (1) an ultrafast decrease in SHG intensity on
the time scale of ∼100 ± 30 fs and (2) a subsequent rise of
SHG intensity on the time scale of ∼200 ± 50 fs, followed by a
slower decay characterized by an exponential time constant of
∼1.0 ± 0.2 ps. Here, feature 1 can be attributed to band
flattening due to optical excitation. The near-surface region of
GaAs features a space charge region due to band bending from
charged surface states.26,27 The initial optical excitation of
photocarriers reduces the space charge field, i.e., band flattening
due to the separation of photogenerated electron−hole pairs by
the space charge field, followed by radiative recombination of
photocarriers on much longer time scales, in excellent
agreement with previous measurements on GaAs surfaces by
electro-optic sampling,28 transient reflectance,29 and SHG.30

Note that the coherent phonons observed in previous
measurements29,30 are not resolved in Figure 1 due to the
longer laser pulses used here. The time scale (∼200 fs) of the
second feature is consistent with the ultrafast dynamics of
trapping of photocarriers by surface states.31,32 In this case, it is
the trapping of photoholes by filled surface states; this process
increases the electric field in the same direction as the space
charge field for p-GaAs and, thus, increases the EFISH
contribution to the SHG intensity. The subsequent decay of
SHG signal can then be attributed to surface state mediated
recombination of photocarriers. The above interpretation
suggests the dominant role of EFISH contribution to pump-
induced SHG signal; this interpretation is verified by pump-
induced SHG responses at the GaAs/CuPc interfaces, as
detailed below. Note that the relative magnitudes of the two
features in time-resolved SHG responses depend on light
polarization and azimuthal angle. A detailed analysis of the
various tensor elements for the SHG responses at the
GaAs(001) surface is beyond the scope of this report and
will be published later. In the following, we focus on charge
separation dynamics at CuPc/GaAs(001) interfaces probed at
ϕ = 0°.
Electronic Energy Level Alignment at CuPc/GaAs(001)

Interfaces. We establish electronic energy level alignment at
the CuPc/GaAs interface using UPS, which reveals the pinning
of the surface Fermi level in the middle of the bandgap on both
p- and n-type GaAs(001) surfaces with sulfur passivation, in
agreement with previous reports.33,34 This gives rise to opposite
band bending directions for the p- and n-type GaAs,
respectively. We can estimate the magnitudes of band bending
for the p- and n-type GaAs surfaces. When the doping
concentration is ∼1018 cm−3 in GaAs, the Fermi levels are
approximately given by EF − EV = kT[log(NV/np)] and EF − Ec
= kT[log(nn/Nc) + 0.354(nn/Nc)] for the nondegenerate p-
GaAs and the degenerate n-GaAs, respectively.35 Here, np and
nn are the doping concentrations in p- and n-type GaAs,
respectively; NV and NC are the effective density of states in the
valence and conduction bands of GaAs, respectively. The
calculated Fermi levels are 0.057 eV above the VBM in p-GaAs
and 0.039 eV above the CBM in n-GaAs. Therefore, the
magnitude of the band bending is about 0.54 eV for p-GaAs

and 0.74 eV for n-GaAs, in agreement with UPS measurements
detailed below.
Because of the presence of bandgap surface states, it is

difficult to accurately determine the valence band maximum
(VBM) of the GaAs surface from the GaAs valence band in
UPS. Following the work of Yu et al.,33 we reference the VBM
to the Ga3d core level, as shown in Figure 2C for the p-GaAs:S

surface without or with CuPc overlayers. The binding energies
(referenced to the Fermi level) of Ga3d are found at 19.3 ± 0.1
and 19.4 ± 0.1 eV for p- and n-type GaAs, respectively. These
results put the CBM at 0.4 ± 0.1 and 0.5 ± 0.1 eV for p- and n-
type GaAs(001):S, respectively, in agreement with the
estimated band bending.
With the deposition of a CuPc thin film on the S-passivated

GaAs(001) surface, the highest occupied molecular orbital
(HOMO) of CuPc appears near the VBM of GaAs, as shown in
Figure 2A,B for increasing CuPc thickness on p- and n-GaAs:S,
respectively. Following common practice, we use the upper
threshold (arrow in Figure 2A) of the HOMO peak to indicate
the HOMO position, which is at ∼0.2 eV above the surface
VBM of GaAs, regardless of dopant type. Note that the band
alignments probed here for CuPc on S-passivated GaAs(001)
differ from those reported for CuPc on the clean GaAs(001)
surfaces,36 as expected for III−V semiconductors with different
surface conditions.34 The lower-right panel in Figure 2
summarizes the energy level diagrams for the GaAs/CuPc
interfaces.

Charge Separation Dynamics at CuPc/GaAs(001)
Interfaces. We compare pump−probe SHG profiles obtained
from S-passivated n-GaAs(001) (orange curve in Figure 3B)
with that from p-GaAs(001) (orange curve in Figure 3A).
Similar to that for p-GaAs, we see an initial decrease in SHG
intensity following photoexcitation of n-GaAs due to band

Figure 2. He I ultraviolet photoemission spectra (UPS) from (A) p-
GaAs:S and (B) n-GaAs:S with CuPc overlay of film thicknesses
(bottom to top, dCuPc = 0.00 to 1.65 or 2.00 nm). The arrow in (A)
marks the threshold position for CuPc HOMO. (C) He II UPS from
p-GaAs:S with CuPc overlay film thickness (bottom to top) of dCuPc =
0.00−0.95 nm. The lower right shows schematically the electronic
energy level alignment at the CuPc/GaAs interfaces. C: CBM; V:
VBM; H: HOMO; EF: Fermi level.
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flattening. This is again followed by an ultrafast rise in SHG
signal attributable to the trapping of photoexcited conduction
band electrons by surface states and subsequent slower decay
due to surface-state-mediated recombination, as detailed below.
On GaAs surfaces, the different directions of band bending
explains why ultrafast trapping of photocarriers by surface states
occurs for valence band holes on p-type GaAs and conduction
band electrons on n-type GaAs. In each case, the carrier being
trapped is energetically resonant with the surface state while the
opposite carrier is not. At CuPc/GaAs(001) interfaces, the
energy level diagrams in Figure 2 also predict that above band
gap photoexcitation of GaAs (n- or p-type) should permit hole
injection, but not electron injection, into CuPc. This is verified
in TR-SHG measurements.
The black curves in the left panels of Figure 3 are pump−

probe SHG profiles for S-passivated p- (A) and n-type (B) S-
passivated GaAs(001) surfaces with a 10 nm CuPc thin film
deposited on top. We first focus on p-type GaAs/CuPc. Instead
of the decrease in SHG intensity upon optical excitation of the
bare p-GaAs surface, the p-GaAs/CuPc interface shows an
ultrafast increase in SHG intensity upon optical excitation of
GaAs. Given the electronic energy level alignment determined
in Figure 2, we assign this increase in interfacial electric field to
hole injection from photoexcited GaAs to CuPc. This hole
injection leads to an interfacial electric field in the same
direction as the space charge field on p-GaAs, leading to pump-
induced increase in interfacial electric field. Since band
flattening of the inorganic semiconductor is still present upon
above-bandgap excitation of GaAs, the magnitude of the electric

field increase due to hole injection into CuPc at the hybrid
GaAs/CuPc interface must be dominant under the exper-
imental conditions used here. This interpretation leads us to
predict that, for the n-GaAs/CuPc interface, hole injection from
photoexcited GaAs to CuPc should lead to interfacial electric
field in the opposite direction as the space charge field. Thus,
both band flattening in GaAs and hole transfer from n-GaAs to
CuPc should result in decreases in SHG intensity. This
prediction is verified by the pump−probe SHG profile for the
n-GaAs/CuPc interface (black curve in Figure 3B). Photo-
excitation of n-GaAs at the n-GaAs/CuPc interface results in an
ultrafast decrease in SHG intensity, with the magnitude of the
decrease larger than that on bare n-GaAs. Note that the small
increase in SHG intensity attributed to electron trapping by
surface state is not observed at the n-GaAs/CuPc interface. The
minor channel of surface state trapping is likely quenched at the
GaAs/CuPc interface. The various dynamic processes of charge
separation are summarized schematically on the right side of
Figure 3.
The findings presented above reveal two major charge

separation channels at GaAs/CuPc interfaces: (1) separation of
photo carriers in GaAs by the space charge field and (2)
transfer of photogenerated hole from the valence band of GaAs
to CuPc. The latter gives opposite results on interfacial fields
for the two doping types. On n-GaAs, the hole injection
channel decreases the space charge field in the same direction
as the band-flattening effect. On p-GaAs, hole injection creates
an interfacial electric field in the same direction as the original
space charge field and, thus, has an opposite effect on SHG
intensity as band flattening does.
Since the band flattening effect saturates at a photocarrier

density on the order of the trap density (1011−13/cm2) on the
GaAs(001) surface,26,27 while hole injection density from GaAs
to CuPc could be much higher, we predict that the relative
contributions of the two charge separation channels should
depend on excitation density (and thus laser power). This
prediction is indeed verified. Figure 4A shows pump−probe
SHG responses for the p-GaAs/CuPc interface at different

Figure 3. Right: schematic energy level diagrams at p- (upper) an n-
type (lower) GaAs/CuPc interfaces, as determined from ultraviolet
photoemission spectroscopy (UPS). The magnitude of band bending
in the near surface region of S-passivated GaAs is not changed upon
CuPc deposition. The arrows represent optical excitation (red), hole
(light blue), or electron (green) trapping by surface states and hole
injection into CuPc (blue). Left: pump−probe SHG profiles measured
at ϕ = 0° for S-passivated GaAs surfaces (orange curves) and the S-
GaAs surfaces with a 10 nm CuPc thin film deposited on top. Panels A
and B are for p- and n-type GaAs, respectively. The SHG intensity is
normalized to that before the arrival of the pump pulse in each case.
The features indicated by the arrows with colored numbers correspond
to the colored arrows in the schematics on the right: (1) band
flattening, (2) photocarrier trapping by surface states, and (3) hole
injection from GaAs to CuPc.

Figure 4. Pump−probe SHG profiles measured at ϕ = 0° for (A) p-
GaAs/CuPc and (B) n-GaAs/CuPc interfaces measured with different
pump pules energy densities (1.6−14.5 μJ/cm2). Color dots are
experimental data, and black curves are kinetic fits. The SHG intensity
is normalized to that before the arrival of the pump pulse in each case,
and percentage change is indicated in panel A. The profiles are offset
vertically for clarity.
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pump laser pules energy densities (I). At the lowest pules
energy density of I = 1.6 μJ/cm2, corresponding to a bulk
excitation density of ρe ∼ 1017 cm−3 as estimated from the
extinction coefficient of GaAs, we see only pump-induced
decrease in SHG intensity, suggesting the band-flattening effect
dominates, and there is no evidence for hole injection. As the
pump power increases, we clearly see the appearance of the
hole injection channel (the rise in SHG intensity). At the
highest pules energy density of I = 14.5 μJ/cm2, (bulk
excitation density ρe ∼ 1018 cm−3), there is only increase in
pump-induced SHG intensity and, thus, hole injection
overwhelms band flattening. The fact that hole injection to
CuPc is more evident for bulk excitation density ρe > 1017 cm−3

suggests that band flattening assists hole transfer. This is easily
understood from the schematic in Figure 3. For p-type GaAs,
charge separation by the space charge field moves the
photoexcited holes into the bulk of GaAs; as a result, hole
injection into CuPc on the GaAs surface is inhibited. When the
excitation density is sufficiently high (>1017 cm−3), the initial
band bending is lifted (i.e., band flattening) and hole injection
across the interface becomes important. In comparison, both
band flattening and hole injection decrease electric field on n-
GaAs. As a result, we see only pump-induced decrease in SHG
intensity at the n-GaAs/CuPc interface, independent of
excitation density in the excitation density used (Figure 4B).
While a quantitative analysis of TR-SHG profiles is difficult

due to nonlinear responses of the two dominant contributions
to interfacial electric field as functions of excitation density, we
can qualitatively estimate the time scales of these processes. We
treat the total pump-induced SHG response from each GaAs/
CuPc interface as a sum of two EFISH contributions: (1)
charge separation in GaAs by the space charge field and (2)
charge separation at the interface due to hole injection from
GaAs to CuPc. The first contribution, which dominates the
initial decrease in SHG intensity following the photoexcitation
of S-passivated p-GaAs (orange curve in Figure 3A) or p-GaAs/
CuPc interface at low excitation density (∼1017 cm−3, orange
curve in Figure 4A), is characterized by a single-exponential
charge separation time constant of τCS ∼ 90 ± 30 fs. For the p-
GaAs/CuPc interface at an excitation density >1017 cm−3, we
add a single-exponential lifetime of τhi for ultrafast hole
injection and single (or bi-) exponential lifetime for charge
recombination on longer time scales. We convolute this two-
component kinetic model with the laser excitation cross-
correlation profile approximated by a Gaussian function with
full width at half-maximum (fwhm) of 156 fs (corresponding to
a laser pulse width of 110 fs). The solid curves in Figure 4 show
fits to this simple kinetic model. At the p-GaAs/CuPc interface,
the fits yield a hole injection time of τhi ∼ 120 ± 30 fs,
independent of excitation density for ρe > 1017 cm−3. For the S-
passivated n-GaAs surface (orange curve in Figure 3B) or n-
GaAs/CuPc interfaces (Figure 4B), the time constant for the
initial band flattening is also τCS ∼ 90 ± 30 fs. At the n-GaAs/
CuPc interface, in addition to the fast channel of charge
separation by the space charge field, we observe at low
excitation densities a slow dynamic channel (orange curve in
Figure 4B), which is characterized by a single-exponential time
constant of τhi ∼ 1.1 ± 0.2 ps. With increasing pump density,
the hole-injection channel is accelerated to the point of being
indistinguishable from τCS. Given the energy level diagram for
n-GaAs/CuPc in Figure 2, we attribute the acceleration of
interfacial hole injection with increasing excitation density to
the band-flattening effect, which brings most photoexcited

holes in the GaAs valence band into resonance with the
HOMO of CuPc.

■ CONCLUSIONS
The finding presented above reveals the presence of competing
charge separation processes at the model GaAs/CuPc
inorganic/organic semiconductor interface. For above bandgap
excitation of GaAs, we resolve distinct channels of charge
carrier separation driven by (i) the delocalized space charge
field in GaAs and (ii) charge transfer from GaAs to localized
CuPc due to an energetic driving force at the interface. The
dynamic competition between these two distinct charge
separation pathways depends on not only doping type (and
thus band-bending direction) in the delocalized inorganic
semiconductors but also energetic alignment at the inorganic/
organic semiconductor interface. On both p- and n-GaAs, the
presence of the space charge field slows down hole injection
from GaAs to CuPc. At higher excitation density (>1017 cm−3),
band flattening brings the GaAs valence band to closer
resonance with the CuPc HOMO, and hole injection to
CuPc is accelerated. However, this excitation density is ∼103−4
higher than that achievable with solar radiation (∼1 kW/m2).
Thus, the band-flattening effect cannot be realized without
unrealistic solar concentration. When designing hybrid solar
cells based on organic/inorganic semiconductor interfaces,
controlling surface state density and thus the magnitude of
band-bending on the inorganic semiconductor surface is of
critical importance to the optimization of charge separation
efficiency.
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