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Excited state and charge dynamics of hybrid organic/inorganic heterojunctions. II. Experiment
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In our companion paper (Paper I) [C. K. Renshaw and S. R. Forrest, Phys. Rev. B 90, 045302 (2014)],
we developed a model for charge transport and photogeneration at hybrid organic/inorganic semiconductor
heterojunctions (OI-HJs). Here we apply the model to two planar bilayer hybrid photovoltaic devices: the first
using the wide-band gap n-TiO2 in combination with the hole transporting tetraphenyl-dibenzoperiflanthene
(DBP), and the second based on the moderate-band gap n-InP and the hole transporting pentacene (PEN). We
measure the external quantum efficiency (EQE) and current density vs voltage (J -V ) characteristics of both
devices as functions of temperature. The EQE spectra for both TiO2/DBP and InP/PEN provide convincing
evidence that Frenkel states generated in the organic form hybrid charge transfer excitons (HCTEs) at the OI-HJ
that are subsequently dissociated into free charges, and then collected at the opposing electrodes. The dissociation
efficiency is found to be strongly influenced by the presence of surface states, particularly in the InP/PEN device.
We further develop the J -V model from Paper I to include an analytical expression for space-charge effects in
the organic at high currents. Model fits to the J -V data suggest that the temperature-dependent hole mobilities in
both DBP and PEN result in increasing space-charge effects at low temperatures. Furthermore, we find that the
J -V characteristics of the TiO2/DBP device both in the dark and under illumination are governed by interface
recombination. In contrast, the dark current in the InP/PEN device is governed by injection over the OI-HJ barrier,
whereas the photocurrent is dominated by interface recombination. This work elucidates the role of the HCTE
state in photogeneration, and the applicability of our model to a range of important optoelectronic devices.
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I. INTRODUCTION

Previously (Paper I) [1], we presented a theoretical
model describing exciton and charge dynamics at hybrid
organic/inorganic semiconductor heterojunctions (OI-HJs).
We proposed that the dark and illuminated electrical character-
istics of OI-HJ diodes are determined by junction properties
such as energy level offsets between the two materials, the
magnitude and density of states of the interface traps, and
the properties of the hybrid charge transfer exciton (HCTE).
In the dark, recombination of injected electrons and holes
occurs primarily at the OI-HJ through a HCTE-like state.
When illuminated, the HCTE is also formed following the
diffusion of a Frenkel-like exciton from the organic to the
OI-HJ. Dissociation of the HCTE results in free carriers that
are collected at the electrodes. Conversely, illumination of the
inorganic directly yields free charge which results in minority
carrier injection over the OI-HJ where it can potentially
recombine. Due to the importance of interface recombination,
interface trap states and the charge mobility in the organic were
found to strongly influence the calculated current density vs
voltage (J -V ) characteristics of the hybrid diodes.

In this work, we apply the model of Paper I to un-
derstand the photo- and dark-current characteristics of two
archetype OI-HJs. One is based on the wide-band gap
TiO2/tetraphenyldibenzoperiflanthene (DBP) acceptor junc-
tion. TiO2 has found widespread use in OI dye-sensitized
solar cells [2,3] and has been recently explored in metal oxide
polymer HJ solar cells [4,5]. Furthermore, Frenkel–Wannier-
Mott exciton hybridization has been found in the closely
related metal oxide semiconductor/organic system consisting
of ZnO and 3,4,7,8 naphthalenetetracarboxylic dianhydride

in strongly coupled optical cavities [6]. The second system
studied here is the moderate-band gap InP/pentacene (PEN)
junction. Among other applications, InP has been shown
to form rectifying OI-HJs [7,8] that result in an improved
photovoltaic power conversion efficiency compared to cells
lacking an organic window layer [9]. The characteristics of
these two systems as functions of temperature (T ) provide
insight into the nature of the HCTE and the role of surface
states in determining the diode properties.

Resonant and nonresonant energy and charge transfer
between organic and inorganic materials have been studied
by various groups. Specifically, the potential for exciton
transfer across the OI-HJ through Förster resonant energy
transfer (FRET) has been theoretically explored by Agra-
novich et al. [10] and experimentally by Itskos et al. [11]
and Blumstengel et al. [12]. By placing a quantum well
(QW) in the inorganic near the OI-HJ, FRET was found
to be efficient in some systems but highly dependent on
the distance of the QW from the OI-HJ. Studies of exciton
dissociation through charge transfer at the OI-HJ have been
complicated by chemical reaction of organic molecules with
unpassivated inorganic surfaces [13,14] and exciton quenching
by surface states. Nevertheless, exciton dissociation at HJs
between inorganic quantum dots and organic molecules [15],
and TiO2 and various organic dyes [3], has been reported in the
absence of surface states. Transient response studies of OI-HJs
between organic polymers and CdS [16] or ZnO [17] have also
confirmed the existence of a bound state at the interface. To
understand the range of phenomena observed for these OI-HJs
based on a variety of organic and inorganic semiconductors,
it would be beneficial to have more comprehensive studies
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combining both theory and experiment that elucidate the
role of the HCTE in determining the optical and electrical
properties of OI-HJ diodes.

Here, we quantitatively analyze both the external quantum
efficiency (EQE) and J -V characteristics of archetype OI-HJs
as functions of T . When coupled with the theory in Paper I, the
analysis provides convincing evidence for the existence of an
HCTE in both the InP and TiO2-based systems. Furthermore,
the HCTE at the InP/PEN junction is strongly affected by traps
at high temperatures. At low temperatures, the trap effects are
“frozen out,” resulting in a significant reduction in exciton
quenching at the OI-HJ. In contrast, traps play a reduced role
at the TiO2/DBP junction. Fits to the J -V characteristics under
both illumination and in the dark show the relative importance
of charge injection over the OI-HJ barrier vs interface
recombination in the two systems. By comparing the EQE
and J -V data from these two cases, we test the validity and
generality of the comprehensive theory presented in Paper I.

This paper is organized as follows: In Sec. II we extract and
modify results from Paper I that are relevant to the specific
cases of wide and moderate band gap semiconductor systems
studied here. In Sec. III, we provide experimental details, with
results in Sec. IV. In Sec. V, these results along with their
broader implications to the physics of OI-HJs are discussed in
the context of the theory. Section VI presents our conclusions.
Since the excited state and charge recombination kinetics are
significantly different for the wide- and moderate-band gap
semiconductor systems, wherever necessary our discussion is
divided into subsections that treat these two cases separately.

II. THEORY

The fundamental theory for charge and exciton transport
dynamics at OI-HJs has been thoroughly described in Paper I.

Here, we modify the theory to provide a description of
these properties for the specific cases of the wide- and
moderate-band gap semiconductor devices studied in this
work.

The process of photon absorption to charge extraction in
an OI-HJ is markedly different for the organic and inorganic
semiconductors, as illustrated in Fig. 1 for the organic
semiconductor. Photon absorption within the organic film
generates a tightly bound exciton which then diffuses to the
OI-HJ [Figs. 1(a) and 1(b)]. There, the electron transfers to the
inorganic through either a resonant or nonresonant process,
depending on the relative magnitudes of the organic and
inorganic energy gaps, and their offsets (i.e., type I, II, or
III) [18]. This results in the formation of an HCTE whose
stability is primarily determined by the permittivities of the
contacting materials [Fig. 1(c)] and the effective mass of the
electron in the inorganic [cf. Fig. 2(b), Paper I]. The HCTE
then dissociates and the hole and electron are collected at the
electrodes [Fig. 1(d)], returning the organic back to its ground
state [Fig. 1(e)]. If there is a high density of interface traps, the
HCTE and/or its excitonic precursor can rapidly recombine.
In cases where the band gap of the inorganic is lower than
the exciton energy in the organic, the exciton can potentially
Förster transfer to the inorganic [11], thereby circumventing
the formation of the HCTE. In contrast, photon absorption in
the inorganic leads directly to free carrier generation. To be
collected at the electrode, the minority carrier must traverse
the OI-HJ and transport through the organic. If the minority
carrier diffusion length in the inorganic is greater than the
layer thickness, the collection efficiency is limited by interface
recombination. Hence, both the relative magnitudes of the
organic and inorganic band gaps, the magnitude of the OI-HJ
energy offset, and the presence of interface traps determine the
charge generation dynamics.
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FIG. 1. (Color online) The process of charge generation via the generation of excitons in the organic semiconductor of an organic/inorganic
heterojunction (OI-HJ) device. (a) Photon absorption in the organic; (b) exciton formation; (c) hybrid charge transfer exciton (HCTE) formation
at the OI-HJ following exciton diffusion; (d) exciton dissociation and charge extraction; and (e) return of the organic to the ground state (S0).
Here, S1 is the first singlet excited state of the organic.
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FIG. 2. (Color online) Current-voltage characteristics showing
the breakdown of an InP/pentacene (PEN) diode (solid line) and
a TiO2/tetraphenyldibenzoperiflanthene (DBP) diode (dashed line) at
−18 and −14 V, respectively. The device structures are shown in the
inset, where the arrows indicate illumination direction.

A rigorous treatment of exciton and charge dynamics
at the OI-HJ requires simultaneous solution to the coupled
drift-diffusion and Poisson’s equations for both the inorganic
and organic layer [1]. To simplify this analysis, we begin
by recognizing that the mobility of the inorganic (μ � 1–
10 000 cm2/V s) [19–22] is generally large compared to that
of the organic semiconductor (μ�1–10−7 cm2/V s) [23,24],
such that we can assume that the quasi-Fermi energy is flat
throughout the inorganic layer (cf. Sec. II B, Paper I). To
calculate the quasi-Fermi energy in the organic we assume
that drift is the dominant mechanism for charge transport at
high voltages [25]. Hence, we combine the equilibrium and
nonequilibrium solutions in Paper I to obtain the hole density
on the organic side of the OI-HJ:

PHJ = P 0
HJ + P sc

HJ, (1)

where the voltage across the organic is
VO = V 0

O(x) + V sc
O (x). (2)

Here, P 0
HJ and V 0

O are the interface hole density and voltage
across the organic at equilibrium [Eq. (9), Paper I], and x

is the position within the organic layer relative to the hole
injecting contact. The interface hole density and voltage across
the organic due to space-charge-limited transport are P sc

HJ and
V sc

O (x), respectively.
The space-charge model is derived by combining the

drift equation, J = qμOP sc
O FO , and Poisson’s equation, ∇ ·

FO = qP sc
O /εO , assuming a low density of intrinsic carriers

throughout the organic layer [26]. Here, εO is the dielectric
permittivity of the organic and q is the electron charge. Further,
the organic mobility, μO , is assumed to be independent of
electric field, F , which has been shown to be accurate at low
fields [23]. From these assumptions, we obtain the electric
field, the space-charge voltage, and the space-charge carrier
density through the organic layer:

FO(x) =
√

2Jx

εOμO

+ F 2
c , (3)

V sc
O (x) = εOμO

3J

[(
2Jx

εOμO

+ F 2
c

)3/2

− F 3
c

]
, (4)

and

P sc
O (x) = J

qμO

1√
2Jx

εOμO
+ F 2

c

. (5)

Here Fc is the electric field at the injecting contact. Setting
Fc = 0 reduces Eq. (4) to the Mott-Gurney law [27].

Equation (1) can be used to relate PHJ to the change in
quasi-Fermi level across the organic layer �Ef,p via

PHJ = P 0
HJ + P sc

HJ = P ′
c exp

(
qVO

kBT

)
exp

(
−�Ef,p

kBT

)
. (6)

Here, P ′
c is the hole density at the anode when J �= 0, and

is related to Pc (the value at J = 0) by P ′
c = Pc + J/qμOFc.

Also, kB is Boltzmann’s constant and T is the temperature.
Thus

�Ef,p = qV 0
O + qV sc

O − kBT ln

[
P sc

HJ

P ′
c

+ Pc

P ′
c

exp

(
qVO

kBT

)]
.

(7)

A. Wide-band gap inorganic semiconductor junctions

To express the dependence of current density on voltage for
the wide-band gap diode, we assume an exponential density of
trap states in both the organic and inorganic semiconductors
[Eq. (11), Paper I], drift-limited transport through the organic
at high current, and a small binding energy for the HCTE.
Furthermore, by assuming that the current is determined by
free carrier recombination with trapped carriers, we can write
[cf. Eq. (20), Paper I]

J = q〈a〉
{
krec,nNcHO exp

(
− αO

kBT

)[
exp

(
qVa − �Ef,p

nOkBT

)
− 1

]

+ krec,pNHOMOHI exp

(
− αI

kBT

)[
exp

(
qVa − �Ef,p

nI kBT

)
− 1

]}
− qJX + JI . (8)

Here 〈a〉 is the radius of the HCTE, krec,n and krec,p are the free carrier recombination rates, NHOMO and Nc are the densities of
states of the highest occupied molecular orbital (HOMO) of the organic and at the conduction band minimum of the inorganic,
respectively, HO and HI are the organic and inorganic trap densities of states, JX is the exciton flux from the organic layer to
the OI-HJ, and JI is the photogenerated minority carrier current injected from the inorganic valence band into the organic layer.
Given the large band gap energy of TiO2 (3.3 eV) [2], we can illuminate the TiO2/DBP diode at energies where only the DBP
absorbs (3.3–1.8 eV) [28], thereby generating excitons only in the organic. Under these conditions JI = 0. The ideality factors
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(nO and nI ) and energies (αO and αO) are defined in Paper I [Eqs. (14)–(17)]. Along with �Ef,p, these variables are functions
of δO and δI , the fractions of voltage dropped across the organic and inorganic layers, respectively.

The uniform field approximation is used to determine δO and δI , which is valid when both the inorganic and the organic
regions are fully depleted, consistent with the fact that TiO2 is undoped and thinner than the depletion width [29]. Under these
conditions, the voltage distribution is determined by the ratio of the dielectric constants and layer thicknesses of the organic and
inorganic layers.

For simplicity, Eq. (8) is then rewritten:

J = Js1 exp

(
− αO

kBT

) [
exp

(
qVa − �Ef,p

nOkBT

)
− 1

]
+ Js2 exp

(
− αI

kBT

) [
exp

(
qVa − �Ef,p

nI kBT

)
− 1

]
− qJX. (9)

Here Js1 and Js2 are functions of krec, which can be temperature and light intensity dependent.

B. Moderate-band gap inorganic semiconductor junctions

The J -V characteristics for the moderate-band gap inorganic semiconductor diode are obtained by assuming a discrete trap
state (at energy Et from the Fermi energy, Ef ,n) at the inorganic surface. Due to the smaller energy level offsets at the OI-HJ
expected in cases where the organic and inorganic energy gaps are comparable, thermionic emission over the interface barrier can
also be significant. Assuming that the current is determined by both trapped electron-to-free-hole recombination and thermionic
emission over the OI-HJ barrier, then Eqs. (20) and (A1) in Paper I can be combined to obtain

J = q〈a〉krec.pNHOMOHI exp

(
− Et

kBT

) [
exp

(
qVa − �Ef,p

nI kBT

)
− 1

]

+υqaOPc exp

(
−�EV

kBT

)
exp

(
qVa

nthermkBT

)
− qJX + JI . (10)

Here, υ is the attempt frequency to traverse the OI-HJ barrier
from the organic to the inorganic, Pc is the hole density at
the anode, ntherm is the thermionic emission ideality factor that
depends on the existence of interface traps, and �EV is the
offset between the valence band maximum of the inorganic
and the HOMO of the organic. In writing the first exponential
of Eq. (10) we have ignored carrier recombination in the bulk
of the InP. This is reasonable for photogenerated and injected
carriers when thermionic emission is absent since InP has
a minority carrier diffusion length (typically >5 μm) [18],
greater than the thickness used in the device (1 μm). Further we
have assumed that when thermionic emission over the barrier
is present, the diffusion current dominates over drift at small
forward bias.

In the case of interface recombination, �Ef,p is again a
function of δO and δI , which are in turn functions of the applied
voltage since the InP layer is not fully depleted. At equilibrium,
δO and δI can be determined as followed: First a voltage drop
across the inorganic is assumed, and Poisson’s equation is
used to determine the resulting field at the inorganic side of
the OI-HJ. Then the field at the organic side of the OI-HJ is
determined using continuity in the electric displacement, and
the resulting voltage across the organic is calculated by using
the uniform field approximation [see Eqs. (23) and (24), Paper
I]. This calculation can be repeated at every voltage to calculate
δO and δI as functions of Va .

Simplifying Eq. (10), we thus obtain

J = Js1 exp

(
− Et

kBT

)[
exp

(
qVa − �Ef,p

nI kBT

)
− 1

]

+ Js2 exp

(
−�EV

kBT

)
exp

(
qVa

nthermkBT

)
− qJX + JI .

(11)

III. EXPERIMENT

The thin film TiO2/DBP devices are grown on a solvent
cleaned [30], 150-nm-thick film of indium tin oxide (ITO,
Luminescence Technology Corp.) patterned into 1-mm wide
stripes on a glass substrate. The device structure is ITO
(150 nm)/TiO2 (60 nm)/DBP (30 nm)/MoO3 (15 nm)/Al
(100 nm) as shown in the inset of Fig. 2. We include a MoO3

hole transport layer that also protects the DBP from damage
during metal deposition. The MoO3 is capped with an Al
cathode to form an Ohmic contact [31,32].

The TiO2 film is grown by sputtering from a Ti target at 6
SCCM (cubic centimeters per minute at STP) of O2 flow [33]
while maintaining the chamber pressure at 5.5 mTorr. This
O2 flow rate is at the threshold of complete target oxidization
determined by the increase in sputtering voltage at a dc power
of 300 W [34]. The substrate is heated to 300 °C during depo-
sition at a rate of 0.33 Å/s to promote the formation of a dense
and conductive TiO2 film. The resulting film is determined to
be nearly stoichiometric by x-ray photoelectron spectroscopy.
Next we sequentially deposit DBP (Luminescence Technology
Corp.), MoO3 (Alfa Aesar), and Al by vacuum thermal
evaporation at 1 Å/s in a chamber with a base pressure of
1 × 10−6 Torr. Prior to growth all organics were purified once
by vacuum thermal-gradient sublimation. The Al cathode is
deposited perpendicular to the ITO stripes through a shadow
mask with 1-mm wide openings to define a (1 mm)2 device
area.

Fabrication of the InP/PEN device starts with the growth
of a 1000-nm-thick, nominally undoped (1 × 1016 cm−3)
InP layer by molecular beam epitaxy on a S-doped (1 ×
1018 cm−3) (100) InP wafer (WaferTech LLC). The device
structure is InP/PEN (30 nm)/MoO3 (10 nm)/Au (15 nm)
as shown in the inset of Fig. 2. Postgrowth, the wafer is
transferred to an e-beam chamber, where an Ohmic contact [Pd
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(5 nm)/Ge (50 nm)/Au (65 nm)/Ti (20 nm)/Au (50 nm)] [35]
is deposited on the nonepitaxial growth side, followed by
annealing in air at 180 °C for 25 min. Prior to organic
deposition the wafer is cleaved into (1.5 cm)2 substrates and
the native oxide is removed by brief immersion in buffered HF,
rinsing in deionized water, and followed by immediate transfer
of the substrate into a glovebox filled with ultrahigh-purity
(<1 ppm O2) N2. There, the substrate is attached to a Au-
coated Si wafer using In to allow access to the cathode. Next,
PEN (Sigma Aldrich) and MoO3 are thermally evaporated in
vacuum at 1–2 Å/s. The circular device area of 1 mm radius
is defined by a Au cathode deposited through a shadow mask
by e-beam evaporation. A significant variation in the J -V
and EQE characteristics of devices on a single substrate were
observed, possibly due to irregular PEN surface morphology
resulting from local crystallization commonly observed for
this material [36]. For measurements, therefore, we select the

devices with the most stable J -V and EQE characteristics
vs T .

For temperature-dependent measurements, the devices are
loaded into an open-cycle liquid N2 cryostat. The J -V
characteristics are obtained in the dark and under illumination
using a semiconductor parameter analyzer. The light intensity
is calibrated using a National Renewable Energy Laboratory–
traceable Si reference cell. The EQE measurements are ob-
tained with a monochromated (spectral resolution of �10 nm)
halogen lamp chopped at 200 Hz and a lock-in amplifier. A
National Institutes of Standards and Technologies–traceable
Si photodetector is used to calibrate the intensity at each
wavelength. During measurement, the cryostat is maintained
at <1 mTorr to prevent degradation by exposure to oxygen or
moisture.

The samples are cooled to 134 K and allowed to equilibrate
for 1 h. The measurements are then taken at 20 K steps using a
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FIG. 3. (Color online) Ultraviolet photoelectron spectra (UPS) of (a) TiO2 (bottom, solid line), TiO2 with a 20-Å-thick DBP film (bottom,
dashed), InP (top, solid) and InP with a 20-Å-thick PEN film (top, dashed). The short vertical line marks represent the secondary emission
cutoff extracted from the spectra (16.7, 16.8, 16.8, and 16.9 ± 0.1 eV, respectively). (b) The low-binding-energy region providing information
about the ionization potentials. The short vertical lines indicate the valence band/highest occupied molecular orbital level onset energies (3.0,
0.6, 1.2, and 1.0 ± 0.1 eV, respectively). (c) Equilibrium energy level diagrams of the TiO2/DBP (d) and InP/PEN OI-HJs inferred from the
UPS data. The conduction band and lowest unoccupied molecular orbital levels are estimated from a combination of the UPS data and the
optical gaps. Here, �Evac is the interface dipole energy in vacuum. Also, �Ec and �EV correspond to the energy level offsets at the conduction
and valence levels, respectively, and the Fermi level is indicated by the dashed line.
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FIG. 4. (Color online) External quantum efficiency (EQE) vs
wavelength at several temperatures (T ) of a TiO2/DBP OI-HJ device.
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DBP vibronics. Also shown for reference is the DBP absorption
spectrum (shaded region). The data are taken at 20 K intervals. Inset:
The EQE at a wavelength of 604 nm is plotted vs 1000/T . Fit to
the data (solid line) yields an activation energy of �EEQE = 77 ±
10 meV.

thermally controlled stage heater at 20-min intervals to allow
for thermal stabilization. To minimize trap-induced hysteresis
in the J -V characteristics apparent at low temperatures, the
devices are first maintained at 0 V for 5 s before voltage sweeps
in both forward and reverse directions. The J -V characteristics
under illumination are taken under a power of 100 mW/cm2

for the TiO2-based sample, and 25 mW/cm2 for the InP-based
sample. The TiO2 sample is illuminated at a wavelength of
λ = 633 nm via emission from a He-Ne laser, while the InP
sample is illuminated by a AM 1.5G solar simulator. Fits to the
data use MATLAB with a nonlinear least-squares, trust-region
algorithm.

Photoemission spectroscopy measurements are done in an
ultrahigh-vacuum chamber (base pressure <1 × 10−9 Torr)
using the 21.22-eV He-I emission from a gas-discharge
lamp. The substrates are prepared similarly to those used for

device fabrication, and transferred into the system through
a N2-filled glovebox where the organic is deposited in an
organic molecular beam deposition system (�1 × 10−8 Torr)
interconnected with the measurement chamber [37]. The
spectra are collected using a hemispherical electron energy
analyzer (Thermo VG) with a pass function full width at half
maximum of 0.16 eV.

IV. RESULTS

Figure 2 shows representative room temperature J -V
characteristics of both OI-HJ diodes. They exhibit pronounced
rectification with an exponential increase in current under
forward bias, and stable reverse bias characteristics with
breakdown voltage ranging from −15 to −20 V.

Figure 3 shows the ultraviolet photoelectron spectra (UPS)
for the two OI-HJs (top) and the equilibrium energy level
diagrams inferred from these data (bottom). Figure 3(a) shows
the high-binding-energy region of the inorganics, and of the
inorganics with a 20-Å organic film deposited on top. From
the spectra we determine dipoles of 0.1 ± 0.1 eV at both the
TiO2/DBP and the InP/PEN interfaces. Figure 3(b) shows the
low-binding-energy region of the spectra for the two systems,
from which we infer the valence band and HOMO energies
and their alignments. We estimate the conduction band and
lowest unoccupied molecular orbital (LUMO) energies by
adding the optical gap to the valence band and HOMO
energies [2,28,19,38] to infer 2.4 ± 0.1 eV (1.1 ± 0.1 eV)
offset energies between the conduction (valence) band of TiO2

and the HOMO (LUMO) of DBP. For the InP/PEN OI-HJ,
the valence band (conduction band) offset is considerably
smaller, at 0.2 ± 0.1 eV (0.6 ± 0.1 eV). Analysis of the UPS
data, summarized in the equilibrium energy level diagrams
shown in Figs. 3(c) and 3(d), indicates that both systems
form type II OI-HJs. In constructing the energy level diagram
for TiO2/DBP, we have assumed a uniform field throughout
the structure since both the organic and inorganic are fully
depleted. For the InP/PEN, we assume the organic is fully
depleted while the field extends only a few microns into the
moderately doped InP.
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energy of �EEQE = 55 ± 10 meV.

A. Wide-band gap inorganic semiconductor junctions

The EQE of the TiO2/DBP device as a function of
temperature is shown in Fig. 4. The shape of the EQE spectra
in the range 450 nm < λ < 650 nm matches that of the DBP
absorption (also shown), since the wide-band gap TiO2 is
transparent at λ > 375 nm. At room temperature, the EQE
peaks at 13% at λ = 600 nm and decreases to 4% at T =
194 K. The shape of the EQE spectrum does not change with
temperature, although its magnitude decreases monotonically.
The inset shows an Arrhenius plot of the EQE at λ = 604 nm,
which yields an activation energy of �EEQE = 77 ± 10 meV.

The J -V characteristics in the dark are shown in Fig. 5(a).
They exhibit a pronounced roll-off at Va > 1 V due to space
charge, departing from an exponential increase. The onset
voltage for roll-off decreases with decreasing T . At low
currents there is an exponentially increasing plateau region

that resembles a diode with a very high ideality factor.
The J -V behavior of the plateau is symmetric about 0 V.
The illuminated J -V characteristics are shown in Fig. 5(b).
At Va > VOC (where VOC is the open circuit voltage), the
photocurrent decreases with temperature, similar to the dark
current. The photocurrent is symmetric around VOC [inset of
Fig. 5(b)]. The fill factor (FF) and power conversion efficiency
also decrease with T due to a reduction in photocurrent in
the fourth quadrant. The saturated photocurrent at reverse
bias, Va < −1 V also decreases with decreasing temperature.
A temperature-independent linear slope in photocurrent is
observed at high reverse bias, and has been shown previously
to be due to photoconductivity of the organic layer [39].

B. Moderate-band gap inorganic semiconductor junctions

The EQE vs T data for the InP/PEN OI-HJ are shown in
Fig. 6. The shape of the PEN absorption, consisting of three
vibronics within the wavelength interval of λ = 550 to 700 nm
is also shown (shaded region). The EQE at wavelengths outside
of the PEN absorption decreases uniformly with temperature,
with the long-wavelength cutoff decreasing from λ = 925
to 900 nm, consistent with the behavior of direct-band gap
semiconductors [18]. The inset shows the magnitude of the
EQE at λ = 750 nm vs 1/T , yielding an activation energy of
�EEQE = 55 ± 10 meV. Within the PEN absorption region, the
spectra show three dips at high temperature, and then emerge
as peaks as T is reduced.

The forward biased J -V characteristics in the dark are
shown in Fig. 7(a), and exhibit an exponential increase of
current with applied voltage. Unlike the wide-band gap case,
the roll-off follows an Ohmic (i.e., J ∝ Va) behavior at high
forward bias. The illuminated J -V curves are shown in
Fig. 7(b). At Va > VOC, the forward current behaves similarly
to its dark current characteristic, whereas at Va < VOC it has
an S-kink similar to the illuminated TiO2/DBP characteristics.
The FF and efficiency also decrease with temperature. The
saturated photocurrent under reverse bias at each temperature
increases linearly with voltage due to the photoconductivity of
the PEN layer.
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V. DISCUSSION

The EQE spectra for both the TiO2/DBP and InP/PEN
diodes show evidence of excitons that diffuse to the OI-HJ
forming an HCTE and subsequently dissociate to contribute
to the photocurrent. However, the behavior of the HCTE with
temperature is strikingly different in the two cases.

In the wide-band gap case, the lack of overlap in the
absorption spectra of the organic and inorganic unambiguously
shows the contribution of DBP excitons to the photocurrent
in the EQE spectra of Fig. 4. Since the measured EQE is
approximately 100 times higher than a Au (100 nm)/DBP
(100 nm)/ITO (72 nm) photoconductor, we conclude that the
high EQE of the OI-HJ is due to exciton diffusion to the
interface and subsequent dissociation into free charge. The
peak magnitude of the EQE decreases with an activation
energy of �EEQE = 77 ± 10 meV (see inset, Fig. 4).
The temperature activation of the EQE can result from a
decrease in the charge collection efficiency, in the exciton
flux to the interface, or in the HCTE dissociation efficiency.
Although the HCTE becomes increasingly stable at reduced
temperatures, over this temperature range it is not expected to
change sufficiently to result in a threefold decrease in EQE.
Furthermore, its low binding energy of �10 meV due to the
high dielectric constant of TiO2 [see Fig. 2(b), Paper I] does
not correspond to the measured �EEQE. Thus, we infer that
the observed temperature activation results from a trade-off
between the exciton flux to the interface and the charge
collection efficiency. Fits to the J -V characteristics of the
TiO2/DBP junction (Sec. V B) yield �EEQE = 40 ± 10 meV
for the exciton flux to the interface. This suggests that at
Va = 0 V, the built-in voltage and mobility of the DBP are
sufficiently high that the EQE decrease with temperature is
due to a reduction in exciton flux to the OI-HJ.

In contrast to the wide-band gap case, the PEN and InP
EQE spectra fully overlap, and the excitonic contribution to
the EQE is evident only at lower temperature. That is, at
high temperature, the EQE in the spectral region of the PEN
absorption results in a net loss, whereas at low temperature
the PEN provides an increase to the total photocurrent. To
clarify the contributions of PEN, we subtract the InP response
between λ = 550 and 700 nm using a spline fit to the
background, as shown by the dashed lines in Fig. 6. The total
EQE minus the extrapolated background, further normalized
by the charge collection efficiency, are shown in Fig. 8. The
collection efficiency is obtained by assuming that it is directly
proportional to the EQE in the region where only InP absorbs.
It is the same for the organic and inorganic since for both,
photogenerated charges are lost through recombination at the
OI-HJ. Furthermore, the activation energy of the InP EQE is
�EEQE = 55 ± 10 meV (see inset, Fig. 6), which is similar
to the activation energy for the PEN mobility of Eμ = 71 ±
10 meV, obtained from J -V fits (Sec. V B). This indicates that
the change in carrier collection efficiency, resulting from the
low hole mobility in PEN, is responsible for the temperature
activation of the EQE in the region where only InP absorbs.

It is apparent that at high temperatures, PEN excitons
recombine after photogeneration in the bulk of the thin film,
or they are quenched at the interface due to trap states at
the InP surface. Hence, at the highest temperatures, there is
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spline fit background in Fig. 6. The EQE contribution from PEN
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Inset: Peak EQE for the 0-0 (lowest energy) vibronic vs 1000/T ,
giving an activation energy of �EEQE = 0.21 ± 0.04 eV.

no change in the absorption signal since nearly all excitons
recombine prior to dissociation. However, as temperature is
decreased, the loss decreases, eventually resulting in a positive
contribution to the photocurrent at T � 214 K, with the largest
increase occurring immediately at the long-wavelength PEN
absorption edge. The increase in EQE contributed by PEN is
approximately 18% from the highest to lowest temperature.
The magnitude of that contribution is nearly as high as that
of InP at T = 134 K, and in all cases is 20 times higher
than the photoconductivity obtained for an Al (15 nm)/PEN
(30 nm)/ITO (150 nm) sample. Note too, that the peaks in
EQE align with those of the absorption spectra, except near
the transition from loss to gain at T = 214 K, where there
is a small bathochromic shift of the long-wavelength tail of
the 0-0 vibronic. This peak progressively shifts back towards
the 0-0 vibronic maximum with decreasing temperature as
gain dominates over loss. The enhanced contribution near
the excitonic absorption edge results since the material at
the long-wavelength absorption cutoff is nearly transparent,
resulting in uniform illumination and hence exciton generation
nearer to the OI-HJ where dissociation becomes dominant over
interface recombination. A similar shift is commonly observed
in the photoluminescence maxima of semiconductors where
the convolution of the emission and absorption spectra result
in a maximum at the transparency edge of the medium.

Interestingly, the activation energy of the difference spectra
is �EEQE = 0.21 ± 0.04 eV, and has the opposite dependence
with temperature compared to the wide-band gap case. This is
indicative of the different role that surface states play in the two
devices. For TiO2/DBP, the surface states are not active under
the conditions tested, yet for InP/PEN, surface trap occupancy
is found to change, reducing the rate of HCTE and/or exciton
quenching as the temperature is reduced. Indeed, the activation
energy measured is consistent with the position of InP surface
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states relative to the Fermi energy, as inferred from Li et al. [9].
With the deposition of PTCDA on top of p-InP, they find that
the barrier height changes by 9 meV. Adding this to the barrier
height obtained from UPS (1.1 ± 0.1 eV) and the InP band gap
(1.35 eV), we find that the surface states should be located at
0.26 ± 0.1 eV above the valence band maximum, consistent
with our measurement of �EEQE.

There is a possibility that Förster transfer from the organic
to inorganic semiconductor can bypass the formation of
the HCTE in the charge photogeneration process [11]. The
FRET probability is proportional to the overlap between
the absorption spectrum of InP and photoluminescence (PL)
spectrum of PEN [40]. To estimate the probability of Förster
transfer from PEN to InP, we measured the PL of a 100-nm-
thick PEN film on an oxidized Si substrate vs T . The film was
pumped with λ = 337 nm emission from a N2 laser at 1.5 ×
104 μJ/cm2. Similar to Park et al. [41] we find the PL exhibits
broad features at high energy (λ = 500 to 750 nm) that do
not change significantly with temperature, and two peaks at
longer wavelength (λ = 775 to 925 nm) that increase with
decreasing temperature: between 294 and 134 K, the PL in
the long-wavelength region increases fivefold. However, at all
temperatures, the PL efficiency (ηPL) is low, with a maximum
of ηPL = 0.013% at 134 K. To quantify the effects of FRET,
we calculate the Förster radius using [40,42]

R6
o = 9ηPLκ2

128π5n4

∫
λ4FD(λ)σA(λ)dλ, (12)

where κ is the dipole orientation factor, n is the index of
refraction of InP, FD is the normalized fluorescence spectrum
of PEN, and σA is the absorption cross section of InP. We
note that Eq. (12) is valid only for point-dipole to point-dipole
coupling. Other approximate solutions exist for point-dipole to
near-band-edge transitions in a semiconductor [43]. Using κ =
0.845

√
2/3 appropriate for an amorphous film with randomly

oriented rigid dipoles [42], we calculate a Förster radius of
4 Å. Hence, the contribution to the EQE at λ = 663 due to
FRET can arise only from excitons located within Ro of the
interface. For LD � 10 nm and an absorption coefficient of
105 cm−1, we obtain the contribution from FRET of <0.01%.
We note that this is an upper limit, since the first few monolay-
ers of PEN stand normal relative to the substrate plane [44,45].
Thus, their emission dipole moments are oriented such that
κ → 0 implying that transfer is preferentially in plane, and
cannot couple efficiently to the InP substrate as inferred from
Eq. (12).

A. J-V characteristics: Wide-band gap
semiconductor junctions

In this section and in Sec. V B, we apply the theory
in Paper I to modeling the J -V characteristics of our two
archetype OI-HJ systems. As in all fits to J -V data, several
parameters emerge whose values provide insight into the
detailed dynamics of the devices studied. We find excellent fits
to the data for both systems under reverse and forward bias,
as well as illumination conditions and temperature. While
the fits provide strong support for our analysis, here the
characteristics are primarily used to complete the picture of
the formation of an HCTE in both junctions.

TABLE I. Fitting parameters for TiO2/DBP current-voltage
characteristics.

Parameter Value

Tt,O 710 ± 80 K
μ∞ 6 ± 4 cm2/Vs
�Eμ 0.33 ± 0.06 eV
Js1,∞ (dark) 8 ± 4 A/cm2

Ea (dark) 0.19 ± 0.01 eV
Js1 (light) 80 ± 24 mA/cm2

Equation (9) is used to fit the J -V characteristics of
the TiO2/DBP junction in the dark and under illumination
in Figs. 5(a) and 5(b), respectively. For fits to the dark
J -V characteristics we use Js1,μ and Tt,O as parameters.
Furthermore, we vary Js1 and μ with temperature, since Js1(T )
is a function of krec(T ), which in turn is proportional to μ(T ).
For the J -V fits under illumination, we also use the parameters
from the fit in Fig. 5(a), but recognize that the krec can also
depend on light intensity, and that JX is a function of the
temperature-dependent exciton diffusion in disordered organic
thin films. For the fits, we take the approximate experimental
values of εO = 4εo, Vbi = 0.5 V, and an injection barrier
at the cathode and anode of φc,a = 0.2 eV. Here, ε0 is the
permittivity of free space. Finally, we note that since the
currents in the low forward current plateau region in Fig. 5(a)
are small (<100 pA), they can be influenced by artifacts such as
the long time constants of trapped carriers or dielectric leakage
in the probes contacting the device. Therefore, the reliability
of the fits corresponding to the second term of Eq. (10) is
reduced by these measurement inaccuracies. The fit results are
shown by lines in Fig. 5, with the parameters used provided in
Table I.

From these fits, we find that the hole mobility, μ(T ) =
μ∞exp(−�Eμ

kT
), where μ∞ is the mobility at high temperature,

and the thermal activation energy is Eμ = 0.33 ± 0.04 eV [see
Fig. 9(a)] as inferred from the space-charge roll-off region
of the forward characteristics in Fig. 5. This magnitude of
activation energy is consistent with previous measurements of
organic films whose charge transport is dominated by polaron
hopping between discrete sites with energetic disorder [46,47].
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FIG. 9. (Color online) (a) Mobility vs temperature (1000/T )
obtained from J -V characteristics of the TiO2/DBP OI-HJ shown
in Fig. 5. An activation energy of Eμ = 0.33 ± 0.06 eV is obtained
from the fit (solid line). (b) Exciton flux to the interface (qJX) vs
1000/T obtained from the J -V fits under illumination, yielding an
activation energy of �EEQE = 40 ± 10 meV.
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To confirm that the space-charge roll-off is due to the properties
of DBP, we fabricated a device that replaced TiO2 with a thin
C60 layer, with the structure ITO (150 nm)/C60 (10 nm)/DBP
(30 nm)/MoO3 (15 nm)/Al (100 nm). Here the C60 film has a
considerably higher mobility (5.1 × 10−2 cm2/V s) [48] than
DBP and hence is not current limiting in the test structure.
This organic device exhibits a similar thermal activation for
the space-charge roll-off as the TiO2/DBP device, indicating
that the observed effects are indeed due to DBP. The thermally
activated mobility fully accounts for the decrease in FF vs
temperature in the J -V characteristics under illumination in
Fig. 5(b). This is apparent in the inset of Fig. 5(b), which
provides the data and fit on a semilog scale for selected tem-
peratures. Under illumination, there is surprising symmetry
in the current centered about the open-circuit voltage (VOC)
(identified by the dip in current where it switches from positive
to negative). This symmetry is a result of space-charge effects
dominating current transport in both the forward and reverse
directions. Thus, at V > VOC, holes are injected from the
contact and transported to the OI-HJ by drift. At V < VOC,
the direction of the current is reversed as the photogenerated
holes are transported by drift away from the OI-HJ to the
anode. In this case, the sign of Eq. (7) is reversed and the field
at the contact, Fc, is replaced by the field at the interface, FHJ.

In Paper I, we showed that a reduction in FF can result from
field-dependent dissociation of the HCTE state. Accurate fits
to FF using Eq. (8), where the binding energy of the HCTE is
assumed to be small, suggest that field-dependent dissociation
is not dominant. The low HCTE binding energy is further
supported by the small value of δI = 0.22 ± 0.04 obtained
from the fit. Using the uniform field approximation δI =
εOWI/εIWO . For εO = 4εo, we infer that εI ≈ 35εo. This falls
within the range of dielectric constants reported for TiO2 of
from 15 to 250, depending on deposition condition [19–21]. In
our case, we measured εI via the capacitance of a (1 mm)2 ITO
(150 nm)/TiO2 (60 nm)/Au (100 nm) sample. The capacitance
ranges from 3 to 12 nF, corresponding to εI /εo ≈ 25−100.

A dependence of Js1 on illumination intensity is evident
from the inset of Fig. 5(b). From the J -V fit we find that
Js1 has an activation energy of Ea = 0.19 ± 0.01 eV in the
dark, but lacks a pronounced temperature dependence under
illumination. From this we infer that krec is diffusion limited
in the dark when carrier density at the interface is low, and
therefore both Js1 and μ have a similar activation energy.
However, when illuminated, the carrier density at the interface
is large, such that krec is limited by the resulting short charge
recombination lifetime at the interface, which is expected to
be only weakly temperature dependent.

Finally, JX has an activation energy of �EEQE = 40 ±
10 meV from Fig. 9(b). This results from a reduction in the
exciton diffusion length in DBP with temperature, consistent
with previous reports for organic materials [49,50].

B. J-V characteristics: Moderate-band gap
semiconductor junctions

Equation (11) is used to fit the measured InP/PEN J -V
characteristics (data points) in the dark and under illumination,
with results (lines) in Figs. 7(a) and 7(b), respectively. In
the dark, thermionic emission [second term on the right-

TABLE II. Fitting parameters for InP/PEN current-voltage
characteristics.

Parameter Value

μ∞ 3 × 10−5–2 × 10−6 cm2/V s
Eμ 71 ± 10 meV
Js2 (dark) 5 ± 4 mA/cm2

Js (light) 10−10–10−12 mA/cm2

Rs 0.44 ± 0.02  cm2

hand side of Eq. (11)] dominates. For the illuminated J -V
characteristics, the first term on the left-hand side of Eq. (11)
dominates when fitting the inflection below V < VOC. The fit
parameters are summarized in Table II.

The values of saturation current prefactor, Jtherm

[Js2 exp(−�EV

kBT
)], obtained from fits to the dark data are shown

in Fig. 10(a), with an activation energy of �EV = 0.24 ±
0.04 eV, which corresponds to the valence energy offset at
the OI-HJ. This also agrees with �EV = 0.2 ± 0.1 eV
directly measured by UPS. The fits yield an ideality factor
that increases from ntherm = 1.25 ± 0.01 at T = 294 K to
ntherm = 1.96 ± 0.01 at T = 134 K [see inset, Fig. 10(a)]. This
increase with decreasing temperature is due to the increasing
importance of recombination at the HJ resulting from a
decrease in the probability for injected carriers to surmount the
interface barrier. This is also consistent with the behavior of
conventional Schottky barrier diodes with temperature [51,52].

The PEN hole mobilities vs T obtained from fits to the
illuminated J -V characteristics are plotted in Fig. 10(b),
showing �Eμ = 71 ± 10 meV. To independently determine
μ, we measured the dark J -V characteristics of an Au/MoO3

(10 nm)/PEN (200 nm)/MoO3 (10 nm)/Au. From this, we
estimate an upper limit of μ � 10−6 cm2/V s, in agreement
with the values in Fig. 10(b). The low mobility normal to the
substrate arises since the PEN molecular plane typically lies
perpendicular to the substrate. This leads to a large anisotropy
with the lowest mobility normal to the plane, consistent with
measurements [53]. Also, 40-nm-thick PEN film on InP has
a root mean square roughness of 10 nm as determined by
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line).
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atomic force microscopy. The small Eμ suggests, therefore,
that transport is limited by hopping at grain boundaries [24,54]
in contrast to the polaron trap-and-release model used to
describe the larger Eμ of DBP.

Finally, the illuminated J -V data give a temperature-
independent saturation current prefactor, [Js1 exp(− Et

nI kBT
)],

in Eq. (11). From this, we infer that the inflection in the
illuminated J -V is due to recombination of electrons trapped
in discrete trap states at the inorganic surface with free holes
in the organic. For an electron quasi-Fermi level pinned at the
OI-HJ by a high density of interface traps [55], the saturation
current is expected to be temperature independent, as observed.

VI. CONCLUSIONS

The theory of charge and exciton dynamics at an OI-HJ
presented in Paper I is used to describe both the EQE and
J -V characteristics of a wide-band gap TiO2/DBP and a
moderate-band gap InP/PEN OI-HJ device. In both cases
we find evidence that excitons generated in the organic thin
films contribute to the photocurrent through generation of an
intermediate hybrid charge transfer exciton state that spans
the OI interface. We find that the effects of interface traps
are markedly different in these two systems. There is little
evidence that traps impact the formation or recombination of
HCTEs for the wide-band gap case, whereas in the moderate-
band gap case, they dominate HCTE dynamics over a wide
range of temperatures. Fits to the J -V characteristics in the
dark and under illumination over a wide temperature range
provide further validation of the model in Paper I. Both systems
form type-II OI-HJs, although with considerably different
energy level offsets at the interfaces. From the fits, we find that
the magnitude of the OI-HJ energy offsets and the influence of
traps at the HJ determine the recombination kinetics of injected
and photogenerated carriers. Specifically, in the wide-band gap
case, we find that the J -V characteristics both in the dark and

under illumination are determined by interface recombination.
In the moderate-band gap case, the dark J -V characteristics
are determined by thermionic emission into the InP bulk,
while under illumination interface recombination dominates.
Furthermore, we find that space-charge effects arising from
the low mobility of the organic thin film results in a reduction
in fill factor as the temperature is reduced.

The framework for understanding the charge generation
and recombination dynamics in OI-HJ devices presented here
can be extended to include additional processes in nonideal
junctions, such as the field dependence of mobility of the
organic semiconductor, and Shockley-Reed-Hall generation
and recombination statistics in the depletion region of the
inorganic semiconductor. Ultimately, the impact of materials
and processing parameters on the formation and dissociation
of HCTEs remains an important area of investigation to
the functioning of numerous modern organic semiconductor-
based devices, including colloidal quantum dot and dye
sensitized solar cells, organic light emitting diodes, and lasers.
The theory and experiments described in Papers I and II
provide a starting point from which to understand many aspects
of photogeneration and charge transport dynamics in these
important applications.
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