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O
rganic semiconductors have been
used to form heterojunction inter-
faces with alternate organic or

inorganic materials for modern electronic
and/or photonic device applications.1�4 In
constructing organic�organic heterojunc-
tion interfaces, charge transfer at any given
interface is a central issue due to its signifi-
cance for a variety of device applications
such as organic solar cells (OSCs) and organic
memory field-effect transistors (OMFETs).5�8

In particular, electric-field-assisted charge tra-
pping in an electron donor/acceptor inter-
face has been accepted as the main source
of large hysteresis in the current profile.9,10

In OSCs, an effective power conversion effi-
ciency is achieved through balance be-
tween photoinduced charge transfer, which
leads to charge-separated states within
the organic semiconductors, and charge
transport.11�13

Bulk heterojunction interfaces have been
widely adopted in memory and solar cell
devices due to a wide memory window and

large photocurrent arising from a larger
donor/acceptor interface area in compari-
son with bilayer interfaces.14�16 However,
structural complexity at the bulk hetero-
junction interface in a memory or solar cell
device inhibits understanding the mechan-
ism of charge transfer and investigation
surrounding the formation of the donor/
acceptor interface. To overcome these lim-
itations, planar heterojunction devices have
been fabricated. For example, Tseng et al.17

demonstrated that the charge transfer
and trapping properties at a pentacene/Au
nanoparticle interface can be tuned by modi-
fying the surface properties of Au nanopar-
ticleswith a variety of self-assembledmono-
layers. Thememorywindow in the field-effect
transistor (FET) device was determined by
the choice of self-assembled monolayer,
Au particle size, and applied gate electric
field. The electric-field-assisted charge trans-
fer and trapping mechanism account for
electric bistability in the device. A bilayer
of pentacene/solution processed ZnO was
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ABSTRACT We create and optimize a structurally well-defined electron

donor�acceptor planar heterojunction interface in which electric-field and/or

photon-induced charge transfer occurs. Electric-field-induced charge transfer in

the dark and exciton dissociation at a pentacene/PCBM interface were probed

by in situ thickness-dependent threshold voltage shift measurements in field-

effect transistor devices during the formation of the interface. Electric-field-

induced charge transfer at the interface in the dark is correlated with

development of the pentacene accumulation layer close to PCBM, that is,

including interface area, and dielectric relaxation time in PCBM. Further, we

demonstrate an in situ test structure that allows probing of both exciton diffusion length and charge transport properties, crucial for optimizing

optoelectronic devices. Competition between the optical absorption length and the exciton diffusion length in pentacene governs exciton dissociation at

the interface. Charge transfer mechanisms in the dark and under illumination are detailed.
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structured in an FET device exhibiting nonvolatile
memory elements characterized by large hysteresis.6

Baeg et al.18 fabricated organic memory FETs consist-
ing of pentacene and polymer electret materials. They
demonstrated that the electrical conductivity of one
class of polymer electrets in the bottom layer dictates
the charge retention time in the devices. Studies
pertaining to photoinduced charge transfer in selected
electron donor/acceptor combinations have also been
performed.19,20 Park et al.19 described photoinduced
charge transfer between pentacene and C60 self-
assembledmonolayers through evaluation of the thresh-
old voltage shift in an FET device. The short circuit
current in organic solar cells fabricated with a planar
heterojunction interface was enhanced upon modifi-
cation of the electron donor/acceptor interface.21

Despite extensive research toward the functional
definition of heterojunction interfaces for OSCs and
OMFETs, a systematic and comprehensive study corre-
lating charge transfer with interface formation is lacking.
Such studies could provide vital insight into the time
and length scales associated with charge transfer at
donor/acceptor interfaces. The choice of pentacene
and PCBMas the electron donor and electron acceptor,
respectively, is advantageous over alternative systems
because the structural and electrical properties of
these individual materials are well-known. To the best
of our knowledge, electric-field and photoinduced
charge transfer within this model system has not been
fully investigated from the electronic and structural
perspectives during interface formation in a controlled
environment. Exploration of these features allows
exploration of these competing components in dictat-
ing charge transfer in the dark and under illumination,
input that is essential to the future design of viable
materials systems for OSC and OMFET applications.
Further, conventional solar cell or memory configura-
tions in which functional layers are stacked create a
series of interfaces, posing limited access into indivi-
dual processes such as exciton dissociation and charge
transport and extraction properties.
In this study, we created a structurally well-defined

interface where electric-field-assisted and/or photoin-
duced charge transfer occurs. These transfer processes
were probed at a pentacene/PCBM interface during
interface formation through conducting channel for-
mation viagrowth of pentacene islands on a thin PCBM
layer to elucidate the charge transfer mechanism that
leads to electrical bistability and/or exciton dissocia-
tion during illumination. We found that the memory
window in a pentacene/PCBM memory FET is influ-
enced by dielectric relaxation in PCBM as well as the
interface area between pentacene and the C60 ana-
logue, providing critical insights into the charge trans-
fer mechanism. Significantly, we could estimate the
exciton diffusion length in pentacene via in situ

thickness-dependent electrical measurements. Thus, an

electrical probe for measurement of exciton dissocia-
tion and charge transport which can be utilized in solar
cell devices is provided.
The selection of pentacene and PCBM, perhaps the

most widely explored hole and electron transport
materials, respectively, was based upon their high
mobilities. Pentacene has been successfully coupled
with electron-accepting fullerene derivatives which
exhibit high electron affinity and tunability. Particu-
larly, PCBM has been structured into OSCs with low
band gap polymer donors, demonstrating high perfor-
mance through a balance between a series of pro-
cesses including charge transfer and transport. The
present results provide vital perspectives for optimiz-
ing charge transfer in memory and solar cell devices
and also allow for an in situ electrical probe for func-
tional interfaces, in general.

RESULTS AND DISCUSSION

Pentacene/PCBM Interface Formation. Interface forma-
tion of pentacene on PCBM is achieved by vacuum
deposition of pentacene molecules onto a layer of
PCBM spin-coated onto a two-contact FET device, as
shown in the schematic diagram in Figure 1. Structural
change at the interface is characterized via atomic
force microscopy (AFM) imaging of samples created
simultaneously with samples used for electrical char-
acterization. Figure 2a presents an AFM image of
pentacene islands (bright region) on PCBM (dark
region) at an initial stage of pentacene growth. Unlike
pentacene deposited on SiO2,

22 on a PCBM surface,
pentacene islands grow in three dimensions, form-
ing about 7 nm thick islands, corresponding to 4�5
molecular layers, as shown in Figure 2a.23 With con-
tinued deposition, the pentacene islands grew both
laterally and vertically, exhibiting a three-dimensional
growth mode, as shown in Figure 2b. Layered penta-
cene islands having a molecular step size of ∼1.7 nm

Figure 1. Schematic diagram of the experimental setup for
in situ electrical characterization.
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are poorly connected, as displayed in the inset of
Figure 2b.

X-ray diffraction results for pentacene and penta-
cene on PCBM are shown in the Supporting Informa-
tion (Figure S1). For both samples, pentacene showed
two phases24,25 corresponding to a d spacing of 14.6
(“bulk phase”) and 15.5 Å (“thin film phase”). For the
pentacene deposited on PCBM, the predominant
phasewas the thin film phase, while that for pentacene
on SiO2 was the bulk phase. This difference can be
attributed to a difference in the interactions between
pentacene and the underlying layer. XRD peaks asso-
ciated with crystalline PCBM were not observed (note
that the thickness of PCBM is about 5 nm.). However,
when a PCBM film ∼200 nm thick was constructed,
diffraction peaks assigned to the crystal structure of
PCBMwere observed. In the case of the thin PCBM film,
it is conceivable that the entire thickness of the layer is
affected by interaction with the substrate leading to
the formation of an amorphous film or small crystal-
lites, whereas for the thicker sample, interactions with
the substrate areminimized, allowing for the formation
of a crystalline film.

Conducting Channel Formation. During pentacene gro-
wth, conducting channel formation in a pentacene
FET is achieved through lateral growth of pentacene
islands, creating current pathways within the penta-
cene film.26 Within the framework of diffusion-
mediated growth,27,28 that accounts for the observed
pentacene growth mode on PCBM (Figure 2), where
incident pentacene molecules land either onto the
PCBM surface or onto existing pentacene islands.

Pentacene molecules on PCBM diffuse and aggregate
into the existing islands, increasing their lateral size,
while those on the pentacene surfaces either migrate
to the PCBM lower layer or adhere to the step-edge of
the pentacene islands due to an Ehrlich�Schwoebel
barrier, thus affording a layered island structure.27

Through diffusion-limited aggregation of pentacene
molecules on PCBM, pentacene islands begin to coa-
lesce, as shown in Figure 2b. Figure 3 depicts the
transfer and output characteristic curves of a penta-
cene/PCBM FET obtained from in situ electrical mea-
surements, immediately after percolation of pentacene
islands. The thickness atwhich current onset is attained
(∼30 nm) is calculated from the deposition rate deter-
mined from the total thickness of pentacene islands for
a given growth time. The percolation thickness is far
thicker than a theoretical thickness of ∼1 nm esti-
mated from continuous two-dimensional percolation
theory.29 In the ID�VG measurement, the gate voltage
was swept between 40 and�40 V at a drain voltage of
�3 V. The gate scan rate was 1.3 V/s, far slower than the
time constant of charge accumulation in a pentacene/
PCBM FET estimated from the resistance of pentacene
and the capacitance of the SiO2 gate dielectric and
ranging from 10�5 to 10�4 s. A large hysteresis char-
acterized by a large threshold voltage difference of
�41 V in the forward and reverse sweeps was reported
previously.30 The origin of this hysteresis was discussed
in relation to charge trapping and detrapping con-
trolled by the gate electric field at the pentacene/PCBM
interface. The time constants for trapping (83 s) and
detrapping (71 s) of electrons, measured from the

Figure 2. Tapping mode AFM height images of pentacene on PCBM as a function of time.
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current transient curves, were far larger than the time
constant of charge accumulation in the penatcene/
PCBM FETs, the mechanism for which is discussed
below. The output characteristic curves in Figure 3b,
featuring the linear and saturation regions in transistor
operation, ensure that the large hysteresis is associated
with conduction of hole carriers in the pentacene
channel.

Thickness Dependence of Electric-Field-Induced Charge Trans-
fer at a Pentacene/PCBM Interface. The magnitude of the
threshold voltage shift in the dark varies during for-
mation of a pentacene/PCBM interface. While increas-
ing pentacene film thickness, the threshold voltage
was measured using a forward gate voltage sweep
from 40 to�40 V. During the in situmeasurements,26,30

in which pentacene deposition is paused for electrical
measurement, the number of pause/measurement
cycles was limited in order to minimize perturbation
in pentacene growth arising from a possible change in
deposition rate. Figure 4a depicts ID�VG curves ob-
tained at different stages of pentacene growth. The
threshold voltage, the gate voltage required to induce
mobile carriers in the conducting channel, was deter-
mined by a linear fit of the gate voltage versus drain
current, as shown in the inset of Figure 4a. The thresh-
old voltage measured in Figure 4a was further plotted
as a function of thickness (Figure 4b), where the

threshold voltage decreased with increased thickness.
This result is at first puzzling because, considering the
growth mode of pentacene on PCBM, it was expected
that the threshold voltage would shift to a more
positive value (increasing) with increasing thickness.
Further, continued pentacene deposition after forma-
tion of the conducting pathways enables incoming
pentacene molecules to fill the gap observed between
pentacene islands grown on a PCBM/SiO2 substrate
according to the growth mode described in Figure 2.
The continuous increase of the FET hole mobility in
pentacene (Figure 4b1) provides evidence that the
formation of a continuous conducting channel close
to PCBM is not complete even at a thickness of up to
∼180 nm. Recall that FET mobility is governed by the
structural properties of pentacene within the charge
accumulation layer having a thickness of only several
molecular layers close to the gate dielectric. The FET
hole mobility in pentacene was determined by ID�VG
curves in the linear regime of transistor operation at a
low drain voltage according to eq 1:

ID;linear ¼ W

L
μCi(VG � VT)VD (1)

where μ represents the FET mobility of holes, Ci is
the capacitance of the gate dielectric per unit area,
and L and W are the channel length and width,
respectively.

The continuous increase in the FET mobility ob-
served with increased pentacene thickness up to
∼180 nm cannot be ascribed to the length scale of
the accumulation layer which corresponds to only
several molecular layers, supporting the supposition
that enhanced charge transport properties arise from
improved connectivity between pentacene islands in
close proximity to the PCBM interface resulting from
the formation of additional percolation pathways
within and between pentacene islands. Therefore,
the number of electrons transferred to PCBM is
expected to increase as a result of the increased
interface area between the two semiconductors. The
resultant increase in the space charge density, n, in
the PCBM layer with increased pentacene thickness
can be estimated from the relation, n = (CiΔVT)/q, as
noted in Supporting Information Figure S6. The
origin of the decrease in the threshold voltage with
thickness is discussed below.

Interestingly, we observed the opposite trend for
several devices (see Supporting Information Figures S4
and S5), consistent with our prediction, in which the
threshold voltage increases with thickness for the
reasons mentioned above. The contradiction between
the two distinct results is suggested to arise from a
difference in the dielectric relaxation times for the
PCBM layers in the devices (Figure 4b and Figure S5),
where the dielectric relaxation time is the characteristic
time required to neutralize injected carriers. Charge

Figure 3. (a) ID�VG (VD = �3 V) and (b) ID�VD curves for a
pentacene/PCBM FET measured in the dark.
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carriers injected into a neutral material decay expo-
nentially as described by eq 2.

σ ¼ σ0exp � t

τd

� �
(2)

The dielectric relaxation time is given by τd = Fεs, where
F is the resistivity and εs is the dielectric constant. As
the electron resistivity of PCBM decreases, the dielec-
tric relaxation time decreases, which is an indication
that the electrons transferred into PCBM are easily
neutralized, thereby shifting the threshold voltage to
a more negative value. Electron current observed at
VG= 40 V andVD =�3 V increasedwith time, evenwith-
out further pentacene deposition (see Supporting Infor-
mation S2), suggesting that the electron current origi-
nates from the n-channel semiconducting PCBM layer.
Indeed, the threshold voltage continued to decrease
over 3 days, even without further pentacene deposi-
tion, as shown in Figure 3a. The increased electron
conductivity in the PCBM layer led to a linear decrease
in the threshold voltage, as shown in Figure 4b. Thus, in
the device, the decrease in dielectric relaxation time of
the PCBM layer was dominant over an increase in
interface area between pentacene and PCBM in deter-
mining the threshold voltage. However, for the second

device (Figures S4 and S5), in which the threshold
voltage increases with pentacene thickness, increase
in the size of the pentacene islands that bridge the
gaps between islands is dominant over the dielectric
relaxation time in PCBM, resulting in an increase in the
threshold voltage with thickness. It is believed that this
increase results from an increase in the size of the
bridging pentacene islands allowing more electrons
from pentacene to be trapped in PCBM while the gate
electric field is the same. Indeed, in the device, no
electron current was apparent in PCBM during penta-
cene deposition, indicating that the transferred elec-
trons from pentacene are trapped and immobilized in
PCBM, facilitating the formation of a built-in electric
field at the interface that can increase the threshold
voltage. The threshold voltage remained constant after
discontinuation of pentacene deposition because the
threshold voltage is determined by the change in pen-
tacene/PCBM interface area with pentacene growth,
not by the dielectric relaxation time of PCBM, as seen in
the Supporting Information (Figure S5). While the same
parameters were used in the fabrication of the devices
showing opposing trends, the charge transport proper-
ties in PCBM may vary from sample to sample because
air exposure after spin-coating was unavoidable.

Figure 4. Gate electric-field-induced charge transfer. (a) ID�VG (VD = �3 V) curves at different pentacene thicknesses in the
dark. (a1) Threshold voltage in a forward sweep asmeasured froma linearfit in an ID�VG curve. (b) Plot of threshold voltage as
a function of pentacene thickness. (b1) FET hole mobility (VD = �3 V) as a function of thickness.
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These results confirm the proposed mechanism for
charge transfer in which the large hysteresis observed
at the interface results from charge trapping and
retention of electrons transferred from pentacene.30

To summarize, the magnitude of the threshold
voltage shift in the dark is determined by a competition
between the dielectric relaxation time in PCBM and the
formation of a continuous, complete, 2D accumulation
layer in close proximity to the underlying PCBM layer,
including factors associated with the interfacial area
between the twomaterials. A positive gate electric field
positions electrons emanating from pentacene into
localized states within PCBM, shifting the threshold
voltage as described in Figure 5a. As more molecules
fill the gaps between the pentacene islands, more
electrons per unit area can be transferred and trapped
due to the increased interface area, thus enhanc-
ing carrier mobility in pentacene at the interface
(Figure 5b). The schematic diagram in Figure 5b explains
the increase in electron density in PCBM with the
increased number of pentacene molecules. The other
determinant is the dielectric relaxation time. As the
electron conductivity of PCBM increases, the dielectric
relaxation time decreases, accelerating charge density
decay in PCBM, as depicted in Figure 5c. An increase in
the charge density decay rate can reduce the number
of electrons trapped in PCBM. For a systematic study of
dielectric relaxation in PCBM, investigation of the tem-
perature dependence of threshold voltage is required,
elucidating the dynamics of trapped electrons and the
activation energy for trapping/detrapping.

Exciton Dissociation at the Pentacene/PCBM Interface. A
change in pentacene thickness can influence photo-
induced charge transfer as well as electric-field-as-
sisted charge transfer in the dark, as derived from the
threshold voltage shift. An increase in pentacene
thickness within its optical absorption length increases
the number of photogenerated carriers. An exciton

diffusion length less than the optical absorption length
in pentacene limits the number of charge carriers
available for photoinduced charge separation at the
pentacene/PCBM interface. Figure 6a depicts FET
ID�VG curves at a drain voltage of �3 V acquired with
increasing pentacene thickness up to 184 nm during
illumination at a wavelength of 620 nm. An increase in
FET hole mobility with increasing thickness was ob-
served with concomitant variations in the thresh-
old voltage. Threshold voltage from a forward (40 to
�40 V) sweep as a function of thickness is shown in
Figure 6b. Unlike the trends observed in the dark, an
increase in the threshold voltage with increasing pen-
tacene thickness was observed for thicknesses be-
tween 28 and 37 nm, followed by a decrease in the
threshold voltage with further increases in the thick-
ness of the pentacene layer. This trend was reproduci-
bly observed in both forward and reverse sweeps. We
hypothesize that the increase in the threshold voltage
for pentacene thicknesses ranging from 28 to 37 nm is
due to the increase in photogenerated electron�hole
pairs (excitons) caused by increased light absorption,
which is directly related to the thickness. The increased
number of excitons within the exciton diffusion length
of the pentacene film allows for an increase in the
number of available carriers that can be separated at
the interface. The initial increase in the threshold
voltage up to a thickness of 37 nm is countered by a
decrease of the threshold voltage due to thickness
growth beyond the exciton diffusion length. The
photoinduced threshold voltage up to about 40 nm
is a compromise between optical absorption and ex-
citon diffusion lengths, producing a peak threshold
voltage at 37 nm. To quantify the relation between the
two characteristic lengths, we used a model in which
photoresponse in a pentacene film is simulated as a
function of thickness.31 In the schematic diagram
shown in Figure 7a, incident photons create excitons

Figure 5. Schematic diagrams of (a) charge transfer mechanism at the pentacene/PCBM interface and (b) charge trapping
with an increase in the pentacene/PCBM interfacial area. (c) Plot of charge density as a function of time.
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in both the pentacene adjacent to PCBM and in the
bulk of the pentacene layer. Exciton density from the
surface (z = 0) to the interface between pentacene and
PCBM (z = d), n(z,t), can be given by

Dn(z, t)
Dt

¼ Decs
D2n(z, t)
Dz2

� τ�1
excn(z, t)þ gI0e

�Rz

where Dexc is the exciton diffusion coefficient, τexc the
exciton lifetime, g the light absorption efficiency, I0 the
incident light intensity, R the absorption coefficient,
z the distance from the surface. The exciton lifetime is
finite because excitons are either separated at the
interface or recombined in the bulk, determining the
exciton diffusion length, Lexc = (Dexcτexc)

1/2. Holes
injected into pentacene due to exciton dissociation
at the interface contribute to the photocurrent, along
with excitons in the bulk. The injected hole density h(z,t)
is given by

Dĥ(z, t)
Dt

¼ Dĥ

D2ĥ(z, t)
Dz2

� τĥ
�1ĥ(z, t)

where Dh is the diffusion coefficient of the hole and τh
is the lifetime of the hole. In themodel, exciton flux at a
pentacene/PCBM junction is assumed to be equal to

exciton dissociation velocity, vdis, indicating that all
excitons at the interface are dissociated, as given in the
relation

Dexc
Dn(d)
Dz

¼ νdisn(d)

The exciton and hole concentration gradients are
assumed to be zero at the interface. Further, excitons
are dissociated at the pentacene/PCBM interface (z = d),
as described by

Dh
Dh(d)
Dz

¼ �Dexc
Dn(d)
Dz

Using the boundary conditions described above,
the photogenerated excess hole density at the penta-
cene�PCBM interface as a function of pentacene
thickness zwas calculated. Themodel parameterswere
fit to the experimental values, producing an exciton
diffusion length of 25 nm. This value is within the range
of 7 and 65 nm reported in previous studies.32,33 In
the model, the internal electric field in pentacene is
assumed to be negligible, validated by the bias condi-
tions used in the experiments in which the magnitude
of the gate electric field (∼2 � 106 V/cm) voltage is far
larger than the lateral electric field (3 � 103 V/cm)
between the source and drain electrodes. Further,
pentacene is a typical p-channel semiconductor. While
electron conduction has been found in some previous
studies, electron mobility is reported to be very low
compared with hole mobility. Additionally, the elec-
trical contact resistance between pentacene and Au
was found not to be significant compared with charge
transport in the pentacene channel, as shown in

Figure 6. Photoiduced threshold voltage shift in a penta-
cene/PCBM FET. (a) ID�VG (VD = �3 V) curves at different
pentacene thicknesses under illumination at a wavelength
of 620 nm. (b) Plot of threshold voltage as a function of
thickness.

Figure 7. (a) Schematic diagram of the photocurrent gen-
eration model. (b) Plot of normalized excess hole concen-
tration (pz) as a functionof pentacene thickness. Normalized
FET threshold voltages fits to pz, the concentration of hole
carriers injected into pentacene due to exciton dissociation
at the interface. The best fit was found for an exciton
diffusion length of 25 nm and optical absorption length of
approximately 83 nm.
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Supporting Information Figure S7. The potential profile
along the pentacene channel is almost linear, and the
voltage drops at the source and drain electrodes were
estimated based on a linear fit of the potentials
measured using a FET device with multiple voltage
probes along the channel.34,35 The voltage drops were
less than 0.5 V, far smaller than the applied drain
voltage (5 V), indicating that the threshold voltage
measured here is not determined by the electrical
contact properties but rather by charge transfer be-
tween pentacene and PCBM.

However, it is noted that the electrons trapped in
the localized states between the lowest unoccupied
molecular orbital and the highest occupied molecular
orbital of PCBM can be detrapped during illumination
with a wavelength of 620 nm, affecting the magnitude
of the threshold voltage because an increase in the
electrical conductivity in the PCBM layer can shorten
the dielectric relaxation time. In our experiments, the
effect of detrapped electrons on the threshold voltage
change is thought to be more significant in a thinner
pentacene film because optical absorption in the
PCBM layer decreases with increasing pentacene thick-
ness. Once the pentacene thickness increases from 28
to 37 nm, more electrons will be trapped in the under-
lying PCBM by photoexcitation in the thicker penta-
cene film. However, in the case where detrapping in
the PCBM layer is dominant, the threshold voltage will
not increase in the region, forming a peak, because the
dielectric relaxation time at 37 nm is shorter than that
at 28 nm due to enhanced electron conductivity, as
shown in Supporting Information Figure S2. In other
words, the electrical resistance of the PCBM layer is the
highest near the pentacene thickness at which perco-
lation occurs, suggesting that the electron mobility is
extremely low, mitigating the effect, if any, of detrap-
ping of electrons on the threshold voltage. This per-
spective is supported by the experiment using a C60-
terminated self-assembled monolayer (SAM) as an
electron-accepting layer (see Supporting Information
Figure S8), the conductivity of which is far lower
than the PCBM layer, preventing electron transport
of detrapped electrons in the C60-terminated SAM.
The threshold voltage shift as a function of penta-
cene thickness was fitted to the model, producing an

exciton diffusion length of 10 nm, comparable with
that of PCBM. These considerations allow us to claim
that the threshold voltage change arising from hop-
ping of detrapped electrons, if any, within PCBM is not
significant.

To summarize, a characteristic peak observed at a
thickness of about 28 nm explains that the exciton
diffusion length in pentacene is shorter than the
optical absorption length. Below 28 nm, most of the
excitons are separated, forming charge transfer states
near the interface, while excitons generated at the
surface of a thicker pentacene film recombine before
reaching the interface. The competition between ex-
citon diffusion and optical absorption is applied to a
C60-terminated SAM as an electron-accepting layer, as
discussed earlier.

SUMMARY AND CONCLUSIONS

We created and probed a structurally well-defined
interface where electric-field and/or photon-induced
charge transfer occurs. Increase in interfacial area,
accompanied by concomitant increase in the carrier
mobility as a result of formation of more conducting
pathways, increases the number of charge carriers
transferred in the dark. Dielectric relaxation time in
materials is crucial in controlling charge retention. In
the presence of light, to maximize the photocurrent
resulting from photoinduced charge separation at the
interface, a good balance between optical absorption
and diffusion length is crucial. Our approach, in which
photoinduced charge separation can be probed using
in situ threshold voltage measurements, can be
adapted to optimize exciton dissociation in buried
interfaces of a composite film in solar cell devices.
The short circuit current in bulk heterojunction solar
cell devices can be enhanced by controlling, at the
nanoscale, the optimum thickness where the num-
ber of excitons dissociated at the interface is max-
imized. Our method that adopts the FET geometry
coupled with in situmeasurement to probe time and
length scales associated with charge transfer can be
universally applied to optimize both charge trans-
port and photoinduced charge transfer at functional
interfaces embedded in optoelectronic or memory
devices.

EXPERIMENTAL SECTION
Apentacene/PCBM FETwas fabricated on a 200 nm thick SiO2

substrate as a gate dielectric. Source and drain metal [Au
(60 nm)/Cr (∼5 nm)] electrodes were spaced by a channel
length of 10 μm and width of 2 mm. The detailed description
of the FET device fabrication process and associated materials
processing has been described previously.31 The FET device
coated with a layer of PCBM was transferred into a vacuum
chamber immediately after preparation of the semiconducting
layer for in situ electrical measurements during pentacene
deposition. The output and transfer characteristic curves of

the pentacene/PCBM FET in the dark and under illumination
were measured as a function of pentacene thickness using a
semiconductor parameter analyzer (HP4155C). A red laser light
source having a wavelength of 620 nm was incident through a
quartz window built into the vacuum chamber to excite the
pentacene upper layer, selectively suppressing optical absorp-
tion in PCBM. Through comparison of the morphology of the
pentacene films at different thicknesses, we examined the
growth mode of pentacene on PCBM. Height images from
tapping mode atomic force microscopy were used to study
pentacene growth.
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