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1,3,4,a)

Photoinduced charge transfer at an electron donor/acceptor interface is one of the most crucial
processes in determining the power conversion efficiency of organic solar cell devices. Here,
we address exciton dissociation and charge carrier trapping at poly(3-hexylthiophene) (P3HT)/
phenyl-C61-butyric acid methyl ester (PCBM) bulk heterojunction interfaces electrically using a
field effect transistor (FET). With a P3HT/PCBM composite film, we elucidated exciton
dissociation and charge carrier recombination assisted by localized electronic states at the P3HT/
PCBM interface via photoinduced threshold voltage shift measurements with respect to
wavelength using FETs in combination with organic solar cell devices. Interestingly, the
combination of light coupled with a significant quantity of PCBM within the film was required to
observe ambipolar charge transport in P3HT/PCBM FETs. This phenomenon was addressed by
filling of electron traps associated with PCBM under illumination and formation of the
conducting pathways for both electrons and holes. A high density of carrier traps at the interface
suggested by the FET results was confirmed in light intensity dependent short-circuit current
(J4.) and open-circuit voltage (V,.) measurements using solar cell devices. © 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4705277]

. INTRODUCTION alignment between the organic components obtained by
these spectroscopic methods is, however, not readily applied
to designing the organic device structures since the interfa-
cial electronic characteristics of the organic components are
often significantly altered by the physical arrangement of the
individual organic materials at the interface.®® For example,
depending on molecular orientations of the organic compo-
nents at the interface, an interface dipole can be induced in
the film.”

Further, for OSCs, probing an electron donor/acceptor
bulk heterojunction interface, which provides critical infor-
mation for optimizing device performance, is challenging
because exciton dissociation at the interface, buried within a
thick composite film, competes with other processes includ-
ing charge transport within the active layer and charge col-
lection at electrodes. Here, in an effort to explore exciton
dissociation at the interface and relevant electronic proper-
ties such as interfacial charge carrier traps eliminating other
electronic processes in solar cell devices, we structured a
bottom-contact field effect transistor (FET) using a model
OSC system, namely, poly(3-hexylthiophene) (P3HT) as the
electron donor and phenyl-C61-butyric acid methyl ester
(PCBM) as the acceptor. Surprisingly, in the extensive work
to enhance the power conversion efficiency of P3BHT:PCBM
YElectronic mail: ereichmanis@chbe.gatech.edu. bulk heterojunction solar cell devices, exciton dissociation

Molecular energy level alignment of the individual
components at the organic/organic interface is an important
consideration in the design and optimization of organic
optoelectronic devices such as organic solar cells (OSCs),
photo detectors and organic light emitting diodes (OLEDs).'™
Through appropriate choice of the constituents, efficient pho-
toinduced charge transfer arising from optimized band offsets
between an organic acceptor and donor can be achieved in
OSCs, while the energy barriers between electron and hole
transporting materials under forward bias conditions can be
tuned for the confinement of electrons and holes to effect
recombination in OLEDs.?

The key issue associated with optimization of organic
device performance is the ability to probe the functional
interfaces that have a crucial role in device operation. The
electronic structures of the individual organic components
comprising the interfaces are readily characterized by spec-
troscopic tools including ultraviolet photoelectron spectros-
copy and x-ray photoelectron spectroscopy, and provide an
estimate of the energy level offsets at the relevant interfa-
ces.®” The information acquired relating to energy level

0021-8979/2012/111(8)/084908/7/$30.00 111, 084908-1 © 2012 American Institute of Physics
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and charge carrier trapping at the buried interface, excluding
complications resulting from a stacked diode structure, has
not been treated electrically using a combination of FET and
solar cell structures, despite its huge implication.

A small drain voltage was applied to efficiently sepa-
rate photogenerated carriers at the bulk heterojunction
interface. Threshold voltage, which is the gate voltage
required to observe mobile charge carriers in the conduct-
ing channel, reflects the number of charged states within a
composite film resulting from exciton dissociation during
illumination.'® The charge carrier density in the component
materials of the composite film, modulated by the number
of excitons dissociated at the P3HT/PCBM interface,
changes the drain current /,; by changing the threshold volt-
age Vr, assuming that the FET mobility x4 remains constant,
as described in the Eq. (1),

Z
Iy = Z,uCoxide(VG —Vr)Vp, (D

where C,,4. 1s the capacitance per unit area of the silicon ox-
ide gate dielectric, L is the channel length, and Z is the chan-
nel width. We characterized P3HT/PCBM composite films
in the linear regime of transistor operation in which a small
drain voltage Vp, relative to the gate voltage V; is applied.

Il. EXPERIMENTAL SECTION

We constructed a FET device with a blend of P3HT and
PCBM as the active layer. P3BHT and PCBM were purchased
from Sigma Aldrich and used without further purification.
The P3HT had a M,, of 24 kD and M,, of 47.7 kD, as
obtained from gel permeation chromatography (GPC) in tet-
rahydrofuran calibrated with polystyrene standards and a
head to tail regioregularity of 92%-94%. The P3HT and
PCBM solutions were prepared using chloroform as a sol-
vent with the concentrations of 8 mg/mL and 14 mg/mL,
respectively. Blends having different compositions of the
two components were prepared by varying the weight ratio
of the respective solutions. To serve as the conducting chan-
nel between source and drain electrodes (Au/Cr), two sets of
P3HT/PCBM blends, P3HT:PCBM (1:15, w/w) and
P3HT:PCBM (1:5, w/w), were spin-coated onto 200 nm
thick SiO, gate dielectrics at 1500 rpm for 60 s, giving thick-
nesses of up to 210 nm. A highly doped silicon substrate was
used as the gate electrode. For the threshold voltage mea-
surement, a linear fit to the plot of drain current as a function
of gate voltage was used to determine the extrapolated value
on the gate voltage axis at /; = 0. The current—voltage char-
acteristic curves for the threshold voltage measurements, in
the dark and under illumination in air, were obtained using a
semiconductor parameter analyzer (HP4155B). Illumination
with variable wavelengths (Figure 1) was performed using a
grating monochromator (Optronic Laboratories, Inc. OL Se-
ries 750) with a 150 watt quartz-halogen light source in air.
For the photoinduced threshold voltage measurements in
which the light intensity is varied, two laser diodes with
wavelengths of 520 and 620 nm were used to illuminate the
samples and the intensity was measured with a power meter.
Optical absorption spectra of P3BHT and PCBM films were
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obtained using a UV-Vis spectrometer. For fabrication of a
P3HT/PCBM organic solar cell, films made from a blend
of P3HT and PCBM solutions (1:15, w/w) in chloroform
were prepared using spin-coating at 1500 rpm for 60 s onto
a PEDOT:PSS/indium tin oxide (ITO) substrate. Al
(~100 nm) was deposited onto the P3HT/PCBM active
layer. All the electrical measurements were performed in air.

lll. RESULTS AND DISCUSSION

A change in the threshold voltage shift can be correlated
with a change in the electrostatic potential of the composite
P3HT/PCBM film. Upon illumination, excitons within P3HT
are dissociated at the interface, effecting electron transfer to
PCBM, thus decreasing the electrostatic potential of the
composite film. This process reduces the energy level differ-
ence Yz between the Fermi energy and the highest occupied
molecular orbital (HOMO) of P3HT in the bulk. The thresh-
old voltage can be expressed by the Eq. (2), assuming that
the flat band voltage is zero'""

V 2egNYg )

VT lﬁB Coxide ’

where ¢, is the dielectric constant of the semiconductor, g the
elementary charge, N the doping concentration, and C,,;z.
the capacitance of the gate dielectric. The decrease in the
value of Y shifts the threshold voltage to a more positive
value for hole conduction to take place. This model can also
be adjusted to explain the threshold voltage shift for electron
conduction in the PCBM component.

The threshold voltage shift observed under illumination
for hole conduction in a FET fabricated with the P3HT/
PCBM heterojunction interface was consistent with the opti-
cal absorption spectrum of P3HT. Threshold voltage shifts
for a FET device prepared with the composite film were
observed under illumination with wavelengths between 500
and 900 nm, as shown in Figures 1(a) and 1(b). The inset in
Figure 1(a) shows the bottom contact FET configuration
used in these experiments. To measure the threshold voltage
for p-channel conduction, the gate voltage was swept from
20 to —60 V with a drain voltage of —5 V in Figure 1(a).
The value of the threshold voltage measured in the dark was
4V, and the change observed when the device was illumi-
nated with wavelengths between 700 and 900 nm was less
than 3 V. A relatively large threshold voltage shift of 9 V
was observed for illumination with a wavelength of 500 nm
at an intensity of 30 uW/cm?, where the optical absorption
of P3HT is strong.'>'* The values of the threshold voltage
shift obtained from Figure 1(a) were normalized to the inci-
dent photon flux in the scanned wavelength range. Figure
1(b) shows a plot of the normalized threshold voltage shift
per unit incident photon as a function of wavelength. The rel-
atively small threshold voltage shift observed for wave-
lengths over 700 nm and the large shift occurring at roughly
500 nm coincides with the UV-Vis absorption spectroscopic
data for P3HT, as shown in Figure 1(c). These results sup-
port the premise that the threshold voltage shift observed in
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FIG. 1. (a) Plot of drain current vs. gate voltage for a FET fabricated with a
P3HT:PCBM (1:15, w/w) bulk heterojunction interface. The inset shows a
schematic diagram of the bottom-contact FET configuration used in the
experiments. (b) Plot of normalized threshold voltage shift to the incident
number of photons as a function of wavelength. (c) Optical absorption spec-
tra of P3HT and PCBM.
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P3HT mainly arose from exciton dissociation at the P3HT/
PCBM interface, leaving holes in the P3HT component.

To ensure the role of PCBM as the layer that accumu-
lates electrons during illumination in changing the magni-
tude of the threshold voltage, pure P3HT was used in the
same device configuration to measure threshold voltage
under illumination. In the experiment, a four-point field
effect device was used to exclude P3HT/Au contact resist-
ance.'” This experiment was performed because it has been
reported that the threshold voltage for a FET can be altered
by a change in the charge injection barrier at the metal-
semiconductor interface.'® Two four-point gated devices
(see the inset) prepared with parent P3HT films were illumi-
nated with red (620 nm) and green (520 nm) laser diodes and
varying light intensities as shown in Figures 2(a) and 2(b).
The threshold voltage observed for the P3HT FET in the
dark was 27 V, a value which is comparable with literature
reports for P3HT FETs measured in air.'”'® With a rise in
the light intensity to 0.12 mW/cm? as seen in Figure 2(a), the
threshold voltage shifted to a more negative value, 22 V, a
direction opposite to that observed for the FETs prepared
with P3BHT/PCBM composite films. A further increase in the
light intensity to 42 mW/cm? resulted in no further change in
the value of the threshold voltage and only a slightly lower
sheet conductance than that in the dark was noted, indicating
that the contribution of photogenerated carriers in P3HT in
enhancing the hole conductivity is not significant. When
illuminated with green light (520 nm) with an intensity of
64 mW/cm? in Figure 2(b), the threshold voltage of the
P3HT devices shifted by 3V to a more positive value with a
slightly larger sheet conductance at the full scan range of the
gate voltage due to enhanced photoconductivity. This result
is consistent with the strong optical absorption associated
with P3HT in the wavelength range of 500 nm, as observed
in Figure 1(c). More importantly, the magnitude of the shift
was very small when compared to the shift of 36 V obtained
with a FET fabricated with a P3BHT/PCBM composite film at
the same light intensity (Figure 3). In the absence of PCBM,
the electrostatic potential change in the P3HT film is negligi-
ble due to significant recombination loss of photogeneratred
carriers, supported by a small increase in the sheet conduct-
ance resulting from a short carrier life time in the conducting
channel upon illumination.

The threshold voltage shift observed under illumination
is influenced by the electronic states at the P3HT/PCBM
interface as well as exciton dissociation. In particular, the
presence of localized electronic states at the P3HT/PCBM
interface can increase the threshold voltage for electron con-
duction in PCBM because mobile electrons in the PCBM
acceptor are available after filling the deep traps present at
the interface. In a FET prepared with a P3BHT/PCBM com-
posite film, no electron transport was observed upon illumi-
nation under low intensity (0.12 mW/cm?) conditions with a
gate scan from 60 to —10 V, as shown in Figure 3. Upon
increasing the light intensity to 12 mW/cm?, ambipolar
charge transport was observed in the FET indicating that in
the dark, the lack of electron current is not because the elec-
tron conducting path is incomplete, but rather, the threshold
voltage for electron conduction has not yet been achieved in
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FIG. 2. Plot of sheet conductance as a function of gate voltage for P3HT
FETs in the dark and under illumination using laser diodes with wavelengths
of (a) 620 nm and (b) 520 nm in the linear regime of transistor operation.
The inset shows a schematic diagram of a four-point field-effect device with
two voltage probes V; and V,, spaced by 30 pum. The channel length
between the source (S) and drain (D) electrodes was 80 pm and the thickness
of the P3HT film was ~30 nm.

the gate voltage range scanned. When the light intensity
increased from 12 to 33 mW/cmz, a 7 V threshold voltage
shift, from 19 to 12 V, was observed. For a control sample
prepared using PCBM in the absence of P3HT, the threshold
voltage in the dark was 20 V. Under illumination at a compa-
rable light intensity to that used for the blended system, and
the threshold voltage underwent a 3V shift to a more posi-
tive value (from 20 to 23 V), a change that is attributed to the
absence of the electron donor, P3HT. The large positive
threshold voltage, at least more than ~80 V, for electron
conduction in the composite film, is suggested to be associ-
ated with a high density of electron traps at the PAHT/PCBM
interface. Upon illumination, electrons transferred to PCBM

J. Appl. Phys. 111, 084908 (2012)
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FIG. 3. Plot of drain current as a function of gate voltage for a FET fabri-
cated with P3BHT/PCBM (1:15, w/w). The drain voltage was fixed at 5 V.

from P3HT can fill deep traps associated with PCBM,
thereby shifting the threshold voltage in the negative
direction.

The presence of a high density of electron traps at the
P3HT/PCBM interface can be addressed by light intensity de-
pendent photocurrent measurements, useful in elucidating
recombination loss of dissociated carriers at donor/acceptor
interfaces in organic solar cells made with bulk heterojunction
interfaces."'*?° Organic solar cells with P3HT/PCBM bulk
heterojunction interfaces were fabricated as shown in the inset
of Figure 4(a). In Figure 4(a), the short circuit current J,. and
open-circuit voltage V. were measured with increasing light
intensity. In the intensity range of 30 to 130 mW/cm?, fitting
of the power law, J,. co G*, produces o« = 0.56 [Figure 4(b)].
Powers less than unity have been attributed to space charge
effects’*? due to unbalanced charge transport for electrons
and holes or bimolecular recombination®* at donor/acceptor
bulk heterojunction interfaces. If we assume that the value of «
= 0.56 originates from recombination limited carrier loss,
justified by the fact that o = 0.75 in the presence of space
charge limited photocurrent,”® V,,. dependence on light inten-
sity G can provide insights into possible recombination
mechanisms. With Langevin recombination (bimolecular
recombination) being dominant, V,. can be expressed by
Eq. 3),”

VO(,'

_ 2
:@_k_T]n[(l P)VN(:|, (3)

9 q PG
where Eg,, is the energy level difference between the lowest
unoccupied molecular orbital (LUMO) of the electron acceptor
(PCBM) and the HOMO of the electron donor (P3HT), ¢ is
the elementary charge, k is the Boltzmann constant, T is the
temperature, P is the exciton dissociation probability, 7 is the
recombination constant, NV, is the effective density of states in
the conduction band, and G is the exciton generation rate.
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FIG. 4. (a) Current-voltage characteristic curves for a P3SHT/PCBM (1:15,
w/w) solar cell in the dark and under illumination. The inset shows a sche-
matic diagram of a P3BHT/PCBM bulk heterojunction solar cell device. (b)
Plot of photocurrent as a function of light intensity. (c) Plot of open-circuit
voltage as a function of light intensity.

According to the expression, the slope in the plot of V,,. vs. In
G is kT/q. In our solar cell device, the slope in Figure 4(c) is
1.5(kT/q). The deviation from kT/q has previously been
explained by the competition between trap-assisted recombina-

J. Appl. Phys. 111, 084908 (2012)

tion (monomolecular recombination) and bimolecular recom-
bination>**”  The addition of the monomolecular
recombination mechanism is suggested to be due to a high
density of electron traps at the P3BHT/PCBM interface, a sup-
position supported by the far larger positive threshold voltage
for electron conduction within PCBM in the P3HT/PCBM
FETs in comparison with that in pure PCBM FETs. Further,
we measured the light intensity dependent threshold voltage
shift using P3HT/PCBM FETs (Figure 5). The threshold volt-
age, proportional to the photocurrent in P3HT based on the
assumption that the FET hole mobility remains constant both
in the dark and under illumination, increased with increasing
light intensity. In the low intensity regime below 10 mW/cm?,
the fitting of Vi oo G* (see the inset) afforded o = 0.35, and
with increasing light intensity the value decreased to 0.25. The
observed decrease in oo may reflect the possibility that a signifi-
cant number of electrons trapped in PCBM increased the built
in electric field, preventing further electron transfer to PCBM.
The origin of the lower value of « obtained from the P3HT/
PCBM FET measurements in comparison with that from the
solar cell device is not clear. However, the different bias con-
ditions and active layer geometry between FET and solar cell
devices may provide an explanation.

To observe ambipolar charge transport in a FET with
P3HT/PCBM as the active layer, the formation of conducting
pathways for both carriers between electrodes is essential.
Therefore, information of the threshold voltage shift for elec-
tron and hole conduction in a FET device with an electron
acceptor/donor interface can provide insights into the interfa-
cial morphology. In the P3HT/PCBM bulk heterojunction
interface, a significant fraction of PCBM in the composite
film was required for electron conduction to be observed, as
summarized in Table I. For both compositions evaluated
here and measured in the dark, no electron conduction was
observed with a gate voltage in the range —50 to 100 V. Dur-
ing illumination, however, the threshold voltage shift for

40
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threshold voltage shift (V)

10
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1 . . .
0.0001 0.001 001 0.1
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FIG. 5. Dependence of threshold voltage for hole conduction on light inten-
sity (520 nm) for a P3BHT/PCBM FET. The inset shows the plot of threshold
voltage as a function of light intensity in a logarithmic scale.
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TABLE I. Summary of the threshold voltage values in the dark and under illumination for FETSs fabricated with two different PHT/PCBM compositions.

P3HT:PCBM = 1:15 (w/w)

P3HT:PCBM = 1:5 (w/w)

Dark V1 hote (V)
VT.eleclron (V)

620 nm Vhote (V)
VT,eleclmn (V)

520 nm Vhote (V)

VT.eleclmn (V)

19 19

No electron conduction No electron conduction
30 20

11 No electron conduction
36 33

—120 No electron conduction

electron conduction was significant for a P3HT/PCBM com-
posite film, having a weight ratio of 1:15, with values of
more than 90 V for illumination at 620 nm and 220 V for
illumination at 520 nm. The magnitude of the photoinduced
threshold voltage shift for electron conduction may be over-
estimated since it was difficult to define a linear fit in the
transfer characteristic plot due to the very low electron cur-
rent on the level of hundreds of pico-amperes. For the com-
posite film prepared with much less PCBM (P3HT:PCBM =
1:5, w/w), no electron current was observed either in the
dark or under illumination. This effect can be attributed to
incomplete formation of the conducting pathways for elec-
tron transport in PCBM for this composition. Within a
P3HT/PCBM composite film, PCBM is thought to be dis-
persed among P3HT molecular chains, consistent with the
description suggested by Erb er al.?® Formation of the con-
ducting channel for hole transport in the P3HT is expected to
be more favorable than in PCBM because the long P3HT
chains span far larger areas than the clustered PCBM mole-
cule, a representation which is consistent with our results.
However, our FET geometry which is distinctly different
from a solar cell device consisting of stacked layers should
be considered in interpreting the observations. For example,
the morphology of the composite film near a SiO, gate
dielectric may differ from the morphology of the bulk since
the surface energy of SiO, can influence film formation. This
may lead to apparent inconsistencies in results obtained from
solar cell and FET device architectures because structural
properties of the composite film near the gate dielectric gov-
erns the electrical properties of the FET. Further, hydroxyl
groups on the surface of a gate dielectric are known to func-
tion as electron trapping sites,” reducing the magnitude of
the drain current significantly. Electron traps associated with
oxygen molecules in PCBM can be created upon exposure to
air, limiting detection of conducting channel formation
through threshold voltage measurements. Indeed, earlier
studies®*?! of P3HT/PCBM solar cells have shown that a
weight ratio of about 1:1 affords the best solar cell perform-
ance, and is reflective of the difference in geometry of FETs
and solar cells. Therefore, to validate our proposed strategy
to probe electron donor/acceptor interfaces, surface treat-
ment of the gate dielectric in a controlled environment would
be desirable for future studies.

IV. SUMMARY AND CONCLUSION

In conclusion, we demonstrated that the threshold volt-
age measured in a FET configuration is an effective probe of

exciton dissociation at electron donor/acceptor interfaces,
providing essential information concerning localized elec-
tronic states at the interface as well as the formation of con-
ducting pathways within an electron donor/acceptor
composite film. This strategy can be expanded to facilitate
identification of the optimum composition of an electron do-
nor/acceptor composite film that provides for balanced elec-
tron and hole transport, minimizing trap density at the
interface via proper choice of materials. It is found that
charge carrier traps are induced in the film upon formation of
the bulk heterojunction interface, thereby changing the
threshold voltage. When attempting to enhance solar cell
performance through interface modification or thermal
annealing, these charge carrier traps present at the interface
must be taken into account. Structuring an electron donor/
acceptor bulk heterojunction interface in a FET device can
assist not only in the investigation of photoinduced charge
transfer at the interface, but also in probing the carrier traps
electrically, allowing for a systemic approach to optimizing
OSCs. The information acquired through this methodology
may also be used for the determination of the best combina-
tion of donor/acceptor components for the active layers of
devices such as OSCs and photo detectors.
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