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Bulk-hetero-junction (BH]) organic photovoltaic cells (OPVCs) consisting of a poly(3-hexyl-
thiophene) (P3HT) as a donor and [6,6]-phenyl Cg; butyric acid methyl ester (PCBM) as an
acceptor were fabricated and their light-emissive characteristics as a function of applied
bias were investigated. The nanoscale luminescence spectra at different positions on the
P3HT/PCBM based photovoltaic cells were measured using a laser confocal microscope
(LCM) with a high spatial resolution. For the P3HT/PCBM OPVCs with a relatively thin
active layer, the light-emissive characteristics were changed considerably with varying
applied bias. We observed that the luminescence intensity increased with increasing
Poly(3-hexylthiophene) reverse bias under light illumination, this result was confirmed by the LCM photolumines-
Organic photovoltaic cells cence mapping images. This result originates from the increase of free charges due to the
Trap de-trapping effect of trapped charge transfer excitons near the interface, through the exter-
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nal electric-field and incident light.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Bulk hetero-junction (BHJ) organic photovoltaic cells
(OPVCs) using the blending of m-conjugated polymers
and fullerene derivatives have been intensively studied
with a view to use them in future energy harvesting sys-
tems [1,2]. The power conservation efficiency (PCE) of the
BHJ-OPVCs has been measured to be as high as 8% [3]. In
order to increase of the PCE of the OPVCs, a fundamental
understanding of the charge dissociation and transport
processes in the composites of the m-conjugated polymers
and fullerene derivatives is required. Under light illumina-
tion, the photo-generated excitons in m-conjugated poly-
mers are separated through a charge dissociation process
at the interface of the donor and acceptor materials, these
materials have different electron affinities and ionization
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energies. In the p-type m-conjugated polymers, the
Coulombic binding energy of the excitons is typically in
the range of 0.3-0.5 eV [4]. The transport characteristics
of the dissociated charges to the electrode through p-type
and n-type organic materials are also important for gener-
ating electrical power using BHJ-OPVCs. In this way, the
PCE of the cells can be determined by looking at the
probabilities of exciton diffusion, charge transfer, charge
dissociation, and charge collection [5].

The recombination and dissociation processes of charge
transfer excitons near the interface of the donor and accep-
ter materials can be understood in terms of applied bias for
increasing the PCE of the BHJ-OPVCs [6-8]. The Onsager-
Braun theory [9,10] provides an explanation of the cell
characteristics based on the dissociation of the geminate
excitons [11-13]. On the other hand, a process involving
the non-geminate recombination of electrons and holes
was proposed in the Langevin mechanism [14,15] and
the Shockley-Read-Hall (SRH) model [16]. Non-geminate
recombination can be influenced by trap sites based on
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trap-assisted and/or trap-free mechanisms in the material
network, as reported by Blom and co-workers [17-19].

Photoluminescence (PL) characteristics can be observed
in BHJ-OPVCs when excitons have a low dissociation prob-
ability and a high recombination rate. On the other hand,
PL quenching and photocurrent have also been generated
due to the high dissociation probability of excitons at the
donor-acceptor interface and the high transport efficiency
of free charges [20]. These processes can be intrinsically
and extrinsically controlled by the materials and applied
bias, respectively. Increasing the reverse bias for the BHJ-
OPVCs reduces the intensity of the charge transfer emis-
sions, which is indicative of the field-induced dissociation
probability of charge transfer excitons [21]. In BH]-OPVCs
consisting of p-type poly(3-hexlythiophene) (P3HT) and
n-type [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM),
the emission of the generated excitons and charge transfer
excitons (CTE) can be quenched by a high dissociation and
transfer probability, estimated to be ~93% and ~100%,
respectively [5]. To increase the PCE with a higher dissoci-
ation rate, one should also consider the trap states near the
donor-acceptor interface. Electric-field-induced lumines-
cence measurement of the BHJ-OPVCs can provide impor-
tant results for investigating the trap states.

In this study, we report on the electric-field controlled
light-emissive characteristics in nanoscale for P3HT/PCBM
based BHJ-OPVCs. These characteristics are measured
using a laser confocal microscope (LCM) with a high spatial
resolution. Fig. 1 shows a schematic illustration of the
experimental set-up with the LCM. We observed that in
the reverse bias regime, the LCM PL intensity at various
positions on the BHJ-OPVCs increased with increasing bias,
these results were confirmed by the LCM PL mapping
images. The results suggest that the charge transfer exci-
tons were trapped near the interface. In addition, the de-
trapped charges through the bias contributed to the
increase of the luminescence with an incident light.
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Fig. 1. Schematic illustration of the experimental set-up for electric-field-
induced luminescence of P3HT/PCBM OPVCs using a laser confocal
microscope (LCM).
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2. Experimental
2.1. Fabrication of the P3HT/PCBM based BHJ-OPVCs

The P3HT/PCBM based BHJ-OPVCs were fabricated
through typical spin coating and thermal evaporation
methods. A poly(3,4-ethylenedioxythiophene)/poly(sty-
renesulfonate) (PEDOT/PSS) buffer layer was spin-coated
onto cleaned and ozone plasma-treated indium tin oxide
(ITO) covered glass, and then annealed at 130°C for
10 min. The active layer of P3HT/PCBM with 1:1 wt% dis-
solved in chlorobenzene (1 wt%, 1.5 wt% and 3 wt%) was
spin-coated onto the PEDOT:PSS layer with different thick-
nesses of 100 nm (1 wt%), 170 nm (1.5 wt%) and 420 nm
(3 wt%). The aluminum (Al) electrode, with a thickness of
75-80 nm, was thermally evaporated at a pressure of less
than 107° torr. Finally, the cells were annealed at 140 °C
for 10 min in a glovebox.

2.2. Measurement

The electric-field-induced PL spectra in nanoscale were
measured using a LCM (NanoFocusInc. Albatross SPM) to
find the time-dependent spectra characteristics. The PL
mapping images were obtained using a LCM (WITec Inc.
ALPHA300 S). For the LCM PL spectra, the incident laser
power was fixed at 50 pW with an excitation wavelength
of 488 nm and an acquisition time of 1 s for a single spectra
and 40 s for capturing time-dependent spectra characteris-
tics. The focused laser beam from the LCM was about
300 nm, therefore we could perform nanoscale PL mea-
surements. For the LCM PL mapping images, we used a
laser with an excitation wavelength of 532 nm. The current
density versus voltage (J-V) characteristic curves of the
cells were measured using a Keithley 237 SMU combined
with a LCM. Fig. 1 shows a schematic illustration of the
experimental set-up for the electric-field-induced PL spec-
tra in nanoscale of the BHJ-OPVCs using the LCM system.

3. Results and discussion

Fig. 2! shows the J-V characteristic curves of the P3HT/
PCBM BHJ-OPVCs. The Jqarx(black curve) and Jiign(red
curve) were measured under dark and light conditions,
respectively. The photocurrent Jyn(green curve) is defined
by light — Jaarkl- We observed the photovoltaic characteris-
tics of the cells, the monochromatic PCE was estimated to
be about 5.1% under illumination by monochromatic LED
with a wavelength of 505 nm. The short circuit current
density (Jsc) was 2.6 mA/cm? and the open circuit voltage
(Voc) was 0.4V. In the reverse bias region, Jqa Slowly
increased with increasing the bias from -1V to -3V,
based on the SRH model [22,23], this indicates the widen-
ing of the depletion region and charge generation (or
charge trap) through generated trap states due to oxida-
tion, defects, disorder, and/or surface imperfections at the
donor-acceptor interface. The J,, was increased due to

! Please note that Fig. 2 will appear in B/W in print and color in the web
version. Based on this, please approve the footnote 1 which explains this.
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Fig. 2. J-V characteristic curves (Jark, Jiight and Jpn) for P3HT/PCBM OPVCs
between -3V and +1V under monochromatic LED conditions
(Zex = 505 nm). Inset: magnification of the J-V characteristic curves from
—1to+1V.

the increase of the dissociation probability of charge trans-
fer excitons by the electric-field. And, as shown in Fig. 2,
the J,, was saturated to a value of 3.49 mA/cm? above
—1.5V when all bound electron-hole pairs were dissoci-
ated in the donor-acceptor interface [21].

Fig. 3 (a) shows LCM PL spectra with varying applied
voltages for the P3HT/PCBM OPVCs with a 100 nm active
layer. We observed a considerable increase of the LCM PL
intensity as the reverse bias was increased. The LCM PL
emission peaks from the P3HT/PCBM OPVCs were detected
at 651 nm and 720 nm. The observed peaks at 651 nm and
720 nm correspond to the optical characteristics of the
P3HT and P3HT/PCBM blend, respectively [24]. The posi-
tions of the LCM PL peaks were not changed by the applied
bias, indicating no contribution to the observed PL from
the charge transfer exciton emission. The LCM PL intensity
at 651 nm gradually increased from 3%, 20%, 43-59% with
an increasing bias of -1V, -2V, -3V and -4V, respec-
tively. This behavior was repeatedly observed in the same
cells, indicating the heating effects are negligible. The sim-
ilar results were also observed for the cells with a 170 nm
active layer. On the other hand, the electroluminescence
(EL) in the reverse bias regime was not observed for these
cells (not shown in here) because there were large injec-
tion barriers for hole and electrons in reverse bias. The
inset of Fig. 3 (a) shows correlation between PL intensity
and electric-field with various thicknesses of active layer.
The normalized field-dependent PL intensity Q(F) were ob-
tained from the experimental PL intensity I(F) and the zero
field PL intensity I(0) using the equation Q(F) = [I(F) - I(0)]/
1(0). The LCM PL intensities were considerably changed
with applying high electric-field (above ~107V/m) for
the OPVCs with relatively thin active layers (e.g., 100 nm
and 170 nm), while they were not much changed with
applying low electric-field (below ~7 x 10°V/m) for all
OPVCs studied here.

In general, for ideal BHJ-OPVCs, the quenching of the
charge transfer emission has been observed after the
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Fig. 3. (a) LCM PL spectra of P3HT/PCBM OPVCs with various reverse
biases. Inset: normalized LCM PL intensity versus applied electric-field of
the OPVCs with various thicknesses of active layer. (b) LCM PL mapping
images and photocurrent density of P3HT/PCBM OPVCs with various
reverse electric-fields (Scan size: 3 pm x 3 um). The color scale bar on the
right represents the relative PL intensity in terms of photon count. (For
interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

increase of the dissociation probability of charge transfer
excitons at the donor-acceptor interface. The charge trans-
fer emission increases with decreasing exciton dissociation
probability, this, in turn, can be controlled by an electric-
field in the reverse bias region [25,26]. However, our
results suggest different causes for the PL enhancement
with increasing reverse bias, for example, the de-trapping
effect and additional charge generation by the electric-
field. This will be further discuss with the analysis from
Fig. 6.

Fig. 3(b) shows the LCM PL mapping images (right y-
axis) and photocurrent density (left y-axis) of the P3HT/
PCBM OPVCs at different applied electric-fields. The color
scale bar on the right in Fig. 3(b) represents the integrated
PL intensity in terms of photon counts for the wavelength
region of 500-900 nm. We visually confirmed the increase
of the nanoscale PL intensity with increasing reverse bias
from the cells, as shown in Fig. 3 (b). However, the photo-
current (Jpn) was saturated with the applied electric-field
above ~1 x 107 V/m. These results suggest that the en-
hanced luminescence did not originate from photocurrent
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Fig. 4. LCM PL intensities at 651 nm as a function of light irradiation time
with various reverse bias for the cells: (a) thickness of active layer was
170 nm and (b) thickness of active layer was 420 nm.

loss. The inhomogeneous colors of the PL mapping images
of the cells should also be noted; this indicates spatially
inhomogeneous light-emissions from the P3HT/PCBM
blend. Similar PL mapping images were also detected at
different spots on the same solar cell.

Fig. 4 shows the variation of LCM PL intensity as a func-
tion of light irradiation time for P3HT/PCBM OPVCs with
different thicknesses of active layers. The thicknesses of
the active layers of two different BHJ-OPVCs used were
measured to be about 170 nm (1.5 wt%) and 420 nm
(3 wt%). The applied bias of the cells was turned on and
off at 7 s and 27 s, respectively, and the LCM PL intensity
at 651 nm was measured at different reverse biases. It
should be noted that the PL spectra have the same shape
as those in Fig. 3 (a). As shown in Fig. 4, the LCM PL inten-
sity was considerably and immediately changed up to
10.4% at —3 V with light irradiation of the cells with the
thin active layer (thickness =170 nm), while it was not
changed for the cells with the thick active layer (thick-
ness =420 nm). As the reverse bias increased, the LCM PL
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Fig. 5. Dissociation probability versus applied electric-field of P3HT/

PCBM OPVCs based on the Onsager-Braun theory. The solid curves show
the theoretical results and the open circles show the experimental results.
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intensity of the cells with the thin layer increased, as
shown in Fig. 4 (a). For the OPVCs with the thicker active
layer, the absolute value of applied electric-field was rela-
tively weaker compared to that of the thin cells. Therefore,
we could not observe variations in the PL intensity. These
results indicate the existence of an optimal thickness for
the active layer of BHJ-OPVCs when observing field-in-
duced PL.

The dissociation probability of the photo-generated
excitons depends on the applied bias, i.e., the electric-field.
We calculated the field dependent dissociation yield of the
excitons based on the Onsarger-Braun theory [27]. In this
theory, the field (F) dependent dissociation rate kq(F) is
described by:

kq(F) = 3 exp (—E>171(2 —2b)

4nr3 ksT v=2b
where F is the electric-field, r; is the initial exciton radius,
E, = e?/(4neeqrs) is the exciton binding energy, kgT is the
thermal energy, J; is the first order of Bessel function,
b = e*F/[8meeo(ksT)?], y = e/, is the Langevin recombina-
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tion factor (ggq is the effective dielectric constant of the
polymer) [28]. The exciton dissociation probability (D.P.)
can be determined by [29]:

P — kd (F) _ Kd (F) ] with
ka(F) + ke 1cq(F) + (uts)

ka(F) = prcq(F),

Here u is the sum of the electron and hole mobility,
7¢(= k;') is the exciton lifetime. Using this equation with
Ut =5x10"1"m?/V and ¢=3.4 [30], the theoretical solid
curves for the D.P. were obtained as a function of elec-
tric-field, as shown in Fig. 5. The normalized field-depen-
dent PL intensity Q(F) was calculated from the
experimental LCM PL intensity of the OPVCs with various
thicknesses (100 nm, 170 nm, and 420 nm) as shown in
the inset of Fig. 3 (a). The experimental data (open circles
in Fig. 5) Q(F) were well fitted to the theoretical curve
when the binding energy was 0.32 eV, which is the exciton
binding energy in P3HT materials.

The increase of the LCM PL intensity with increasing the
reverse bias indicates the enhancement of the radiative
recombination process and the creation of more excitons.
From the results in Fig. 3 (b), we also observed that the
photocurrent was saturated with increasing electric-field,
while the LCM PL intensity increased. To analyze these
results, we should first consider the correlation of the ap-
plied electric-field with dissociated excitons and the
regenerated free charges for singlet excitons. We propose
a model of the de-trap induced PL enhancement, as shown
in Fig. 6. For exciton dissociation and charge transport in
BHJ-OPVCs, we must consider the trap sites in the active
layer. The trap states often mainly exist at nanojunctions
of the P3HT and PCBM interface due to oxidation, defects,
disorder, and/or imperfections [17-19]. Under illumina-
tion, charge transfer excitons can be formed at the donor
and acceptor interface, some of these (mainly non-trapped
holes and electrons) are then dissociated and transported
to electrodes. However, some of the charge transfer exci-
tons can be trapped in the trap sites, as shown in Fig. 6.
The trapped charges are escaped from the trap sites
through the applied high electric-field, i.e., the de-trapping
effect. At the same time, photo-generated excitons are
dissociated by electric-field before reaching at P3HT/PCBM
interface, resulting in the generation of additional free
electrons and holes. The radiative recombination probabil-
ity increases due to additional charges that were de-
trapped holes and dissociated electrons, by electric-field.
These can contribute to induce more excitons to increase
the PL intensity as the bias increases.

4. Conclusion

P3HT/PCBM bulk-hetero-junction organic photovoltaic
cells were fabricated and used to study electric-field-in-
duced PL variation. The nanoscale LCM PL intensity for
the cells increased with increasing reverse bias, this was
confirmed by LCM PL mapping images. The photocurrent

of the OPVCs was saturated with applying high electric-
field. Using these results, the exciton binding energy in
the P3HT materials was estimated to be 0.32eV. We
propose the existence of trap states at the interface, and
further, that the de-trapping of charge transfer excitons
by the applied electric-field contributed to the increase of
PL intensity of the photovoltaic cells.
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