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Abstract: High-efficiency organic photovoltaic (OPV) cells utilizing a
poly(3-hexylthiophene) (P3HT) pillar layer containing ZnSe quantum dots
(QDs) were fabricated by using a mixed solution method. Scanning electron
microscopy and high-resolution transmission electron microscopy images
showed that the ZnSe QDs were dispersed in the P3HT layer. The power
conversion efficiency of the OPV cells with a P3HT pillar layer containing
ZnSe QDs was as much as 100% higher than that of the OPV cells with a
planar layer due to an enhancement of the photon-harvesting ability of the
congregated P3HT particles containing ZnSe QDs and to an increase of the
interfacial region for efficient charge transport.
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1. Introduction

Photovoltaic cells have emerged as excellent candidates for their promising applications in
renewable energy sources. Organic photovoltaic (OPV) cells have currently been receiving
considerable attention due to their excellent advantages of high-mechanical flexibility, simple
fabrication, and low cost [1-4]. The power conversion efficiency (PCE) of OPV cells with a
bilayer heterojunction structure is currently over 5% [5,6] under a standard solar spectrum,
AM1.5G, but enhancing their PCE is still necessary for practical mass applications. The
prospect of potential applications of OPV cells has led to substantial research and
development efforts to enhance the PCE of OPV cells, and OPV cells containing a
nanostructural layer have been suggested to enhance the short-circuit current density (Jsc) and
the PCE [7-9]. The increase in the charge separation in the active layer is attributed to an
increase in the interfacial region between the donors and the acceptors [10-12], the P3HT
chains of the nanostructural layer contain a partially-oriented face, resulting in enhanced
charge mobility [13], and various process methods have been employed to reduce carrier
recombination, resulting in an enhanced PCE for OPV cells [14-17]. Even though some
studies on enhancing the PCE of OPV cells fabricated utilizing quantum dots (QDs) have
been performed [18-20], the achievement of a high PCE for OPV cells is difficult due to the
poor morphology of the active layer. While some studies concerning the fabrication and
device characteristics of OPV cells containing poisonous CdSe QDs have been performed,
works on the electrical characteristics of OPV cells containing environmentally-friendly ZnSe
QDs have not been carried out yet. Furthermore, investigations on enhancing the PCE for
OPV cells with an embedded rugged nanostructural layer containing QDs have not been
conducted yet.

This letter reports data for a significant enhancement of the PCE for OPV cells due to a
P3HT pillar layer containing ZnSe QDs. Absorbance measurements were performed to
investigate the positions of the absorption peaks for P3HT and for ZnSe QDs. Atomic force
microscopy (AFM) measurements were carried out to investigate the surface properties of a
P3HT planar layer, a P3HT nanorod layer, and a P3HT pillar layer containing ZnSe QDs.
Scanning electron microscopy (SEM) and high-resolution transmission electron microscopy
(HRTEM) measurements were performed to investigate the microstructural properties of a
P3HT pillar layer containing ZnSe QDs. Current density-voltage (J-V) measurements were
performed to investigate the device performance of the OPV cells based on a P3HT planar
layer, a P3HT nanorod layer, and a P3HT pillar layer containing ZnSe QDs.

2. Experimental details

The OPV cells used in this study were formed on indium-tin-oxide (ITO)-coated glass
substrates, and the sheet resistance of the ITO thin film was approximately 10 Q/sq. After the
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surface of the chemically-cleaned ITO-coated glass substrates had been treated with an
ultraviolet (UV)-ozone cleaner, the substrates were introduced into a glove box with a high-
purity N, atmosphere. The poly (3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) layer was spin-coated onto the ITO-coated glass substrates by spin coating at
4500 rpm for 41 s in the glove box. Then, a 1-wt% P3HT solution was spin-coated onto the
PEDOT:PSS layer at a spin coating speed of 2000 rpm for 60 s and was annealed at 145°C for
15 min. The solution for forming the nanorod film was prepared by using a mixed solution of
1 ml of 0.5-wt% P3HT and 0.1 ml of propylene glycol mono-methyl ether acetate (PGMEA)
[21]. After the mixed solution had been sonicated for 15 min, the mixed solution was spin-
coated onto the PEDOT:PSS layer at a spin rate of 4500 rpm for 36 s and was annealed at
145°C for 15 min. The blending solution for fabricating the P3HT pillar layer containing
ZnSe QDs was prepared by using a mixed 1-wt% P3HT solution with a 10% volume ratio of
PGMEA. The ZnSe QDs were added to the blending solution. After the blending solution
containing ZnSe QDs had been sonicated for 10 min, the mixed solution was spin-coated onto
the PEDOT:PSS layer at a spin coating speed of 2000 rpm for 60 s and was annealed at 145°C
for 15 min. After the formation of the P3HT planar layer, the P3HT nanorod layer and the
P3HT pillar layer, a C60 layer with a thickness of 40 nm was thermally evaporated in a
vacuum chamber at a system pressure of approximately 8.5 x 107 Torr. Subsequently, the Liq
cathode buffer layer was deposited on the active layer by using thermal evaporation; then, an
Al layer with a thickness of 100 nm was formed. The active area of the fabricated cell was 2
mm X 2 mm.

Schematic diagrams of the fabricated Al/Liq/C60/P3HT/PEDOT:PSS/ITO cells with a
nanorod layer and a pillar layer with ZnSe QDs are shown in Figs. 1(a) and 1(b), respectively.
The thicknesses of the P3HT and the C60 layers shown in Fig. 1(a) are 40 and 40 nm,
respectively. The thickness of the P3HT nanostructure layer in the OPV cells is 40 nm, as
shown in Figs. 1(a) and 1(b). The AFM measurements were performed by using an XE-100
atomic force microscope, and the absorption measurements were carried out by using a Cary
100, UV-visible spectrometer. The HRTEM measurements were performed by using JEM-
2100F, and the SEM measurements were carried out by using a JSM-6330F. The J-V curves
were measured in the dark and under an illumination by using a Keithley 2400 source meter.
The photovoltaic characteristics were measured under AM 1.5 simulated illumination with an
intensity of 100 mW/cm®.
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Fig. 1. Schematic diagrams of the solar cells utilizing (a) a P3HT nanorod layer and (b) a P3HT
pillar layer containing ZnSe quantum dots.

3. Results and discussion

Figure 2 shows normalized absorption spectra of the ZnSe QDs and the P3HT layer formed
on the glass substrates. The maximum absorbance peak for the P3HT layer appears at 520 nm.
While the absorbance region of the organic materials dominantly appears between 500 and
600 nm in the visible region, that of ZnSe QDs appears in a broader wavelength range. The
absorbance region of the ZnSe QDs appears at wavelengths blow 420 nm and covering the
near-UV region. The P3HT pillar layer containing ZnSe QDs can absorb over a wide spectral
range in the visible region and the near-UV region.
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Fig. 2. Normalized absorption spectra of the ZnSe QDs and the P3HT layer formed on glass

substrates.

Figure 3 shows (a) SEM and (b) HRTEM images for the congregated P3HT particles
containing ZnSe QDs. The SEM image shows that the ZnSe QDs are dispersed in the
congregated P3HT particles. The HRTEM image shows that the diameter of the
nanocomposite consisting of the ZnSe QDs and the congregated P3HT particles is
approximately 200 nm. The P3HT pillar layer with a triangular shape is formed due to a
combination of congregated spherical P3HT particles containing ZnSe QDs and the P3HT
layer formed by only P3HT molecular. The numbers of electrons and the holes in the active
layer are increased due to the wide light absorption area of the ZnSe QDs.
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Fig. 3. (a) Scanning electron microscopy and (b) high-resolution transmission electron
microscopy images of the P3HT particles containing ZnSe quantum dots.

Figure 4 shows AFM images and the corresponding AFM profile images of the P3HT
planar layer, the P3HT nanorod layer, and the P3HT pillar layer containing ZnSe QDs. The
AFM image for the P3HT planar layer shows that the root-mean-square average surface
roughness of the P3HT planar layer is below 1 nm, as shown in Fig. 4(a). The AFM image
shown in Fig. 4(b) shows that the P3HT layer consists of nanorods. The diameters of the
nanorods are approximately 200 nm, and the lengths of the nanorods are between 30 and 40
nm. The surface area of the P3HT nanorods is much larger than that of the P3HT planar layer.
The ZnSe QDs with a triangular pillar pattern are uniformly distributed, as shown in Fig. 3(b).
The diameters of the triangular pillars are approximately 1 um, and the lengths of the
triangular pillars are 40 nm.

The PCE of the OPV cells with a nanostructure layer is higher than that of the OPV cells
with a planar structure layer due to an enhancement of the efficiency for exciton dissociation
and charge transport, as shown in Fig. 4. Because the charge separation in OPV cells
increases with increasing area of the interface between the donor and the acceptor layers, the
transport of the separated charges increases. Furthermore, the OPV cell with a nanostructural
layer contains continuous paths along which charges can easily move, resulting in a decrease
in charge recombination loss. When a C60 layer is thermally evaporated onto the P3HT
nanorod layer, unoccupied regions can be formed in the interface between the P3HT nanorods
and the C60 layer due to the shadow effect of the P3HT nanorods. The unoccupied regions,
acting as charge traps, deteriorate the device performance. However, because the triangular
P3HT pillars do not exhibit this shadow effect, the P3HT pillars can be conformally
evaporated.
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Fig. 4. Atomic force microscopy images of the (a) P3HT planar layer, (b) P3HT nanorod layer,
and (c) P3HT pillar layer containing ZnSe quantum dots, and (d)-(f) corresponding profile
images.
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Figure 5(a) shows the J-V results for OPV cells fabricated utilizing a P3HT planar layer, a
P3HT nanorod layer, and a P3HT nanopillar layer containing ZnSe QDs in the dark and under
an AM 1.5 illumination at a power density of 100 mW/cm’. Device performances of the OPV
cells with a planar P3HT layer/C60 will be described elsewhere [21]. The PCE values of the
OPV cells with planar P3HT layer/C60, P3HT nanorod layer/C60, and P3HT pillar layer
containing ZnSe QDs/C60 structures were 0.8, 1.04, and 1.6%, respectively, and the
corresponding Jsc values were 6.2, 8.3, and 8.6 mA/cm”. The current density and the PCE of
the OPV cells were increased due to an increase in the generation of charges caused by an
increased quantity of photo-excitions at the P3HT layer containing ZnSe QDs, as shown in
Fig. 2. The current density of OPV cells with a P3HT pillar layer is higher than that of OPV
cells with a planar structure layer due to an increased generation of charges caused by
enhanced photo-excitions at the congregated P3HT particles containing ZnSe QDs and due to
an increase in the interface between the donor and the acceptor layers. Also, the enhancement
of the PCE for the OPV cells with a P3HT pillar layer can be attributed to the conformal
deposition on the P3HT pillar layer in Fig. 4. Figure 5(b) show that band diagram of OPV
cells with a P3HT pillar layer containing ZnSe QDs. Because the conduction band edge of
ZnSe QDs is higher than the highest occupied molecular orbital (HOMO) level of the P3HT
layer, the open circuit voltage (Voc) of the OPV cells is increased due to variations in V¢
resulting from the difference between the HOMO donor and the lowest occupied molecular
orbital (LUMO) acceptor levels [22]. The Voc values of the OPV cells with planar P3HT
layer/C60, P3HT nanorod layer/C60, and P3HT pillar layer containing ZnSe QDs/C60
structures were 0.32, 0.31, and 0.35 V, respectively, and the corresponding fill factor (FF)
values were 0.4, 0.38, and 0.53, respectively.

#163114 - $15.00 USD Received 15 Feb 2012; accepted 19 Mar 2012; published 20 Apr 2012
(C) 2012 OSA 7 May 2012 / Vol. 20, No. 10/ OPTICS EXPRESS 10482



D
e

0 U PO S -
PP T

- | —#— Planar structure(photo)
—@— Planar structure(dark)

2 - —&— P3HT nanostructure(photo)
—p— P3HT nanostructure(dark)
—&— ZnSe:P3HT nanostructure(photo)
—¥— ZnSe:P3HT nanostructure(dark)

Current density (mA/cm?)
I
T

-0.2 -0.1 0.0 0.1 0.2 0.3 04 0.5
Applied Voltage (V)

Vacuum Level

S 2eV|
2
?>, eV
() p| P&
;|4eV— E 39 Al
D Hip

2 mo| o| TB| €
O 5¢eV T 6
c —1 o
w

6eV[

Fig. 5. (a) Current density-voltage curves of organic photovoltaic (OPV) cells with a P3HT
planar layer, a P3HT nanorod layer, and a P3HT pillar layer containing ZnSe quantum dots in
the dark and under an AM 1.5 illumination power density of 100 mW/cm?. (b) Energy diagram
of OPV cells with a P3HT pillar layer containing ZnSe quantum dots.

4. Summary and conclusions

OPV cells with a pillar layer containing ZnSe QDs, a nanorod layer, and a planar layer were
fabricated utilizing a solution method. SEM and HRTEM images showed that the ZnSe QDs
were dispersed in congregated P3HT particles. The PCE values of the OPV cells with a P3HT
planar layer, a P3HT nanorod layer, and a P3HT pillar containing ZnSe QDs were 0.8, 1.04,
1.6%, respectively, and the corresponding Jsc magnitudes were 6.2, 8.3, and 8.6 mA/cm’. The
current density and the PCE of the OPV cells with a P3HT pillar layer containing ZnSe QDs
were increased due to an enhanced photon-harvesting ability for the congregated P3HT
particles containing ZnSe QDs and an increased interfacial region for efficient exciton
separation. The Voc and the FF values of the OPV cells with a P3HT pillar layer containing
ZnSe QDs were increased even more due to the conformal deposition at the interface between
the donor and the acceptor layers. The PCE of OPV cells with a pillar layer containing ZnSe
QDs were as much as 100% higher than that of OPV cells with a planar layer.
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