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Abstract

Pyramid-shaped polymer solar cells fabricated on flexible substrates were investigated.
Effective light trapping can be realized due to light reflection in all 360° directions, and 100%
space utilization is achieved when assembled into arrays. The power conversion efficiency is
enhanced by 200% ([60]PCBM as the acceptor) and 260% ([70]PCBM as the acceptor) with a
dihedral angle of 30° between the opposite sides of the pyramid compared with a planar
device, and a high V,. of 3.5V in series connection is obtained. Considering the material
utilization, an angle of 90° for pyramid-shaped polymer solar cells is proposed.
Pyramid-shaped polymer solar cells are particularly suitable for installation on roof of vehicles

and houses, which have limited surface area.

(Some figures may appear in colour only in the online journal)

1. Introduction

Polymer solar cells (PSCs) have shown their advantages in
producing flexible and photovoltaic modules using printing
methods at a low cost [1-3]. Nowadays, most efforts on
improving power conversion efficiency (PCE) of PSCs have
been focused on designing new low band gap materials
[4,5], adopting tandem structures and optimizing film
microstructures [6-10], etc. As a result, single active
layer PSCs based on conjugated polymers and fullerene bulk
heterojunctions (BHJs) have reached a PCE of 8-9% [11, 12],
approaching the 10% requirement for commercialization.
However, further improvement of PCE of the flat device with
a single active layer by the above-mentioned methods seems
not so easy as the PCE approaches its theoretical upper limit
[13,14]. On the other hand, a simple solution to improve
PCE using geometrical device structures receives only limited
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attention.  V-shaped and multifold PSCs that can absorb
reflected photons from the adjacent cell were demonstrated by
Inganas and co-workers [15, 16] and cone-shaped PSCs, which
can achieve effective light trapping due to multi-absorption
in all 360° directions, were studied by Zhen et al [17].
By inducing a non-planar or three-dimensional geometrical
device structure, a PCE could be enhanced obviously by
harvesting more photons. V-shaped and cone-shaped PSCs
both get PCE enhanced through more efficient light trapping
and redistribution. Yet, V-shaped devices cannot trap light
in all 360° directions, though they have advantages when
assembled into device arrays. Cone-shaped devices are not
suitable to be assembled into device arrays, for there are
vacant spaces between adjacent devices as they have circle
bases serving as the plane of light incidence. Moreover,
cone-shaped devices can only be made on flexible plastic
substrates. Here we demonstrate pyramid-shaped PSCs with
light trapping in all 360° directions as well as 100% space
utilization when assembled into device arrays, as demonstrated
in figures 1(a)—(c). The advantage of pyramid-shaped PSCs is
that they can make full use of a limited area such as the roof
of a house or motor vehicles. As shown in this work, triple

© 2013 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. (a) Sketch of a pyramid-shaped device. Four triangle solar cells served as the lateral sides of the pyramid-shaped device.

The angle of two opposite sides of the pyramid is defined as 8. (b) The structure of the solar cells; a typical structure is

Al/TQ1 : PCBM/PEDOT : PSS/ITO on the PET substrate. (¢) Pyramid devices achieve 100% surface occupation when assembled into an
array. (d) Geometric parameters of the cross-section of the pyramid device.

efficiency was realized by pyramid-shaped PSCs compared
with the planar one.

2. Device design and experiment

To simplify the preparation of pyramid-shaped PSCs, they
were made on ITO-coated flexible plastic substrates. The
sketch and geometric parameters of the pyramid-shaped device
are depicted in figure 1. The pyramid-shaped device was
composed of four independent triangular solar cells with a
fixed device area of 1 cm? for each. The four solar cells were
placed on a particular pyramid-shaped holder to serve as the
four lateral sides of the pyramid, so that the lateral area of the
pyramid-shaped device was 4 cm? in total. There were eight
copper contact probes mounted on the holder, two for each
cell, which can make tight contact to the electrodes of the solar
cells. With these probes, the cells could be connected in series,
parallel and series—parallel to produce an appropriate open-
circuit voltage (V,) and short-circuit current density (Js.). We
defined the dihedral angle between the two opposite lateral
sides of the pyramid as . For the pyramid-shaped devices
with different 8, we set the same lateral area as 4 cm?.

Pyramid devices with 8 equal to 30°, 45°, 60° and 90° as
well as planar devices (180°) were fabricated and tested. The
single dependent triangle cells were fabricated on flexible ITO-
coated polyethylene terephthalate (PET) plastic substrates
with a typical BHJ structure ITO/PEDOT:PSS (PVP
Al 4083)/poly[2, 3-bis-(3-octyloxyp-henyl) quinoxaline-5,8-
diyl-alt-thiophene-2,5-diyl] (TQ1) : PCBM/ALI. The thickness
of the PET substrate was 0.13 mm with transmission >80%
in a wide spectral range. The ITO sheet resistance was
45 £ 5 /0. Here we chose a high-performance low band
gap polymer TQI blended with [60]PCBM or [70]PCBM
as the active layer material [18]. The first step was to get
the ITO-coated PET substrates ultrasonically cleaned with
detergent, acetone, alcohol and de-ionized water followed by a
UV/ozone treatment. As abuffer layer, the conductive polymer
PEDOT : PSS (Baytron P VP A14083) (around 45 nm) was then
spin-coated onto the ITO-coated PET substrates, followed by
annealing at 65°C for 1 h. The active layer of TQ1:PCBM
(around 90 nm) was spin-coated from a 1,2-dichlorobenzene
(ODCB) solution. The TQI1 and [60]PCBM were blended
by 1:2.5 (Wt%), 40mgml~! polymer content. The TQ1
and [70]PCBM were blended by 1:2.7 (wt%), 37 mgml~!
polymer content. The thicknesses were determined by an
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Figure 2. Absorption of the pyramid-shaped active layers
(TQ1: [60]PCBM) with B changing from 180° to 30°.

AMBIOS Technology XP-2 surface profiler. A 100 nm thick
Al cathode was thermally deposited under high vacuum using
a mask to define the active area of each cell. PCE was
calculated from the J—V characteristic recorded by a Keithley
2400 source meter under illumination of an AM 1.5G solar
simulator with an intensity of 100 mW cm~2 (Sun 2000 solar
simulator, ABET technologies). The light intensity of the solar
simulator was calibrated by a standard silicon photodiode. The
incident photon-to-current conversion efficiency (IPCE) data
were tested using a Crowntech-1000 IPCE test system from
Crowntech, Inc.

3. Results and discussion

3.1. Absorption of the pyramid device

The absorption efficiency of the pyramid devices depends
on the angle B. Figure 2 shows the absorption of the
TQ1 : [60]PCBM films in the form of pyramid shape. The
absorption throughout the whole visible range gets stronger as
B decreases from 180° to 30°. This is because as 8 decreases,
the light irradiated on the active layer per unit area could
be more diluted and so the light could be absorbed more
efficiently. Meanwhile, as B decreases, the incident light
could probably be reflected more times which means more
times of light absorption in the device, and this also helps the
light trapping. So as B decreases, the light trapping effect is
more efficient, leading to an enhancement of photon harvesting
and J.

3.2. Photovoltaic performance enhancement

Figures 3(a), (b) and (c) show the J—V curves of the pyramid-
shaped devices with [60]PCBM as the acceptor in three ways
of connections, respectively. Figures 4(a), (b) and (c) show the
J-V curves for [70]PCBM devices. For [60]PCBM devices,
Voc 18 3.18 V in series, 0.79 V in parallel and 1.56 V in series—
parallel connections. It is observed that the value of V. in
the same connection has no obvious change when 8 changes

from 30°to 90°. In contrast, Jy. increases dramatically as §
decreases, because devices with a smaller S can trap light
more efficiently, as indicated in figure 2. The devices with
the same B in different connections get similar PCEs though
different V,. and J,.. Figure 3(d) shows the PCE enhancement
rates of the pyramid device compared with the planar one
(180°) along with the dihedral angle 8. The enhancement
rate increases with the decrease in 8. For 8 equal to 30°, the
PCE in series is significantly enhanced up to 200%. Even
for 90°, an enhancement of 38% is achieved. Because the
highest enhancement was achieved at B = 30°, devices
with [70]PCBM as acceptor instead of [60]JPCBM were also
fabricated and tested with this angle. Since [70]PCBM exhibits
better absorption than [60]PCBM, they presented a much better
photovoltaic performance and so higher enhancement, up to
260%. The photovoltaic data of pyramid-shaped devices with
different B under AM 1.5G are presented in tables 1 and 2.
The PCEs reach 3.8-3.9% and 5.4-5.5% at an angle of 30°
in three ways of connection compared with 1.3-1.4% and
1.5-1.6% at an angle of 180° for [60]JPCBM devices and
[70]PCBM devices, respectively. The enhancements of Jy
and PCE prove that the pyramid structure helps the photon
harvesting. In addition, since no vacant spaces exist between
pyramid-shaped devices when assembled into arrays, nearly
100% space utilization could be achieved, which is superior to
the cone-shaped PSCs.

Four cells laid flat (180°) in three different connection
ways achieve a similar photovoltaic performance. To
understand the influence of illustration area on the photovoltaic
performance of the devices, we also made planar solar cells
with a much smaller active area of 0.05 cm?. For the small-area
cells, a PCE up to 3.5% ([60]PCBM) and 5.1% ([70]PCBM)
is achieved with FF around 50% and a high V. of 0.88 V. Note
that as an LiF layer was not used in this work, the PCE is
slightly lower than that reported in the literature [18]. When
the active area is enlarged up to 1cm?(1.7-1.9%) and 4 cm?
(1.3-1.5%), the PCEs drop down because the high resistance
induced from the sheet resistance of the films and the contact
resistance results in lower FF and Jg. [19].

The IPCE of the pyramid devices (TQI1 :[60]PCBM)
with different 8 was also measured under illumination of
monochromatic light, as shown in figure 5. The IPCE curves
correspond with the J-V curves: as  decreases, the devices
can collect much more photon-induced carriers under the
illumination of the monochromatic light covering the whole
visible spectrum. Meanwhile the IPCE profiles are consistent
with those of the corresponding absorption spectra, as shown
in figure 2.

3.3. Material utilization

Although devices with a smaller 8 achieved higher PCE, the
ratio of the base area Sy, also the illumination area of the device,
to the lateral active area S, becomes smaller. As demonstrated
in figure 1(d), the base of the pyramid is a square with an area
S, = (2 x h)?, where h is the half side length of the square.
The lateral area S, = 4 x (I x 2h/2), where [ is the lateral
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Figure 3. J-V characteristics of the pyramid devices using [60]PCBM as the acceptor (a) in series connection, () in parallel connection
and (c) in series—parallel connection. (d) PCE enhancement rate of pyramid devices as a function of S.

height and equals %/ sin(8/2). We take the ratio « as S,/ to
present the material utilization, so

o =4 x h*/(4 x h*/sin(B/2)) = sin(B/2).

Smaller « means more materials would be consumed to
fabricate solar devices with a fixed illumination area. We
also define another parameter y = « x 5, which presents
the combination performance involving the material utilization
and the PCE. It was found that y for the device with 8 = 90° is
the best and similar to that for the planar device with 8 = 180°.
However, the 90° pyramid device occupies a much smaller
surface (2.83cm?) than the planar device (4cm?). For the
pyramid device with § = 30°, although it has the highest
PCE, it gets the smallest y (0.98). When the active area (S,)
of the pyramid device replaces the illumination area (S,) in
the calculation for § = 90°, a PCE of 1.27% in parallel and
series—parallel connections presents a similar light utilization
to the planar one (1.3%).

3.4. Further discussion for industrial production

For large-scale industrial production, the inverted structure
with a high PCE of more than 9% would be a preferred

alternative for the solar cells and a much more efficient way
can be introduced: first, the pyramid PET substrates can be
produced using an injection modelling method, then all the
functional layers including electrode layers, buffer layers and
photovoltaic active layers along with interconnected lines
among the four independent cells of the device can be made
using a printing method on pyramid substrates. These devices
would then be mounted on particular holders to constitute a
large-area device array system.

4. Conclusions

In summary, we have presented a pyramid-shaped photovoltaic
device using three ways of connections. The pyramid structure
can not only realize 100% space utilization but also has higher
light absorption efficiency due to the strong light trapping
effect. The PCE for the 30° pyramid device was enhanced
by 200% ([60]PCBM) and 260% ([70]PCBM), respectively,
compared with the planar devices. This geometrical array is
particularly suitable for installation on the roof of vehicles and
houses, which have a limited surface area. A 90° pyramid
device has more advantages when we consider the combination
performance involving material utilization and PCE. A simple
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Figure 4. J—V characteristics of the pyramid devices at 8 = 30° and 8 = 180° using [70]PCBM as the acceptor (a) in series connection,
(b) in parallel connection and (¢) in series—parallel connection.

Table 1. Photovoltaic data of pyramid devices with different 8 using [60]PCBM as the acceptor under illumination of AM 1.5G. The values
shown in the table are averaged values with standard deviation of devices of four batches made under identical conditions.

B(C) Vo (V) Je mMAcm™?)  FF (%) 1 (%)
Series connection 30 3.254+0.10 344+0.2 3642 3940.1
45 3.18 +£0.09 2.84+0.1 381 34+£0.2
60 3.10 £ 0.09 23+0.2 3244 234+0.1
90 3.18 +0.11 1.5+0.1 362 1.7+0.2
180 3.10+0.11 1.24+0.2 34+3 13+0.1
Parallel connection 30 0.81+0.01 134404 3542 3.840.1
45 0.794+0.02 114403 361 33+0.2
60 0.78 £0.03 8.8+0.3 31£3  2.1+£0.2
90 0.79 £ 0.03 6.5+0.2 361 1.8+0.1
180 0.78 £0.03 494+0.2 34+£3 1.3+0.2
Series—parallel connection 30 1.61 £0.03 6.7+0.1 35+£2 3.8+£0.1
45 1.58 £ 0.04 5.6+0.2 38+1 33+0.2
60 1.55+0.05 4.44+0.2 32+£3 22+£02
90 1.56 +0.03 32+0.1 362 1.8+0.1
180 1.55+0.05 25402 35+£2 14402
Small planar cell 180 0.88 £ 0.01 7.8 £0.1 511 3.5+£0.1

and feasible solution for improving PCE (up to 260%) of PSCs  Acknowledgments

was demonstrated by the pyramid shape of PSCs in this work,
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Table 2. Photovoltaic data of pyramid devices with 8 = 30° using [70]JPCBM as the acceptor under illumination of AM 1.5G. The values
shown in the table are averaged values with standard deviation of devices of three batches made under identical conditions.

B Vo (V)

Jie (mAcm™?)  FF (%) 1 (%)

Series connection 30 3.50 £ 0.05
180 3.49 +£0.03
Parallel connection 30 0.87 £0.01

180 0.88 +0.01
Series—parallel connection 30 1.74 £0.02
180 1.76 £ 0.02
Small planar cell 180 0.88 £0.01

39+0.1 40+1 54=£02
1.5+0.2 30£3 1.5+0.1
18.1+0.4 362 55+£02
5.6+0.3 301 1.5+0.1
83+£0.2 371 54+£02
3.0+0.2 312 1.6+0.2
12.1£0.1 48+1 5.1+£0.1
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Figure 5. IPCE spectra of the pyramid-shaped devices using [12]
[60]PCBM as the acceptor with B changing from 180° to 30°.
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