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ABSTRACT: The concept of a tandem hybrid concentrator solar module was demon-
strated from a dye-sensitized TiO, solar cell (DSSCs) and a silicon p—n junction solar cell. Vis
The test system employed DSSC and Si cells with indoor AM1.5G efficiencies of 9.1 and
18.1%, respectively. Two different optical filters were used to selectively reflect and
concentrate near-infrared light from the DSSC onto the Si cell. On the basis of outdoor
testing in a 2 X concentrator—reflector arrangement, the tandem system generated 93 and
96% of the output power of directly illuminated Si cells under altostratus/cirrostratus and
clear sky irradiances, respectively, despite a DSSC-to-Si active area ratio of only 0.92. Similar
performance is expected at higher (S—10X ) concentration ratios. The hybrid arrangement
of visible- and IR-absorbing solar cells addresses the problem of lower performance of
conventional concentrators under diffuse irradiance conditions. These proof-of-concept
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results suggest that system level efficiencies approaching 20% should be achievable.

SECTION: Energy Conversion and Storage

Because solar energy is a ubiquitous but low-energy density
resource, there is a need for low-cost photovoltaic systems
that work efficiently under a range of irradiation conditions. Solar
photovoltaic technology is currently dominated by solid-state
single-junction flat plate systems in which silicon is the most
common active solar absorber material. Conventional silicon
modules are up to 13% efficient," with costs proportional to
efficiency and area. The recent commercialization of HIT Si cells
has increased module efliciency to over 20% but with a corre-
sponding increase in cost. With flat plate solar cells, the active
solar material is the major cost component, and the abundance of
elements such as In (in Culn;_,Ga,Se,, CIGS) and Te (in
CdTe) as well as Si refining supply market demand shortages
create problems of scalability.

Solar concentrator systems can, in principle, minimize the
impact of the cost and abundance of active semiconductor
materials. The highest-efficiency photovoltaic concentrator sys-
tems use multijunction III—V cells similar to those developed for
the space program. These cells can have laboratory efficiencies in
excess of 39%" under the reference concentrator solar spectrum,
which is reduced by 10—23% when referenced to the global solar
spectrum.” At typical concentration ratios of 250—1000 suns,’
these cells require precise tracking and dissipate thermal loads
that are comparable to today’s most highly developed micro-
processors (10s W/cm?).

A drawback of concentrator systems, whether single- (e.g., Si)
or multijunction (III—V), is that they do not effectively use the
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diffuse component of solar radiation. They are thus generally
deployed in geographical regions of high direct normal sunlight.
Even under a cloudless sky, the consequences of atmospheric
scattering are evident by comparing the direct normal and global
(direct normal plus diffuse) radiation reference spectra shown in
Figure 1.° The global radiation reference spectrum has signifi-
cantly more power in the visible because of the wavelength
dependence of scattering. As scattering increases, for example
because of intermittent or thin cloud layers, a greater proportion
of direct radiation in the visible becomes diffuse, and a concentra-
tor’s output power diminishes. This variability in direct and diffuse
radiation is a reason why flat plate solar products are so widely used.
Nanocrystalline dye-sensitized solar cells (DSSCs) and or-
ganic photovoltaics (OPV) are two families of low-cost solar
devices that absorb light in the visible part of the spectrum.”
While several factors contribute to energy losses and the “low”
efficiencies of these cells, a very important one is their poor
response to red and near-infrared light. This is illustrated in
Figure 2, which shows the absorbance spectrum of a typlcal
DSSC sensitized with the most widely studied N719 dye.®
Because the spectral region in which these DSSCs absorb
comprises only about 40% of the energy of the solar spectrum,
it follows that the efficiency of DSSCs in the visible (400—650
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Figure 1. Reference direct normal (black) and global (direct normal
plus diffuse, red) terrestrial solar power spectra. The direct normal
spectrum is attenuated, primarily in the visible part of the spectrum, by
atmospheric scattering.
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Figure 2. Transmission spectra of band-pass (solid line) and hot mirror
(red dashed line) filters used for indoor and outdoor testing of DSSCs
and Si concentrator cells along with the transmission spectrum of a
typical 16 um thick titania (TiO,) DSSC anode sensitized with the most
widely studied N719 dye.

nm) is over two times the full spectrum value. Thus, 10% efficient
DSSCs can be >20% efficient solar cells in their useful spectral
range. Figure 2 also shows the reflectance spectra of band-pass
and hot mirror filters,” which transmit light in the part of the
spectrum absorbed by the DSSC and efficiently reflect light in the
part of the spectrum most efficiently used by Si cells.

Because the red and near-infrared parts of the solar spectrum are
not utilized efficiently by dye (or OPV) cells, a number of
approaches including panchromatic dye molecules,''" light scat-
tering by photonic crystal layers,"> " integration of optical
fibers,”® bifacial cells,*' and combinations of multiple absorbers****
have been investigated to improve their spectral response. So far,
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Figure 3. Current—voltage curves for DSSC and Si cells with colli-
mated AM1.5 radiation at 100 mW/cm? Dashed and dotted curves
show the performance of the DSSC when coupled to a hot mirror
(DSSC HM) or 650 nm band-pass filter (DSSC BP).

none of these has yielded efficiencies beyond that realized in the
best conventional DSSCs. Another approach is to construct
tandem cells in which DSSC and narrow-band-gap (e.g, Si or
CIGS) cells are stacked in series.”*”>” While efficiencies up to 15%
have been reported,”* the tandem arrangement requires equal
areas of the solid state and dye cell (adding to cost), and it incurs
the infrared transmission losses of the transparent conduc-
ting oxide.

An alternative design, which is described here, uses a DSSC
with a short-band-pass filter to selectively reflect and concentrate
near-IR light to a Si cell. This arrangement allows the DSSC to
utilize both direct and diffusely scattered visible light while
directing the low-scattering near-IR light onto the more eflicient
Si cell. The cost of the latter component is minimized by light
concentration. An additional benefit of this arrangement at low
(5—10%) concentration ratios is that the silicon cell should
maintain its efficiency because of the increase in open-circuit
voltage with photon flux’® and the lower thermalization per
electron relative to full-spectrum concentrators. Although spec-
trum-splitting schemes have been considered for Cassegrian
concentrators and related designs, such systems focus light using
reflective or refractive optics onto both the narrow and wide-
band-gap absorbers, and thus, they do not efficiently utilize the
diffuse component of solar radiation.”® ' Recently, Riihle et al.
have demonstrated spectrum splitting using dichroic mirrors in a
DSSC-GalnP photovoltaic device.*> While they did not explore
the idea of light concentration to minimize the area of the
expensive infrared-absorbing cells, they did show substantially
enhanced solar performance relative to either component alone.

Figure 3 shows the results of indoor testing of the DSSC and Si
p—n junction cells, and performance data are summarized in
Table 1. A collimated Xe lamp source, filtered to simulate the
AML.S global spectral irradiance, provides only direct normal
radiation with essentially no diffuse component. As expected, the
power curves show higher photocurrent density for the Si cell,
which utilizes almost the entire solar power spectrum and lower
photocurrent but higher photovoltage for the visible-light-ab-
sorbing DSSC. Under full spectrum conditions, the efficiencies of
the DSSC and Si cells are 9.1 and 18.1%, respectively. The dashed
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Table 1. Indoor Solar Performance of the Silicon (0.94 cm”) and DSSC (0.865 cm?) in This Work under the AM1.5G Class A Solar

Simulator”
cell, active area, and filter

Si cell, no filter, 100 mW/ cm”

DSSC, no filter, 100 mW/cm”

DSSC with 650 nm band-pass (total incident 100 mW/cm?)

DSSC with 650 nm filter calculated using transmitted power of 65 mW/ cm”
DSSC with hot mirror (total incident 100 mW/cm?)

DSSC with hot mirror calculated using transmitted power of 38 mW/cm®

Voe (V) L. (mA) Ji (mA/cm?®) FF (%) power max (mW) efficiency (%)

0.651 36.250 38.56 72.1 17.01 18.10
0.841 13.481 15.58 69.64 7.90 9.13
0.843 12.738 14.73 70.73 7.59 8.77
13.50
0.834 10.501 12.14 7242 6.34 7.33
19.29

“The DSSC was also measured with two short-pass filters to show the variation in efficiency with selective bands of solar radiation despite having lower

maximum power points than those under full AM1.5G conditions.

Scheme 1. Hybrid Concentrator Arrangement Used in Out-
door Testing

650 nm
/ \ filters

N

B DSSCH
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area

lines show power curves for the same DSSC with a hot mirror or
band-pass filter coupled to its illuminated anode face. Because the
hot mirror reflects some of the light in the 360—450 nm range,
there is a 22% drop in short-circuit photocurrent relative to the
unfiltered DSSC. However, the efficiency of the DSSC, calcu-
lated on the basis of transmitted power, increases to 19.3%. In the
case of the band-pass filter, the photocurrent of the DSSC drops
by only 6% because under full-spectrum irradiation, it does not
use wavelengths longer than 650 nm. The efficiency based on
transmitted light increases to 13.5%. This increase in efficiency is
not as dramatic as that with the hot mirror filter because of the
higher transmittance of the band-pass filter to infrared radiation
past 900 nm, as shown in Figure 2.

Because the 650 nm band-pass/DSSC arrangement gave high-
er photocurrent, this combination was used in subsequent out-
door testing on two days that provided clear and altostratus/
cirrostratus conditions, where the average diffuse component of
the global power was 9.8 and 14.5%, respectively. On each test
day, DSSC power curves were obtained with and without the 650
nm band-pass filter, and Si power curves were measured in full
sun. Next, two band-pass filters were used to reflect the red—
infrared part of the incident light onto the Si cell, as shown in the
reflector—2 X concentrator arrangement sketched in Scheme 1.
The results are summarized in Table 2, where duplicate entries
illustrate the performance variation at different times during the
measurement period.

The simplest way to interpret the data shown in Table 2 is to
calculate the power generated by a hybrid concentrator consist-
ing of two DSSCs with 650 nm filters reflecting light to one Si cell

and to compare it to the power of two directly illuminated Si cells
under global irradiance. This comparison is not made under
optimum area ratio conditions for the concentrator because the
active area of the DSSC was only 92% of the active area of the Si
cell. Nevertheless, it gives an idea of the power of a 2X
concentrator (which uses half of the number of Si cells) relative
to a flat plate Si module of the same area as the DSSCs. Under
clear sky conditions, the hybrid concentrator generates 16.98 + 2
X 6.91 = 30.80 mW, which is 96.5% of the power (31.91 mW) of
two Si cells under global irradiance (i.e., without mirrors). Under
altostratus/cirrostratus conditions, the concentrator system gen-
erated 26.67 mW, which is 93.1% of the power (27.86 mW) of
the two Si cells. The very modest decrease in going from clear to
scattering conditions can be understood by referring to Figures 1
and 2. Very little of the scattered light is in the part of the
spectrum that is reflected to the Si cell. The experiment under
altostratus/cirrostratus conditions in particular demonstrates the
improvement in module efficiency relative to a conventional
parabolic mirror concentrator. In addition to reflectance losses
from the mirrors, a conventional concentrator would be expected
to lose essentially all of the diffuse power (here 14.5%) in the
global spectrum.

While the hybrid concentrator system described here was
designed for proof-of-concept purposes, several important fea-
tures in the design of practical modules are noted. First, the area
concentration ratio can likely be increased to 5—10X without
active cooling of the Si cell. Preliminary data show that the
performance of the Si cell remains essentially constant up to 7x
because the increased photovoltage from higher flux compen-
sates the loss from heating. At 5S—10X concentration, the cost of
the Si cell relative to other components of the system is
dramatically reduced. Second, higher-performing DSSC and Si
cells have been reported, and the band-pass filter is not perfectly
matched to the DSSC absorbance spectrum. With higher-per-
forming DSSCs®**™*” and better spectral matching of filters, the
efficiency of the module (here 16.3 and 19.1% under alto/
cirrostratus and clear sky conditions on an active area basis)
could exceed 20%. Third, Si could also be replaced by another
efficient flat plate absorber such as CIGS because they operate
over the same spectral range. The DSSC could be replaced by
OPYV, thin-film CdTe, or II—VI quantum dot cells, which absorb
primarily in the visible. Thus, the hybrid concentrator arrange-
ment provides a new way to incorporate inexpensive, chemically
processed solar cell materials into efficient modules. Finally, it
may be possible to design systems based on refractive optics®’
that selectively concentrate infrared light to small Si cells at their
focus and transmit or scatter visible light to a larger visible-
absorbing back plane. Miniaturization of the Si cells and lenses
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Table 2. Outdoor Solar Performance Characteristics of the DSSC and Si Cell under Global Irradiance and with a 650 nm Short-

Band-Pass (BP) Filter

Voe (V) L (mA)

Altostratus/Cirrostratus (Average Global: 88.3 mW/cm?)

Si global irradiance 0.618 29.85
Si with two filter reflectors 0.613 28.13
0.614 29.44
DSSC global irradiance 0.835 11.27
0.832 10.30
DSSC 650 nm BP filter 0.836 10.19
0.836 10.93

Clear Sky Testing (Average Global: 89.1 mW/cm®)

Si global irradiance 0.647 34.34

0.638 34.19
Si with two filter reflectors 0.64 35.73
DSSC global irradiance 0.824 1291
DSSC 650 nm BP filter 0.821 12.11

Jec (mA/cm?) FF power (mW) active area efficiency
31.76 0.755 13.93 16.78
29.93 0.743 12.81 15.44
31.32 0.753 13.61 16.40
13.03 0.716 6.74 8.82
11.90 0.746 6.39 8.36
11.78 0.733 6.24 8.18
12.63 0.711 6.50 8.50
36.53 0.74S 16.55 19.76
36.37 0.704 15.36 18.34
38.01 0.742 16.98 20.26
14.92 0.704 7.49 9.71
14.01 0.695 691 8.97

would decrease the vertical dimensions of these systems and
potentially eliminate the need for two-axis tracking. Clever
techniques for fabricating concentrator microcell arrays have
recently been described.*® Ultimately, it may be possible to create
stationary modules with the form factor of flat panel systems that
combine an inexpensive large-area visible absorber with small
amounts of Si to achieve high efficiency. These ideas are currently

being explored experimentally.
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