May 2002 + NREL/CP-520-31440

A New Thin-Film CuGaSe,/
Cu(In,Ga)Se, Bifacial, Tandem
Solar Cell with Both Junctions
Formed Simultaneously

Preprint

D.L. Young, J. Abushama, R. Noufi, X. Li,
J. Keane, T.A. Gessert, J.S. Ward, M. Contreras
M. Symko-Davies, and T.J. Coutts

To be presented at the 29" |IEEE PV Specialists
Conference

New Orleans, Louisiana
May 20-24, 2002

« »NI=L
S
"' National Renewable Energy Laboratory

1617 Cole Boulevard
Golden, Colorado 80401-3393

NREL is a U.S. Department of Energy Laboratory
Operated by Midwest Research Institute e Battelle ¢ Bechtel

Contract No. DE-AC36-99-GO10337



NOTICE

The submitted manuscript has been offered by an employee of the Midwest Research Institute (MRI), a
contractor of the US Government under Contract No. DE-AC36-99G010337. Accordingly, the US
Government and MRI retain a nonexclusive royalty-free license to publish or reproduce the published
form of this contribution, or allow others to do so, for US Government purposes.

This report was prepared as an account of work sponsored by an agency of the United States
government. Neither the United States government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United States government or any
agency thereof. The views and opinions of authors expressed herein do not necessarily state or reflect
those of the United States government or any agency thereof.

Available electronically at http://www.osti.gov/bridge

Available for a processing fee to U.S. Department of Energy
and its contractors, in paper, from:

U.S. Department of Energy

Office of Scientific and Technical Information

P.O. Box 62

Oak Ridge, TN 37831-0062

phone: 865.576.8401

fax: 865.576.5728

email: reports@adonis.osti.gov

Available for sale to the public, in paper, from:
U.S. Department of Commerce
National Technical Information Service
5285 Port Royal Road
Springfield, VA 22161
phone: 800.553.6847
fax: 703.605.6900
email: orders@ntis.fedworld.gov
online ordering: http://www.ntis.gov/ordering.htm

79
%& Printed on paper containing at least 50% wastepaper, including 20% postconsumer waste


http://www.osti.gov/bridge
http://www.ntis.gov/ordering.htm

A NEW THIN-FILM CuGaSe; / Cu(In,Ga)Se, BIFACIAL, TANDEM SOLAR CELL
WITH BOTH JUNCTIONS FORMED SIMULTANEOUSLY

David L. Young, Jehad Abushama, Rommel Noufi, Xiaonan Li, James Keane, Timothy A. Gessert,
J. Scott Ward, Miguel Contreras, Martha Symko-Davies, and Timothy J. Coutts
National Renewable Energy Laboratory, 1617 Cole Blvd., Golden, CO 80401

ABSTRACT

Thin films of CuGaSe; and Cu(In,Ga)Se; were
evaporated by the 3-stage process onto opposite sides
of a single piece of soda-lime glass, coated bifacially
with an n*-TCO. Junctions were formed simultaneously
with each of the p-type absorbers by depositing thin
films of n-CdS via chemical bath deposition (CBD) at
60°C. The resulting four-terminal device is a non-
mechanically stacked, two-junction tandem. The unique
growth sequence protects the temperature-sensitive p/n
junctions. The initial device (n = 3.7%, Voc = 1.1V
[AM1.5]) suffered from low quantum efficiencies. Initial
results are also presented from experiments with varia-
tions in growth sequence and back reflectors.

INTRODUCTION

The efficiency benefit of a tandem solar cell to
that of a single-junction cell has long been recognized,
but practically realized only in expensive crystalline |l1-V
materials [1] or low-efficiency a-Si thin films [2]. Coutts
et al. [3], modeling state-of-the-art, thin-film devices,
identified optimum bandgaps for two-junction tandem
thin-film solar cells. Their work showed that a current-
matched, 28%-efficient tandem is possible with a top-
cell absorber of 1.7 eV and a bottom-cell absorber of 1.1
eV. These bandgaps are ideally matched to the Cu-
InSe; (0.95 eV) — CuGaSe; (1.7eV) material system.
Single-junction CulnxGa1xSe2/CdS solar cells [4] have
achieved efficiencies greater than 18%, whereas
CuGaSe,/CdS cells [5] have reached efficiencies greater
than 9% [6]. These record cells, however, are quite
sensitive to temperatures above 200°C, where diffusion
destroys the p/n junction. This relatively low survival
temperature for the individual cells has been identified
as a show-stopper for many thin-film tandem devices
because of the need to grow good-quality absorber ma-
terials at temperatures above 500°C.

Figure 1 shows a traditional, monolithic, two-
terminal tandem device structure with a substrate con-
figuration. The bottom cell is grown first, with the high-
temperature absorber layer grown before a low-
temperature window layer. As is obvious from the dia-
gram and our previous discussion, the shorting junction
and the top cell must be grown at temperatures below
about 200°C so as not to destroy the already-completed
bottom cell. In fact, a-Si tandem cells are limited some-
what in their device configuration due to the tempera-
ture-sensitive, B-doped p-layer. Most previously pro-
posed polycrystalline tandem devices have either been
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Figure 1. Traditional tandem.

Growth

coupled to single-crystal subcells [7] or mechanically
stacked [8] to avoid the temperature limitations de-
scribed above.

In this paper, we propose a new device design
that circumvents the temperature limitations of tradi-
tional monolithic tandem devices. Our design is a non-
mechanically stacked, bifacial, four-terminal cell grown
on a single substrate. Initial prototypes prove the con-
cept to be viable, and ongoing experiments show im-
provements over our first attempts.

Our new device design is shown schematically
in Fig. 2. The growth sequence for the device is also
shown in Fig. 2 and starts (1) with transparent conduct-
ing oxide (TCO) layers deposited on each side of the
glass substrate. Next (2), one of the p-type absorber
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Figure 2. New tandem device.



layers is deposited at high temperature (>500 °C) onto
one of the TCO layers. The substrate is then flipped
over, and the other p-type absorber layer (2) is depos-
ited onto the remaining TCO layer. The substrate is
then dipped into a low-temperature (<100°C) chemical
bath, and n-CdS layers are grown (3) onto each of the
absorber layers simultaneously. This step forms the p/n
junctions for each cell in the tandem. Transparent (4)
and metallic contacts (5) are grown next at room-
temperature to complete the cells.

The growth sequence of the overall device en-
sures that once the p/n junctions are formed for both
cells, the device is not exposed to further high tempera-
tures that might destroy the electrical properties of the
junctions. The choice as to which absorber is grown
first in the above description depends on which absorber
is more resilient to the temperature and growth atmos-
phere of the absorber grown second. It should be noted
that if both absorber layers can be grown at the same
temperature, then, theoretically, both layers could be
grown simultaneously. The growth advantages inherent
in this new tandem structure are somewhat offset by the
less-than-ideal inverted bottom cell (light entering from
the absorber side, rather than from the window [CdS]
side). Our initial experiments have focused on maxi-
mizing the collection efficiency of this bottom cell, but
future work will focus on non-inverted homojunctions or
high-temperature, superstrate heterojunctions such as
are currently used in CdTe/CdS solar cells [9].

GROWTH

A prototype device was grown following the se-
quence above and Fig. 2. SnO2F thin films were grown
on each side of soda-lime glass by chemical vapor
deposition. Next, a 2-ym-thick layer of CulnyGai.xSez (x
~0.3) was grown by co-evaporation using a “3-stage”
process [10] with a maximum substrate temperature of
605°C (measured by a thermocouple touching the back-
side of the substrate) for about 15 minutes. The sub-
strate was then flipped in the holding bracket during a
brief exposure to air, and a 2-um-thick layer of CuGaSe,
was grown by the 3-stage process. The maximum tem-
perature during the CuGaSe; growth was 610°C for 10
minutes. P/n junctions were formed simultaneously for
both cells during an n-CdS chemical-bath deposition of
about 60°C. Two ZnO layers, one intrinsic and the other
conductive ZnO:Al, were grown by RF magnetron sput-
tering at room temperature onto the CdS layers of each
cell. The cells were completed by depositing Al grid
contacts onto the ZnO layers.

The growth of each absorber layer during the 3-
stage process was monitored by a thermocouple on the
back of the substrate. The endpoint of the deposition
was clearly detected for both films by a drop in sub-
strate temperature during the end of the second stage
of growth. Devices grown in reverse order (CGS first,
CIGS last) showed a similar endpoint temperature trend.
X-ray diffraction scans showed the films to be phase
pure. Figure 3 shows cross-sectional scanning electron
microscopy (SEM) images of CuGaSe, (grown first) and
CulnsGa1.xSez (grown last) films. The images reveal
large-grained, dense films with good nucleation to the
SnO, back contact. Electron probe microanalysis
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Figure 3. Cross-sectional SEM images of CGS and
CIGS films grown on bifacially coated tin oxide glass.

(EPMA) results confirmed composition for each film as
expected by deposition rate.

Phase-pure, large-grained films are produced
for both films regardless of growth order. However, in
limited depositions, the second film grown (either CIGS
or CGS) was too conductive to form a rectifying junction
with CdS. EPMA results for the film grown second indi-
cate that the film's composition is less than ideal. The
thermocouple-monitoring scheme may not be suitable for
the second film grown due to the increased thermal re-
sistance of the first-frown film, on which the thermocou-
ple rests. There is some indication from film composi-
tion results that the temperature dip lags behind the true
substrate temperature and thus does not accurately
predict the proper compositional endpoint to the growth.
Deposition-rate-determined, timed 3-stage or co-
deposition growth should be explored to ensure proper
film composition.

RESULTS

Figure 4 shows current density/voltage (J/V)
curves under ~AM1.5 illumination for the first prototype
tandem device subcells by probing each cell individually
and for “rider” cells that were deposited at the same time
as the tandem cells. A schematic diagram of each de-
vice, the electrical probe points, and the direction of the
incident light is shown to the right of each graph. Table
1 gives open circuit voltage (Voc), short circuit current
density (Jsc), fill factor (FF), and efficiency (n) values for
each cell shown in Fig. 4.

Figures 4a,c show the device to function as a
four-terminal tandem solar cell. The combined efficiency



Table 1. J/V parameters for cells shown in Fig. 4. Cell
letters correspond to those in Fig. 4. TO = SnO;

Cell Voc Jsc FF n
V) (mAem?) | (%) | (%)
a) CGS/TO 0.83 8.0 49.4 3.3
b) CGS/Mo 0.82 13.7 52.9 6.0
c) CIGS/TO 0.26 5.6 30.2 0.4
d) CIGS/TO 0.34 27.6 25.8 2.5
e) CIGS/Mo 0.67 33.2 74.4 16.3

of the prototype tandem operating under a common illu-
mination is ~3.7%, with a total V. of 1.1 V. Fortunately,
the tandem device outperforms the more mature
CIGS/TO device illuminated through the window layer
(4d).

Absolute external quantum efficiencies for the
individual tandem cells are shown in Fig. 5. Also shown
are QE results for our best cells and for cells grown on
Mo back contacts. The collection efficiencies of both
the CIGS and CGS cells on SnO; are approaching those
grown on Mo, but the inverted CIGS cell on SnO; is se-
verely limited.

DISCUSSION

The top CuGaSe; cell (Fig. 4a) has good Vo,
but suffers from low Jsc and FF, with an efficiency of
3.3%. A Mo-coated glass substrate “rider” during the
CuGaSe; growth had about twice the efficiency due to a
much better fill factor (Fig. 4b). This may indicate that
the CuGaSe,/SnO; back contact is not ohmic. Figure 4c
shows the J/V curves for the Culn,GaixSez bottom cell
after the incident light was filtered by the top CuGaSe;
cell. A low collection efficiency, due to the inverted
configuration and the non-optimum absorber thickness,
accounts for the 0.43% efficiency. This poor collection
efficiency is also revealed in the quantum efficiency
(QE) data given in Fig. 5. The Culn,GaixSe; cell, illumi-
nated from the n-CdS side (Fig. 4d), gave much higher
currents, but a poor back contact contributed to the low
FF. A Mo-coated, glass substrate “rider” during the Cu-
InGa1.xSe, growth produced a cell 6.6 times more effi-
cient (Fig. 4e).

The J/V curves of Fig. 4 indicate SnO, to be a
poor back contact to CGS and CIGS, severely limiting
the performance of the tandem cells. The shorting junc-
tion between a p-type CIGS or CGS film and an n-type
TCO film is not ideal due to the inability to highly dope
the p-type materials. Other n-type TCO materials have
been tested for possible use as a back contact by our
group, but secondary ion mass spectroscopy (SIMS)
and electron beam-induced current (EBIC) data show
SnO, to be one of the better choices due to its chemical
stability and less rectifying contact with CGS. Efforts
are under way to use p-type TCOs in place of the more
common n-type, which should considerably improve the
device performance.

The poor QE values for the inverted bottom cell
are due to the high absorption coefficient of the CIGS.
Only long-wavelength light is capable of penetrating
deep enough into the CIGS to make collectable electron-
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Figure 4. J/V curves for tandem subcells. The CdS and ZnO
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hole pairs. To enhance this collection efficiency, we
grew an Al film in place of grids on a bottom CIGS cell
(see Fig. 2) to reflect light back into the collection re-
gion. Figure 5 shows the increased QE with the back
reflector added to a CIGS bottom cell grown separately.
Additional light collection in the bottom cell could be
realized by thinning the CIGS absorber layer to move
the collection region closer to the back of the absorber
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Figure 5. Absolute external quantum efficiencies.

layer and increasing the doping in the CdS layer to in-
crease the depletion width in the CIGS.

Optical absorption in the top CGS cell is great
than 97% for above-bandgap light; but unfortunately, it
is nearly 20% below the bandgap to ~1200 nm. This
non-ideal sub-bandgap absorption limits the current
available to the bottom cell. Using high-efficiency QE
values for CIGS solar cells and convoluting the CGS
sub-bandgap absorption with the AM1.5 sgectrum give a
theoretical current density of 12.1 mA/cm~ available to a
CIGS bottom cell. Again, using high-efficiency Vo and
FF values, we calculate a possible bottom-cell efficiency
of 6.5%. This implies that only a 12.3%-efficient CGS
top cell is needed in the tandem configuration to match
current state-of-the-art CIGS cells without further optical
improvements in the top cell.

CONCLUSIONS

Our new non-mechanically stacked, bifacial,
four-terminal tandem device allows both cells to be fab-
ricated essentially simultaneously, thus sequencing the
high-temperature steps so as to not damage the tem-
perature-sensitive layers. Our initial prototype proved
the concept workable, but further research in growth,
collection efficiency, and improved back contacts is
needed. The single substrate, ease of making contacts,
and one high-temperature growth step may make this
tandem device design appealing to industry if efficien-
cies can be boosted above single-junction cell values.
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