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ABSTRACT

Computer analysis indicates that a
substantial increase in solar cell conversion
efficiencies can be achieved by using two-cell,
multi-bandgap tandem structures instead of
single-junction cells. Practical AMl efficiencies
of about 30% at one sun and over 30% at multiple
suns are to be expected. The further increases in
efficiency calculated for a three-cell tandem
structure are much smaller and may not justify the
added complexity. For inexpensive two-cell tandem
modules, Si is preferred for the bottom cell, and
tne top-cell material should have a bandgap of
1.75 to 1.80 eV. The GaAs-AlAs and GaAs-GaP
systems are very attractive candidates for the top
cell, Significant advances have been achieved in
growing GaAs on Ge-coated Si substrates (for the
two-terminal, two-cell structure) and in growing
free-standing ultrathin GaAs layers (for the
two-terminal or four-terminal structures). These
advances should be transferatle to the Gats-AlAs
and GaAs-GaP systems.

INTRODUCTION

Before solar photovoltaic conversion can
provide a significant portion of the energy needs
of the U.S. and the world, photovoltaic systems
must satisfy two major requirements: the system
costs must be competitive with other means of
energy generation and the amount of energy
generated during the life cycle of a system myst
be substantially greater than the energy required
to fabricate the system. In other words, the
conversion systems must be both inexpensive ant
efficient.

According to calculations by various workers
(1,2), the allowable cost per unit area of solar
cell modules depends strongly on module
efficiency. This dependence results from the
large area-related balance-of-system (ARBOS)
costs. Included in ARBOS costs are site
preparation, structural supports, electric wiring,
and installation labor. Assuming the U.S.
Dcpn:?ent of Energy 1986 goal of ARBOS cost of
$60/m<, a module price of $0.7 per peak watt ana
module efficiency of 143 at AMl, Bowler and Wolf
(1) have calculated curves relating the tradeoff
between cell cost and module efficiency for
flat-plate modules (see Fig. 1). For example, a
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Fig. 1. Relationship between tre allowable value
of solar cells in doliars per square meter or
do!lars per peak watt and the cell module
efficiency.

20% cell costing 7 times as much as a 10% cell of
the same area will yield equivalent overall
photovoltaic system costs. For a 30% cell, the
cost can be about 14 times the cost of the 10%
cell., Therefore, 1f the cost of fabricating
high-efficiency cells is low enough, such cells
will have a substantia! economic advantage over
tow-efficiency cells. The advantage will be even
greater if the area-related costs incurred during
solar cell fabrication, for example, the costs of
antireflection coatings and contact fingers, are
included in the calculation. In addition, the use
of concentrating systems can further enhance the
cost advantage of high-efficiency cells, 1If
balance-of-system costs remain high,
high-efficiency cells may well be the only cells
that would be econumical for large-scale
terrestrial applications. For space applications,
high-efficiency cells also have significant payload
advantages. This paper will concentrate on the
design of high-efficiency, flat-plate,
multi-bandgap cells, although many of the results
are also applicable for concentrator cells.



SINGLE-JUNCTION CELLS

Before we consider multi-bandgap cells, we
shall examine the conversion efficiencies of
single-bandgap cells. For such cells, Fig. 2 shows
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Fig. 2. Calculated maximum AMl conversion
efficiencies at 27, 50, 100 and 150°C of
single-junction solar cells made of materials
having various bandgap energies. ;

the theoretical maximih conversion efficiencies at
AM]l calculated as a function of energy gap for
various operating temperatures. (The formulation
of the calculations is given in the Appendix.) The
results should be applicabie to all kinds of
junctions, including p-n, Schottky, and
heterojunctions. In the case of heterojunctions,
the maximum calculated efficiency depends primarily
on the energy gap of the semiconductor that absorbs
the bulk of solar photons.

Tor single-junction cells, as shown in Fig. 2,
the highest theoretical AMlL efficiencies are for
energy gaps between 1.45 and 1.5 eV, for which
values of about 27.5% at an operating tesperature
of 27°C can be expected. Efficiencies of 21-22% at
AMl have been reported (3,4) for gallium arsenide
(GaAs), which has a bandgap (Eg) about 1.43 eV.
For silicon (S1) == Eg = 1.1 eV -- the calculated
conversion efficiency at 27°C is abowt 233 at AMI,
and Si cells have achieved an efficiency of 18%
(5). The conversion efficiencies will decrease
with increasing eperating tesperature, especially
for \ower bondgap materials such >s Si. Although
small incremental increases in efficiency can still
be expected as refinsments are made to existing
cell designs, a different strategy must be used to
ob.ain much higher efficiencies.

MLTI-BANDGAP CELLS

The utilization of muiti-bandgap cells could
greatly boost cenversion efficiency. The principles

of this approach were suggested in 1955 (6). A
single-junction cell can convert only a fraction of
the incident sunlight into electricity., Such a
cell can be designed to be optimally efficient in a
limited energy range. Dividing the solar spectrum
into such energy ranges and making each range
incident upon an appropriately designed cell would
result in great improvements in overall conversion
efficiency.

In one configuration, solar cells with
different energy gaps are stacked in tandem so that
the cell facing the sun has the largest energy g9ap
(see Fig. 3). This top cell absorbs all the
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Fig. 3. Spectrum-splitting schemes for achieving
high conversion efficiencies. Above, tandem
cells: below, filter-reflectors.

transmitted photons at and above its energy gap and
transmits the less energetic photons to the cells
below. The rext cell in the stack absorbs all the
transmitted photons with energies equal to or
greater than its energy gap, and transmits the rest
downsard in the stack, etc. In principle, any
number of cells can be used in tandem,

Designing tandem cells is more complex than
designing a single-junction cell. For example,
each cell must transmit efficiently the photons
with less than its bandjap energy. The contacts on
the backs of the upper cells must be transparent to
these photons and, therefore, cannot be made of the
usual bulk metal layers. If the cells in a stack
are connected separately, different external load
circuits must be provided for each cell. Mowever,
1f the cells are connected in series, the
thicknesses and bandgaps of individual cells in the
stack must be adjusted so that the photocurrents in
all the cells are equal. Despite these
difficuities, there is a potential for large
hﬂum in conversion efficiency from tandem
cells,
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Optical filter-reflector systems can be
designed to split the solar spectrum into several
different energy ranges and to direct each range
upon cells that are designed for optimum conversion
in that range (see Fig. 3). Unlike stacked tandem
cells, the cells in filter-reflector systems need
not be arranged in order of decreasing energy.
However, individual external circuit loads are
necessary for each constituent cell, Also, optical
systems are usually less than 100% efficient, so
that some light energy is Yost in the filtering and
reflection processes. Such loss is detrimental to
performance and can cause heating problems in the
optics as absorbed 1ight is converted to thermal
energy. This configuration is also difficult tc
use for high-efficiency flat-plate modules.

Maximm theoretical efficiencies can be
calculated f r multi-bandgap cells. Previously,
studies were made (7-9) for such cells under high
solar concentration. Since there has been
increasing interest in designing high-efficiency
flat-plate modules, most of our calculations will
be based on flat-plate, non-concentrating designs.
o a large extent, however, the results should also
apply to concentrating systems as well as to
filter-reflector systems,

A two-cell tandem system is the simplest case.
Figure 4 shows the various configurations of such a

TWO-CELL STRUCTURE
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Fig. 4. Schematic diagrams of various electrical
connections to a two-cell tandem system., The two
cells can be connected to form either two-,
three- or four-terminal devices.
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system. The two cells can be connected to form
either two-terminal, three-terminal or
four-terminal devices. In a two-terminal device,
the cells are comnected in series; as stated above,
the photocurrents in the two cells must b equal
for optimal operation. In contrast, in the

three- and four-terminal cells the photocurrents do
not have to be equal. As shown in Fig. 5, it is
straightforward to connect two- or four-terminal
devices in series for high voltage operation,
However, it is very difficult to connect
three-terminal devices in series. Figure 5 shows
one of several complicated connections possible for
these devices (10). Each of the three-terminal
devices 1s connected to 8 second cell, which must
have a photocurrent close to that of the bottom
cell of the three-terminal structure and a

SERIES CONNECTION FOR TWO-, THREE.. FOUR-

TERMINAL CELLS
SOUR TERMMINAL CELL
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Fig. 5. Series connections for two-, three-, and
four-terminal tandem cells for high-voltage
operation,

photovoltage equal to the difference in
photovoltage between the bottom cell and the top
cell, Because of this severe limitation,
three-terminal tandem cells do not appear to be
very viable, and they will not be discussed
further,

To compare the relative merits of two- and
four-terminal tandem cells, one must understand the
essential difference betweeen these devices. In a
two-terminal structure, only one external circuit
load is needed, but the requirement of photocurrent
matching greatly limits the choice of energy gaps
of the two cells. Figure 6 shows the dependence of
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photocurrent densities of solar cells as a function
of the energy gaps of the cell materials.
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not simple. In the four-terminal case, two
separate external circuit loads are used. Since
the two individual cells are not coupled, the
photocurrents do not have to be the same.
Consequently, a much larger selection of
combinations of energy gaps is possible, and
effects of spectral variations on photocurrents do
not pose serious limits., These tradeoffs have been
calculated, in order to ascertain the optimal
selections. The calculations are based on the mogel

given in the Appendix.

Figures 7 and 8 are AMD and AM]l iso-efficiency
plots for the two-cell, two-terminal tandem
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Fig. 7. AMD iso-efficiency plots for the
two-cell, two-terminal tandem structure at
<7°C and one sun.
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Fi 8. AMl iso-efficiency plots for the

two-cell, two-terminal tandem structure at
27°C and one sun,

structure at 27°C and one sun. The maximm
theoretical efficiencies for this system are 32.4%
at AMD and 36.2% at AMl. Although practical
efficiencies should be about 5-6% lower, these
values are still comsiderably higher than the value
of 22% at AWMl obtained for the best single-junction
cells, For the two-terwinal structure, for eptimal
efficiencies the allowable range of energy gaps for
the top and bottom cells 1s very narrow. For both
AD and AM1, the top cell should have an energy gap

of about 1.75 eV, and the bottom cell about 1.1 eV.
This combination is very fortunate, since it allows
the use of Si (Eq = 1.1 eV) for the bottom cell, a
great advantage ‘or the realization of inexpensive
tandem cells,

Using these optimal enerqy gap values, we have
calculated the photocur-ents generated in each cell
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Fig. 9. Calculated photocurrents generated in

cells with bandgaps of 1.75 eV and 1.1 eV as a
function of air mass.
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Fig. 10. Calculated combined AM] efficiency and
output power of two- and feur-terminal two-cell
tandem structures as a function of air mass.



at different air masses. Between AM) and AML.S,
the two photocurrents remair the same. However,
with increasing air mass the photocurreat in the
bottom cell increases with respect to the top cell
(see Fig. 9), since the solar spectral
distributions shift toward lower photon energies.
At AM10, the photocurrent is about a factor of
two larger for the bottom cell than for the

top cell. Since the smaller photocurrent dominates
in a series-connected two-terminal structure, the
conversion efficiency sharply decreases, as shown
in Figure 10.

Because photacurrent matching is not necessary
for a four-terminal tandem structure, a much
smaller decrease in conversion efficiency occurs
with increasing air mass (as shown in Fig, 10).

Al though there is a large difference in conversion
efficiency between the two- and four-terminal
structures, the net differenc- in output electrical
power is reduced because of the much smaller
sunlight intensity at the higher air masses.
Therefore, the net power loss for a two-terminal
structure is not too severe (see Fig., 10).

Nevertheless, the four-terminal structure has
an important advantage over the two-terminal
structure. Because the two photocurrents do not
have to match, a wide range of bandgap energies i<
allowable for the top and bottom celis. Figures 11
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Fig. 11. AMD iso-efficiency plots for the

two-cell, four-terminal tandem structure at
27°C and one sun,

and 12 show the AMD and AM]l iso-efficiency curves
at 27°C for tandem structures where the two cells
are separately connected. The maximum calculated
efficiencies for this system are 32.9% at AMD and
36.6% at AMl, slightly higher than those of the
two-terminal structure. Practical efficiencies are
expected to be about 5-6% lower. It is interesting
to note that a realistic efficiency of about 30% at
AM]l can be achieved for a flat-plate
non-concentrating tandem device with just a

AMI
FOUR TERMINALS
27°C

180
S
)
a
<
Qo
Q 128
4
<
®
3
('3
QO 100
3
(=]
E
e
1 1
180 178 2.00 226
TOP-CELL BANDGAP (eV)
Fig. 12. AMl iso-efficiency plots for the

two-cell, four-terminal tandem structure at
27°C and one sun.

two-cell structure. There is a wide selection of
acceptable energy gaps. If for economic reasons Si
is used for the bottom cell, then the top cell
should be about 1.8 eV for either AMO or AM1, This
combination of 1.1 eV and 1.8 eV is very close to
the optimal selection of 1.1 eV and 1.75 eV for the
two-terminal tandem structure,

In the four-terminal case, maximum efficiency
can be achieved at 27°C for bottom-cell materials
with lower bandgaps than Si. However, these
materials are less suitable for operation at higher
temperatures. This effect is illustrated by Fig,
13, where the AMl conversion efficiencies
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Fig. 13. Calculated AM1 conversion efficiency of
a tandem structure (with a 1.75 eV top cell and
1.1 eV bottom cell) as a function of operating
temperature at ore sun and one hundred suns.

calculated for a two-cell tandem structure
(€ ‘ = 1,75 eV and Eg2 = 1.1 eV) at concentration
rag os of 1 and 100 are plotted as a function of



operating temperature. (The results are the same
for either two- or four-terminal cells.) With
increasing temperature, the dark saturation currents
of the two cells increase, causing the photovoltages
to decrease. At 50°C, which is a common operating
temperature for flat-plate modules, the efficiency
at one sun has decreased from 36.2% to 34.3%. At
100°C, the efficiency drops to 29.8%. The decrease
in efficiency could be reduced by using a bottom
cell material with an even higher bandgap than Si,
since the dark saturation current decreases with
increasing bandgap. However, there is a compelling
economic reason to use Si for the bottom cell, and
the decrease in photovoltage can be largely
compensated oy a modest amount of concentration, as
shown in Fig. 13. For a concentration ratio of only
10, the efficiency at 50°C increases from 34,2% to
36.9%. Larger concentration ratios increase *the
efficiencies further, but at a slower rate. In
fact, on the basis of our model, the conversion
efficiencies increase logarithmically with the
concentration ratios. Therefore, substantial
beneficial effects can be obtained with only small
concentration ratios, which are easily attainable.

We have shown that there are significant gains
in efficiency in going from a single-junction cell
to a two-cell tandem structure. However, the gains
in conversion efficiency from a two-cell to a
three-cell tandem structure are disappointing.
Figures 14 and 15 show the AMl iso-efficiency plots
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Fig. 14, AMl iso-efficiency plots for the three-
cell tandem structure where the cells are series
connected. The bottom cell has a fixed energy gap
of 1.0 eV. The structure is at 27°C and one sun.

at 27°C for the three-cell tandem structure with
the cells connected in series and separately,
respectively. The curves are plotted for a
bottom-cell energy gap of 1.0 eV. (The maximm
calculated efficiencies for the three-cell
structure are obtained when this mrr 3” is
0.95-1.0 eV). The maximum theoretical efficiency
at AMl is 41.1% for the series-connected structure
and 42,53 for the separately connected structure,
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Fig. 15, AMl iso-efficiency plots for the three-

cell tandem structure where the cells are separate-
1y connected. The bottom cell has i fixed enerqy
gap of 1.0 eV. The structure is at Z'°” and 1 sun.

and these values are only about 5-6% higher than
those of two-cell tandem structures. These modest
increases in efficiency may not justify the
substantial increase in complexity that would be
necessary for the fabrication of three-cell
structures. In addition, if Si is selected for the
bottom cell the theoretical conversion efficiencies
are further limited. With Si for the bottom cell,
the only combination allowed for series-connected
structures is 2,05 eV for the top cell and 1.55 eV
for the middle cell, giving & conversion efficiency
of only 40.0% at AMl, For separately connected
structures, quite a few combinations of bandgap
energies are allowed (for example, 2.15 eV for the
top cell, 1.60 eV for the middle cell). The
maximum theoretical AM1 efficiency is 41.4%, which
is less than 5% higher than that calculated for a
two-cell Si-based tandem structure. Therefore,
except for space applications where the incrementa!l
increases in conversion efficiencies may be
justified, three-cell tandem structures are not
very cost effective and will not be discussed
further in this paper.

TWO-CELL TANDEM STRUCTURES

It was shown above that for two-cell
structures the optimum combination of energy gaps
is 1.0-1.1 eV for the bottom cell and 1.75-1.80 eV
for the top cell, Reference 10 shows that quite a
number of semiconductors fall in each range (see
Fig. 16). However, for economic reasons, Si is the
best choice for the bottom cel'. The top cell could
be fabricated from Gaj_,Al,As or Gaj.xPyAs with x
about 0.3. Amorphous silicon-hydrogen alloys
(a-Si:Nz could also be used. The energy gaps of
these alloys can vary from about 1.6 to 2.0 eV,
depending on the hydrogen content (12). Therefore,
2 tandem structure composed of an a-Si:H cell on
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top of a crystalline Si cell appears to be very
attractive, especially because there are no lattice
matching problems, a major concern in crystalline
mcnolithic structures. However, the a-Si:H cell
must be very efficient, since it is not
advantageous to have a low-efficiency cell on the
top of the stack. The top cell, which has the
higher photovoltage, makes a much larger
contribution to the combined efficiency. For
example, for a two-cell structure with 1,75 eV and
1.1 eV, the calculated combined AMl efficiency of
36.2% is composed of 24,9% from the top cell and
11.3% trom the bottom cell,

There are a number of other semiconductors
that have energy gaps in the range of 1.7-1.8 eV,
including CdSe, InGePy, and AgGaSes (13). However,
these materials are less developed than the [1I-V
compounds, and their potential applications are
further in the future., If a two-terminal structure
is to be grown monolithically, lattice matching
between the two cells is very critical. Figure 16
shows the energy gaps of a number of semiconductors
as a function of their lattice constants. The
lattice constant of Si is about 4% lower than those
of the GaAs-AlAs alloys. The GaAs-GaP system can
also provide materials with energy gaps in the
vicinity of 1.75 eV, These materials will have a
smaller lattice mismatch with Si. However, the
growth temperatures are normally higher for
GaAs-GaP than for GaAs-AlAs, potentially causing
more severe thermal cracking problems. Both
GaAs-AlAs and GaAs-GaP alloys have thermal
expansion coefficients much smaller than that of
Si.

EXPERIMENTS ON TANDEM CELLS

With the objective of developing
high-efficiency tandem cells, we have been
investigating the growth of GaAs layers on Si
substrates by chemical vapor deposition (CVD). If
this work is successful, the technology shou.d be
transferable to tne GaAs-GaP and GaAs-AlAs systems,

The large lattice mismatct between GaAs and Si
produces severe misfit dislncations at the
interface between the two materials, We have becn
working on technijues to minimize the density of
misfit dislocations threading out of the interface
into the GaAs layer, Partial success has already
been attained. Figure 17 is a schematic diagram of
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Fig, 17, Schematic of GaAs/Ge/Si cross section
summarizing the dislocation densities measured
by transmission electron microscopy.

a GaAs solar cell deposited on a Ge-coated Si
substrate, showing the dislocation densities
measured by transmission electron microscopy. By
using a Ge interface layer, the dislocation density
in the GaAs layer is lowered to 107 cin=2, and solar
cells with efficiency of about 12% at AM] have been
obtained (14). Very recently, by using thermal
cycling procedures during GaAs qrowth, we have
further lowered the dislocation densities (15), and
conversion efficiencies of small-area cells have
increased to about 14%.

The structure shown in Fig. 17 has a heavily
doped p* Si substrate., When we used a low-doped p
Si substrate, an n-p junction was formed in the S1
by diffusion of As during GaAs growth., We have
obtained (15) tandem effects with an open-circuit
voltage Voc ~ 1.2 eV and a short-circuit current
density Jgc ~ 7 mA/cm@ without any antireflection
coating. %he important result of these experiments
is that the Ge layer serves not only as a barrier
against the propagation of misfit dislocations but
also as a low-resistance interconnect between the
GaAs and Si cells. We believe that the defects in
the Ge layer produce high leakage currents between
the heterojunctions formed at the GaAs-Ge and Ge-Si
interfaces, so that no tunnel junction is needed.

The photocurrents generated in the GaAs and Si
cells in the monolithic structure are not the same.
At AMl, Si can only generate about 11 mA/cm after
the solar spectrum is filtered by GaAs. Therefore
the maximum theoretical combined efficiency of the
monolithic structure is only about 15% at AM].
However, we propose a novel design that would
greatly increase the photocurrent, The key idea is
to etch away part of the GaAs cell, exposing the Si
cell underneath. The photocurrent in the Si cell
will disproportionately increase, and the combined
efficiency will greatly increase. We have
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calculated that if 32% of the area of the GaAs cell
is removed, the photocurrents generated in the GaAs
and Si cells will be equal, and the theoretical
combined eff, ency will be increased to nearly 30%
at AM,

For two-terminal monolithic tandem structures
composed of a bottom Si cell (Eq = 1.1 eV) and top
cell with energy gap Egl. Fig., 18 shows the
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Fig. 18. Plots of calculated AMl conversion

efficiencies of a two-cell, two-terminal tandem
cell as a function of the top-ce!l bandgap
energy. The bottom-cell bandgap energy is

1.1 eV. By removing optimal top-cell areas,
the conversion efficiencies would be greatly
increased.

increase in theoretical combined efficiency at AMl
and 27+ that can be achieved by removing a
fraction r of the area of the top cell. The lower
curve gives the efficiency as a function of Eq) for
r = 0, while the upper curve gives the efficiency
obtained for the optimal value of r, the value for
which the photocurrents of the two cells are equal.
The difference is greatest at the lowest values of
Egl, where the optimal value of r is greatest. The
two Curves meet at Eq) = 1.75 eV, the optimum value
of Eq] given by the calculations discussed above,
since all those calculations assume r = 0,

Another novel technique that we have
developed should be applicable to four-terminal
tandem structures as well as two-terminal
structures. This is the technique of fabricating
ultrathin solar cells by the CLEFT (cleavage of
}atera; epitaxial films for transfer) process

16-18).

The CLEFT process provides a practical means
of separating epilayers from their substrates so
that the substrates can be reused for further
growth, The key element of this process is the use
of lateral epitaxial overgrowth performed by CVD,
If a mask with appropriately spaced stripe openings
1s deposited on a (11D) GaAs substrate, the
epitaxial growth initiated on the GaAs surface
exposed through the openings will be followed by
lateral growth over the mask, eventually producing

a continuous single-crystal GaAs film that can be
grown to any desired thickness. The upper surface
of the film is then bonded to a secondary substrate
of some other material such as glass. If there is
poor adhesion between the mask material and the
GaAs, the film will be <trongly attached to the
GaAs substrate only at the stripe openings. Since
a weak plane has been created by the mask and
because the (110) plane is the principal cleavage
plane of GaAs, the film can be cleaved from the
GaAs substrate without degradation of either. We
have found that carbonized photoresist is a
suitable mask material, since it has the necessary
poor adhesion to GaAs and is chemically inert under
the conditions that we employ for CVD growth.

Figure 19 is a schematic diagram of the cross
section of a CLEFT solar cell (19). The structure
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Fig. 19. Cross-sectional view of a completed CLEFT
cell, in which the glass substrate serves as the
protective cover glass.

of this cell is interesting in several respects.
The entire thickness of GaAs is only about 10 um,
compared with 300-400 um for conventional GaAs
solar cells, The glass substrate supports the film
and serves as the cover glass for the cell,
Another advantageous aspect of the structure is

that there are metal contacts on both sides of the
GaAs film,

In initial experiments we have made three
CLEFT cells, with GaAs films 10 um thick, that have
conversion efficiencies of 15 to 17% at AMl, The
17% cell has an area of 0,51 cm@ (19), The films
for these cclls were grown by the AsCl3-GaAs-Hp
method, which is not useful for the growth of
GaAs-AlAs or GaAs-GaP alloys. However, we have
recently demonstrated lateral overgrowth of GaAs by
organcmetallic chemical vapor deposition (OMCVD),
which is suitable for growing these alloys, and we
have prepared CLEFT films of Ga.s by OMCVD (20).

The CLEFT process is ideal for the fabrication
of structures in which films of different
semiconductors are stacked on top of one another
(17). Instecad of the continuous metal contact
layer shown at the bottom of the CLEFT cell in Fig.
19, an open contact grid would be used. For
ogtiual operation, this grid should be aligned with
the top metal grid of the CLEFT cell, as well as
with the top metal grid of the bottom cell. Such a
CLEFT cell could be bonded either separately or in



calculated that if 32% of the area of the GaAs cell
is removed, the photocurrents generated in the GaAs
and Si cells wi!l be equal, and the theoretical
combined eff. ency will be increased to nearly 30%
at AM,

For two-terminal monolithic tandem structures
composed of a bottom Si cell (Eq = 1.1 eV) and top
cell with energy gap Egl. Fig. 18 shows the
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Fig. 18, Plots of calculated AMl conversion
efficiencies of a two-cell, two-terminal tandem
cell as a function of the top-cell bandgap
energy. The bottom-cell bandgap energy is

1.1 eV. By removing optimal top-cell areas,
the conversion efficiencies would be greatly
increased.

increase in theoretical combined efficiency at AM]
and 27°C that can be achieved by removing a
fraction r of the area of the top cell. The lower
curve gives the efficiency as a function of [91 for
r = 0, while the upper curve gives the efficiency
obtained for the optimal value of r, the value for
which the photocurrents of the two cells are equal.
The difference is greatest at the lowest values of
E91. where the optimal value of r is greatest., The
two curves meet at Eq) = 1.75 eV, the optimum value
of Eq) given by the calculations discussed above,
since all those calculations assume r = 0,

Another novel technique that we have
developed should be applicable to four-terminal
tandem structures as well as two-terminal
structures. This is the technique of fabricating
ultrathin solar cells by the CLEFT (cleavage of
}aten; epitaxial films for transfer) process

16-18).

The CLEFT process provides a practical means
of separating epilayers from their substrates so
that the substrates can be reused for further
growth, The key element of this process is the use
of lateral epitaxial overgrowth performed by CVD.
If a mask with appropriately spaced stripe openings
is deposited on a (11D) GaAs substrate, the
epitaxial growth initiated on the GaAs surface
exposed through the openings will be followed by
lateral growth over the mask, eventually producing

a continuous single-crystal GaAs film that can be
grown to any desired thickness. The upper surface
of the film is then bonded to a secondary substrate
of some other material such as glass. If there is
poor adhesion between the mask material and the
GaAs, the film will be <trongly attached to the
GaAs substrate only at the stripe openings. Since
a weak plane has been created by the mask and
because the (110) plane is the principal cleavage
plane of GaAs, the film can be cleaved from the
GaAs substrate without degradation of either., We
have found that carbonized photoresist is a
suitable mask material, since it has the necessary
poor adhesion to GaAs and is chemically inert under
the conditions that we employ for CVD growth,

Figure 19 is a schematic diagram of the cross
section of a CLEFT solar cell (19?. The structure
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Fig. 19, Cross-sectional view of a completed CLEFT
cell, in which the glass substrate serves as the
protective cover glass.

of this cell is interesting in several respects.
The entire thickness of GaAs is only about 10 um,
compared with 300-400 um for conventional GaAs
solar cells, The glass substrate supports the film
and serves as the cover glass for the cell,
Another advantageous aspect of the structure is
that there are metal contacts on both sides of the
GaAs film,

In initial experiments we have made three
CLEFT cells, with GaAs films 10 um thick, that have
conversion efficiencies of 15 to 17% at AMl, The
17% cell has an area of 0.51 cm@ (19). The films
for these cells were grown by the AsCl3-GaAs-H)
method, which is not useful for the growth of
GaAs-AlAs or GaAs-GaP alloys. However, we have
recently demonstrated lateral overgrowth of GaAs by
organcmetallic chemical vapor deposition (OMCVD),
which is suitable for growing these alloys, and we
have prepared CLEFT films of Ga..s by OMCVD (20).

The CLEFT process is ideal for the fabrication
of structures in which films of different
semiconductors are stacked on top of one another
(17). Instcad of the continuous metal contact
layer shown at the bottom of the CLEFT cell in Fig.
19, an open contact grid would be used. For
optimal operation, this grid should be aligned with
the top metal grid of the CLEFT cell, as well as
with the top metal grid of the bottom cell. Such a
CLEFT cell could be bonded either separately or in



series with a bottom cell, such as a Si cell. If
GaAlAs CLEFT cells can be fabricated, 2 tandem
structure formed by bonding such a cell to a Si
cell would have a combined maximum theoretical
efficiency at AMl of about 36%, and a practical
efficiency of about 30% can be expected. A
two-terminal tandem structure is possible if a
transparent conductive bonding material is used,
while a four-terminal structure is obtained if the
bonding material is insulating.

By using the mechanical bonding technique, the
lattice matching and connecting junction
requirements are eliminated for both two- and
four-terminal structures. In a two-terminal
structure, if the bandgaps of the two cells are not
optimal, opening areas in the top CLEFT cell or
bonding this cell to a bottom cell of larger active
area can increase the conversion efficiency by
raising the photocurrent of the bottom cell. No
benefit will result by opening the top cell in the
case of four-terminal structures.

ANTIREFLECTION COATINGS

To fabricate the most efficient tandem
structures, it is necessary not only to prepare
high-quality semiconductor layers and junctions but
also to use optimal antireflection (AR) coatings,
We will not consider the design of AR coatings in
detail, It should be noted, however, that the
design will be simpler for two-terminal structures
than for four-terminal ones. In the two-termina)
case, only the front surface of the top cell
requires an AR coating. A multilayer coating will
be needed to allow a broad spectrum of solar
radiation to be transmitted into the active
regions. For a two-cell structure, a double-layer
(or at most, a triple-layer) AR coating will be
adequate. Since the top cell provides the larger
share of the tandem-cell efficiency, the coating
design must place a larger emphasis on the top
cell. For four-terminal structures, AR coatings
are needed on the front and back surfaces of the
top cell and on the front surface of the bottom
cell, Optical-matching properties must be
considered in selecting the bonding layer between
the top and bottom cells. Since the top cell makes
the larger contribution to the efficiency, the
design of the AR coating on the front surface of
the top cell is most important.

CONCLUSION

Substantial efficiency increases are expected
for two-cell tandem structures in comparison with
single-junction cells. Our computer analysis
indicates that practical AMl efficiencies of about
30% at one sun and over 30% at multiple suns can be
expected. For AMD, a one-sun efficiency of about
27% is expected. The further increases in
efficiency for a three-cell tandem structure are
much smaller and may not justify the added
complexity. For ine sive two-cell tandem
modules, Si bottom cells are much preferred. For
such cells, at AMD and AM] a top-cell energy gap of

1.75 to 1.80 eV is optimal for both two- and
four-terminal structures., The GaAs-AlAs and
GaAs-GaP systems are very attractive candidates for
the top cell, Significant advances have been
achieved in growing GaAs on Ge-coated substrates
(for the two-terminal structure), and in obtaining
free-standing ultrathin GaAs layers by the CLEFT
process (for the two- and four-terminal
structures). We believe that these advances will
be transferable to the GaAs-AlAs and GaAs-GaP
systems. Therefore, high-efficiency, inexpensive
two-cell tandem structures for flat-plate and
concentrating applications may soon become a
reality.
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APPENDIX

Calculations were carried out for one-cell,
two-cell and three-cell structures. Here, we will
illustrate a two-cell calculation. The other cases
are similar. Let the top cell have a bandgap
energy Eg), and the bottom cell Eqp, with
correspogding short-circuit current densities Jgcy
and Jgc2. Since high-quality solar cells
have a?ready attained quantum efficiencies values
over 90%, we assume 100% quantum efficiency.

Then the short-circuit current densities can be
written as

Ag1(um)

Jgel = f q F(A)a (1)
0.2 um
A
92

Jsc2 = _/ qF(A ) (2)
lgl

where \g . 1.239/Eq (um), q is the electronic

charge, "and F(1) is the solar photon flux density
at A, which varies with air mass (11).

The open-circuit voltage Vo for each of the
cells is given by

Voc = kT Xsc
oc q—" (W*l) (3)

where X is the concentration ratio, k is
Boltamann's constant, and T is absolute
temperature. Joo is the dark saturation current,



and if we assume a simple diffusion current, then

Ao ® kT3 exp (- :*) ()

The value of K may be different for different
materials. For our calculations of Jgo in mA/cme,
we assume a fixed constant with a value of 0,05,
This value was selected so that for AMl conditions
the calculated Vo was 0.97 V for GaAs and 0.66 V
for Si, values very close to the respective
experimental values of 0.98 (4) and 0.65 Vv (21).

The fil11 factor ff for each of the cells is
evaluated as follows (22):

freVm |y 2 i) (5
VB? ) exp -1 )

where Vg is given by the relationship

qV, Vm). W
("" rr!) ”rr!) oot ! (6

For the two-terminal case, the Jg. value used
in Eqs. 3, 5 and 6 is the same for botﬁ cells,
namely, the smaller value of Jgc) and Jgc2. The
combined efficiency is then

ntot = Jsc (Voc)1(ff)1 + Jsc (Voc)2(ff)2

For the four-terminal case, both Jgc) and
Jgc2 values are used in Eqs. 3, 5, and 3. and

ntot = Jscl{Voc)1(ff)1 + Jgc2(Vo-'2(ff)2 (8)

With the above equations, n¥°g can be calculated
as a function of Egl. Egz. s X, and air mass,

To obtain the iso-efficiency curves, values
of neot were first calculated for different
combinations of Eq) and Egz at fixed T, X and air
mass. The curves were t plotted for all
combinations of E } and Eg2 that produce values of
ngot within ¢ lig the ngot values stated on the
curves.
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