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Abstract— Multi-terminal multi-junction solar cells (MJSC)
offer higher efficiency potential than series connected (two-
terminal) ones. In addition, for terrestrial applications, the
efficiency of multi-terminal solar cells is less sensitive to solar
spectral variations than the two-terminal series-connected one.
In space, generally, cells are always illuminated with AMO
spectrum and no impact is expected from spectral variations.
Still, in space, the multi-terminal approach offers some
advantages in comparison with the series-connected
architecture approach derived from a higher end of life (EOL)
efficiency. In this work we review the potential of multi-terminal
solar cells for achieving extended EOL efficiencies with
emphasis in the potential of the three-terminal heterojunction
bipolar transistor solar cell, a novel multi-terminal MJSC
architecture with a simplified structure not requiring, for
example, tunnel junctions.
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I. INTRODUCTION

Two-terminal multi-junction solar cells (MJSC) comprise
series connected subcells that show an increasing sensitivity
to spectral variations as the number of junctions increases. In
[1] some of us showed and discussed that, implementing
independent connections to a four junction (4J) MJSC offers
an annual energy efficiency gain of +4.5 points while, going
from 4] to five-junction (5J) series-connected cell, only offers
+1.3 efficiency points. In space, however, solar cells are
expected to be illuminated by a constant spectrum (AMO) so
that this advantage of the multi-terminal approach does not

apply. We think, however, that a multi-terminal approach still
has advantages in space applications in terms of extending the
end of life (EOL) efficiency of the solar cells by minimizing
the impact on the cell total efficiency of the degradation of one
of the subcells in the stack when these are independently
connected with respect to the two-terminal case.

II. DESCRIPTION OF THE SOLAR CELLS STUDIED IN THIS
WORK

We will study the efficiency in space conditions of the
three types of solar cells illustrated in Fig. 1 and described
next.

The first type of solar cell we will consider is the
conventional three-junction solar cell connected in series
leading to a two-terminal device. For short, we will designate
this cell as 3J-2T. The top subcell is made of InGaP, the middle
subcell of GaAs and the bottom subcell of Ge. Notice that, in
this structure, subcells are connected through tunnel junctions
and that, due to the series connection between the subcells, the
electrical current that circulates across all the subcells is the
same. Being this one of the most conventional solar cells used
in space applications, its analysis is useful in order to perform
as baseline for the other cases.

The second type of solar cell, that we will designate as 3J-
6T, consists of the same basic semiconductor structure than in
the 3J-2T case, but in which we have extracted two terminals
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from each subcell which, when globally considered, lead us to
a six-terminal device. Notice that, in this case, in order to
extract two independent terminals from each cell, the internal
connection between the cells must be electrically isolating and
not by means of tunnel junctions. Obviously, in this structure,
the operation point of each subcell can be fixed independently
from each other.
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Fig. 1. Multi-terminal and multi-junction solar cell structures studied in this
work: 3J-2T: three-junction solar cell connected in series leading to a two-
terminal device (conventional solar cell); 3J-6T: three-junction solar cell
independently connected leading to a six-terminal device; 3J-3T: three-
junction solar cell following a three-terminal heterojunction bipolar transistor
approach leading to a three-terminal device.

Finally, the third type of multi-junction solar cell that we
shall consider, groups the middle and bottom cell of the
conventional 3J-2T solar cell structure into a 3T-HBTSC
(heterojunction bipolar transistor solar cell). This has the
advantage of simplifying the internal semiconductor structure
of the cell (by removing, for example, one of its tunnel
junctions) although at the cost of adding one additional
terminal. On the other hand, the 3T-HBTSC is connected in
series with the same top subcell of the 3J-2T. The motivation
for making this choice about where do we take out the extra
terminal comes from the desire of taking advantage of the
extra current generated by the Ge bottom cell which becomes
limited in the conventional 3T-2J cell, because of the series
connection.

III. MODEL

We explain in this section the simplified model we have
used to calculate the efficiencies of the solar cells we have

described in the previous section. The parameters used in the
simulations are collected in Table 1.

In all cases, we have assumed the cells to operate in the
radiative limit with the few modifications that we shall
describe later. Therefore, to calculate the current-voltage
characteristic of the subcells we have used Shockley and
Queisser (S&Q) [2] detailed balance model, refined and
described with more detail in [3] and adapted for multi-
junction solar cells in [4]. It is convenient to remember that,
by using this model, the current-voltage characteristic of each
subcell depends only on the gap of the semiconductor, the
absorptivity of the cell and whether or not a reflector has been
placed at the back of the solar cell. In case a reflector is not
provided, it is necessary to know the refraction index of the
medium at the back of the cell. Besides this, the cells have
been considered to operate at 300 K, illuminated by AMO
spectrum [5] and surrounded by a medium of refraction index
equal to unity at the front (air, space).

The modifications of the model we have just referred to are
the following:

- The absorptivity of the top subcell has been
considered equal to 0.86. This is to allow more light
to reach the middle cell and achieve a better current
matching between the subcells and, therefore, a higher
efficiency.

- For simplicity, no electroluminescent coupling has
been considered between the cells. This implies that
we have assumed that the solar cells do not emit
photons towards the cell located behind and that the
cell at the front does not absorb the photons emitted
by the cells at its back.

- The degradation of the cells due to electron fluence
has been considered by means of the short-circuit
current and open-circuit voltage remaining factors. To
this end, the values reported in [6] have been assumed.
For simplicity, only the GaAs cell has been considered
to degrade since, according to these data, this is the
cell in the stack that degrades the most. The open-
circuit voltage remaining factor has been
implemented in practice by multiplying the dark
current obtained from the S&Q model by a factor, f,,,
until the value of the corresponding degraded open-
circuit voltage is obtained.

- The solar cell efficiencies thus obtained have been
multiplied by a factor f;,=0.72 to account for other
losses such as shadowing factors, non-ideal
reflectivity, series resistance, etc. As a result, for
example, a beginning of life efficiency for the 3J-2T
solar cell of 30 % is obtained, which is a value in the
range of the ones reported commercially for this type
of cells (Azur Space, for example offers cells with
efficiencies between 28 and 32 %) [7].

One consequence of using the model above will be that the
differences in efficiencies that will be obtained among the 3J-
2T, 3J-6T and 3J-3T can be attributed only to differences in
the number of terminals between the cells and not to different
assumptions related to radiation degradation which is one of
the motivations of this work. We are considering that the
implementation of a higher number of terminals, by itself,
does not degrade the efficiency of the solar cells. This would
be a degradation very difficult to determine and, on the other
hand, once we report the results in the next section, the
interested readers will be able to easily correct them by the
degradation factor they wish. For reference, we plot in Fig. 3



the current-voltage characteristics of the subcells calculated
with the model just described. Once the current-voltage
characteristics of the subcells are available, obtaining the
efficiency for each terminal configuration becomes a trivial
electronic circuit exercise and will not be discussed here.

45 T T T T T
GalnP ——
_. 40| GaAs &
S Ge
' 35
< 30
E
> 25 o
2
g 20 (a)
2 15 ]
o
5 10 h
o
5 - =
0 1 | Il | 4 1 |

0 02040608 1 121416
Voltage (V)
45 T T T T !Bo T T
. 40 5X101gcm"l§ =
a5 L 2x1012 cm 3 |
§ 5x10°°cm™> ——
< L i
E 30
> 25 5
B
é 20 B ®
e 15 —
o
5 10 A
(&)
5 =
0 | | 1 | ] | |
0 02040608 1 121416
Voltage (V)

Fig. 2. Current-voltage characteristics of the solar cells used in this paper:
(a) characteristics in the radiative limit; (b) degradation assumed of the
radiative current-voltage characteristic of the GaAs cell as a function of the 1
MeV electron fluence indicated in the inset. The characteristic in the radiative
limit in this plot is labelled BOL. Note that the efficiencies reported in this
work correspond to the efficiencies calculated using these curves multiplied
by 0.72 (in all cases) to scale the results from the “radiative limit” to results
comparable with present state of the art solar cells.

IV. RESULTS

Fig. 3 summarizes visually the results from the modelling
explained before and Table II gives the numerical values. As
expected, the most complex structure 3J-6T offers the highest
EOL: 29.5 % after a 5 X 10'> cm? fluence, 7.6 points above
the EOL of the conventional 3J-2T solar cell which is 21.9 %.
However, the 3J-3T structure still offers an EOL of 26.2 %
for the same fluence which is 4.3 points above the EOL of the
conventional 3J-2T approach while adding only one extra
terminal.
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Fig. 3. Efficiency of the three different multi-terminal approaches studied
here: 3J-2T (three junctions, two terminals), 3J-6T (three junctions, six
terminals), 3J-3T (three junctions, three terminals). Each bar shows the
radiative limiting efficiency, the practical efficiency or expected efficiency
at the beginning of life (BOL) and the expected end of life efficiency (EOL)
after the cells are exposed to the indicated 1 MeV electron fluences (in cm”

2).

TABLE I. PARAMETERS USED IN THE SIMULATION OF THE SOLAR CELL EFFICIENCY. A REMAINING FACTOR F; MEANS THAT THE SHORT-CIRCUIT CURRENT IS
MULTIPLIED BY F;. A REMAINING FACTOR fV MEANS THAT THE REVERSE SATURATION CURRENT AT THE BEGINNING OF LIFE (BOL) IS MULTIPLIED BY fV~

InGaP cell GaAs cell Ge cell

Spectrum AMO (2000 ASTM Standard Extraterrestrial Spectrum Reference E-490-00)
Absorptivity 0.86 1 1
Temperature 300 K
Energy gaps 1.88 eV 141 eV 0.66 eV
Remamﬂg fa_“}"rs for Current: F; =1 Current: F; =0.90 Current: F; =1
5 X 107 cm Voltage: f, = 1 Voltage: f, = 1 Voltage: f =1
1 MeV electron fluence A gy = g ) =
F;e)r?a;lg;r;gcia:_cztors for Current: F; =1 Current: F; = 0.85 Current: F; =1
1 MeV electron fluence Voltage: f, = 1 Voltage: f, = 106 Voltage: f, =1
f;efa;g}*;g rfra:ztors for Current: F; =1 Current: F; = 0.75 Current: F; =1

¢ Voltage: f, = 1 Voltage: f,, = 350 Voltage: f, =1

1 MeV electron fluence

TABLE II. EFFICIENCIES OF THE TRIPLE JUNCTION SOLAR CELL DEPENDING
ON THE MULTI-TERMINAL CONFIGURATION AND THE ELECTRON FLUENCE.

3J-2T 3J-6T 3J-3T
Radiative limit 41.8 46.4 46.4
BOL 30.0 333 33.3
After 5 X 10** cm™
1 MeV electron fluence 273 322 312
14 2
After 5 X 10 cm 25.0 307 289

1 MeV electron fluence
After 5 X 10* cm™ 21.9 29.5 26.2

1 MeV electron fluence




V. SOME CONSIDERATIONS RELATED TO MULTI-TERMINAL
SOLAR CELL INTERCONNECTION IN A MODULE

After the solar cell efficiency analysis we have carried out,
we want to remind the reader about some of the topics related
to solar cell interconnection in order to implement a
photovoltaic module. We will support our discussion with the
aid of Fig. 4 that makes a comparison between the
connectivity options in a module arrangement between 2-
terminal MJSC (Fig. 4a), 4-terminal MJSC (Fig. 4b) and 3-
terminal heterojunction bipolar transistor solar cells (Fig. 4c).
In all cases, for simplicity, we will consider that the module
consists of only two multi-junction solar cells, C1 and C2,
being the scalation to a higher number of solar cells trivial.
Also, in order to keep the schematics simple, each multi-
junction solar cell, C1 and C2, will be assumed to consists of
two cells, a top subcell (designated by T) and a bottom subcell
(designated by B).

In the case of the two-terminal (2T) multi-junction solar
cells (Fig. 4a), the solar cells are usually connected in series
in order to produce a high output voltage, V. As it is known,
the drawback of this connection is that the subcells T and B
must be current-matched.

In the case of the four-terminal (4T) multi-junction solar
cells (Fig. 4b), the top cells can be connected in series to
produce a high output voltage Vy . Similarly, the bottom
cells, can be connected in series to produce a high output
voltage V}; p. The drawback of this approach steams from the
higher number of terminals that have to be extracted from the
multi-junction solar cells and from the fact that the top cell and
the bottom cell have to be electrically isolated from each other.

In the case of the three-terminal multi-junction solar cells,
there is no trivial way of connecting them in series to increase
the output voltage. There is a partial solution, proposed by Gee
[8] in 1988 but this solution demands that the output voltage
of the top cell is an integer multiple of the output voltage of
the bottom cell. Some of the present authors have already
explored experimentally this solution in [9] using
AlGaAs/GaAs three-terminal  heterojunction  bipolar
transistor solar cells as proof of concept [10].

An alternative to Gee’s solution, not demanding any
constrain between the output voltages nor the currents of the
subcells, could be to connect first the cells in parallel (if
needed to increase the current), as illustrated in Fig. 4c, (top
cells with top cells and bottom cells with bottom cells) and
then, connect each group to a DC/DC converter that directly
tracks the maximum power point and regulates and increases
the output voltage. The drawback of this approach is that
DC/DC converters, to our knowledge, are not very efficient
(below 90 %) when their input voltage is too low. As it can be
seen, under this approach, while one of the DC/DC converters
is fed with the output voltage of the top cell, V., that is
typically above 1 V and could be acceptable, the other DC/DC
converter is fed with the output voltage of the bottom cell, Vj,
which could be too low (below 0.5 V) in order to achieve high
efficiency in the DC/DC converter [11]. Hence, the efficient
use of three-terminal solar cells is probably linked to the
success in the creation of efficient DC/DC boost converters
capable of operating with low input voltages.

Vir

(b)

Vir to DC/DC 1

—O

C1

Vg to DC/DC 2
Al P B ©

Fig. 4. Examples of interconnection of two multi-junction solar cells (Cl1
and C2), consisting of two subcells each (top cell, T, and bottom cell, B)
aiming to increaset the output voltage: (a) classic series connection of two-
terminal solar cells; (b) series connection (grouping top with top cellls and
bottom with bottom cells in series) of four-terminal cells and; (c) two three-
terminal heterojuntion bipolar transistor solar cells connected in parallel first
and then to two DC/DC converters.



VI. CONCLUSIONS

Considering the multi-junction solar cells before being
integrated in a module, the three-terminal approach offers
around 4 additional EOL efficiency points when compared
with the conventional two-terminal triple-junction solar cell at
the cost of introducing one extra terminal but with the
advantage of a simpler internal semiconductor layer structure
(avoids two tunnel junctions). The six-terminal approach
offers 7.6 more efficiency points but at the cost of adding four
more terminals and introducing the need of substituting the
tunnel junctions by electrically isolating layers and, therefore,
not simplifying the internal semiconductor structure of the
multi-junction solar cell. We point out though, that due to
difficulty for interconnecting the three-terminal solar cells in
series to increase the voltage, their success is linked to the
success of the development of efficient DC/DC boost
converters capable of operating with low input voltages (< 0.5
V) in order to boost the output voltage of the bottom cell to
useful levels.
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