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ABSTRACT

Results of improvements in Emcore’s large-area (
26.6 sz) triple-junction (3J) space solar cells are
presented. Volume production of this space-qualified
InGaP/InGaAs/Ge advanced triple-junction (ATJ) flight
solar cell shows a minimum lot avera%e conversion
efficiency of 27.5% (AMO, 135.3 mW/cm®, 28°C), with
observed lot average conversion efficiencies of greater
than 28.0%. The ATJ cells maintain a radiation hard
design similar to that used in the first generation Emcore
3J solar cells. The power remaining factors after irradiation
with 1-MeV electrons at fluences of 5E14, 1E15, and 5E15
el cm? are 0.89, 0.85,and 0.74, respectively. The realized
improvements in the ATJ solar cell have resulted in part
from an improved “blue” response in the Ge subcell, the
addition of indium to the GaAs middle cell composition,
and from improvements to the bulk material quality of the
InGaP top cell.

INTRODUCTION

Currently, high-efficiency n/p InGaP/GaAs/Ge triple-
junction (3J) solar cells are in high volume production at
Emcore Photovoltaics. The cells are designed for high
beginning-of-life (BOL) and end-of-life (EOL) power.
Routine quarter point radiation testing with 1MeV electrons
has consistently shown an EOL/BOL power remaining
factor of 0.87 for the 1E15 e/cm?® fluence. The minimum
average BOL efficiency for this cell design is 26.0% with
observed efficiencies as high as 27.6% measured for
large-area (27.5 sz) cells, under one-sun, air-mass zero
(AMO, 135.3 mW/cm?, 28°C) [1]. An efficiency distribution
including >55000 production triple-junction solar cells is
shown in Figure 1. This first generation of large area
(27.5 cm2) 3J devices consisted of an InGaP top cell
lattice-matched to a GaAs middle cell that was in turn
slightly mismatched (0.08%) to the Ge bottom cell.

In an effort to improve the production 3J cell
design, a modeling study was undertaken in conjunction
with the fabrication and testing of individual subcells that
comprise the triple-junction to determine which subcells
required further design improvements. In this paper we
present a comparison study of the conversion efficiency of
the more than 19,000 production ATJ cells with that of the
first generation 3J cells. In addition, highlights of the 3J

optimization program that have resulted in a 27.5% ATJ
solar cell suitable for high volume manufacturing will be
presented.

> 33,000 3J Cells
Avg. Eff. = 26.0 %

~ S.C. = 135.3 mW/cm2

Cell Area = 27.5 cm’

26 27
1 Sun AMO Efficiency (%)

Fig. 1 One-sun AMO efficiency distribution containing
>55,000 production triple-junction (3J) solar cells.

3J CELL OPTIMIZATION

A modeling study was undertaken in conjunction with
the fabrication and testing of individual subcells that
comprise the triple-junction to determine which subcells
required further design improvements. Assumptions made
in the model include finite thickness absorption using
thicknesses typical of our production devices, no reflection
loss and unity collection efficiency [2]. The results of this
modeling study are summarized below in Table 1. The
short circuit-current (Jsc), the open-circuit voltage (Voc),
and the fill factor (FF) parameters typical for each subcell
of the production 3J solar cells are tabulated as a
percentage of the theoretical limit. In the case of Voc, both
the radiative limit and a practical limit are listed. The
practical limit is an empirical number determined by
assigning favorable yet practical values to the
recombination and transport parameters used in analytical
expressions for the reverse saturation current. A
comparison of the measured individual subcell electrical
performance with that of the modeling data indicated that
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the Ge subcell was the most deficient relative to the
theoretical predictions. The relatively low current collection
in the Ge subcell can be understood by examination of the
quantum efficiency data in Figure 2. The quantum
efficiency spectrum of the 3J Ge junction shows a
relatively low collection efficiency of 60% at the band edge
of the GaAs subcell. This low “response” is indicative of
high recombination at the front surface of the Ge junction.
The high recombination will also result in a higher dark
current thus lowering the Voc of the junction.

Table 1. Percentages of limiting output parameters
achieved in production.
Percent of limit achieved
Jsc Rad. Practical  Fill Factor
Limit Voc
Voc
InGaP 87 91 94 95
cell
GaAs 92 91 97 95
cell
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Fig.2 External quantum efficiency of the Ge subcell portion
of the production 3J and ATJ solar cells.

Organometallic vapor phase epitaxy (OMVPE)
growth experiments were undertaken to better control the
formation of the diffused Ge junction. The quantum
efficiency of the improved Ge junction resulting from the
growth experiments is shown in Figure 2 and is denoted
as “ATJ". A 40% increase in the integrated current and a
36% increase in the Voc also characterize this improved
Ge junction. Although the 40% increase in current
collection does not impact the present triple-junction
device it may be necessary for use in a four junction
configuration. In that case, the fourth junction would
convert light from 870nm to about 1200 nm. As such, the
Ge junction will be generating less current due to the

reduced spectrum available. Since the spectrum
bandwidth of the Ge junction is smaller in the four junction
configuration, it is important that the quantum efficiency be
maximized over the bandwidth.

Modeling studies have shown that the
INGaP/GaAs/Ge prototype cell does not contain the
optimum bandgaps for maximum solar cell conversion
efficiency [3]. In particular, one must increase the top cell
bandgap and lower the middle cell bandgap to move
towards the optimum conversion efficiency. In addition
there is the added constraint that the epi-materials remain
lattice-matched to the underlying substrate in order to
avoid dislocation formation. In a first step towards a
reduction of the middle cell bandgap we have added
indium to the GaAs middle cell and to all active layers of
the triple-junction solar cell. As a result, all active layers
are nominally lattice-matched to the Ge substrate. The
approximately 1.4% increased current generation in the
middle cell allows an increase in the top cell thickness
thereby increasing the overall current output of the triple
junction. Finally, improvements were made to the
crystalline quality of the InGaP top cell through a series of
OMVPE growth experiments.

ELECTRICAL DATA

Current-voltage (I-V) measurements were performed
for every fabricated solar cell under AMO illumination
conditions. For selected cells quantum efficiency (QE)
measurements were also performed. As mentioned
earlier, both the 3J and ATJ cells were designed for the
best end-of-life (EOL) performance, where the thickness of
the top InGaP cell is intentionally reduced from optimum.
Figure 3 displays typical illuminated current-voltage (V)
characteristics for the triple-junction and advanced triple-
junction products. Examination of the IV data indicates
that the performance enhancement of the ATJ triple-
junction results from a 2.9% increase in the Voc and a
3.7% increase in the Jsc relative to that of the first
generation triple-junction cell.
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characteristics of production 3J and ATJ solar cells.



The minimum lot average conversion efficiency for
more than 19,000 large-area (26.6 sz) flizqht ATJ cells
was 27.6% under AMO, 135.3 mW/cm” illumination
condition, and 28°C constant cell temperature. A
comparison of the average values for the open-circuit
voltage (Voc), voltage at maximum power point (Vmp),
short-circuit current (Jsc), current at maximum power point
(Jmp), maximum power point (Pmp), fill factor (FF), and
efficiency () for the ATJ and 3J cells are given in Table 2.
The data show that the ATJ cell design provides a 5.6%
increase in power output at beginning of life (BOL) over
that of the first generation triple junction solar cell.

Table 2. Typical electrical performance of InGaP/GaAs/Ge
3J and InGaP/InGaAs/Ge ATJ solar cells under 28° C, 1
sun AMO, 135.3 mW/cm? solar constant .

Cell Voc (V)  Vmp (V) Jsc Jmp
Type (mAlcm®)  (mA/cm?)
AT 2.61 2.32 17.0 16.0
3J 2.56 2.28 16.3 15.4
Cell Type Fill Factor (%) Pmp (W)  Efficiency(%)
ATJ 83.7 1.021 275
3J 84.5 0.967 26.0

Statistically, the device enhancements have resulted
in a movement of the average conversion efficiency from
26.0% to 27.5%. Figure 4 displays the efficiency
histogram containing >19,000 ATJ cells. As the efficiency
distribution in figure 4 indicates, large- area cells with
efficiencies of >29% have been manufactured.

Fig. 4 One-sun AMO efficiency distribution for production
of >19,000 advanced triple junction solar cells.
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InGaP/InGaAs/Ge production solar cell with an AMO
efficiency of 29.2%.

The highest measured efficiency for a large-area
(26.6 sz) production solar cell was 29.2% (AMO, 135.3
mW/cmz, 28°C). To the best of our knowledge, this is the
highest measured efficiency for a large-area flight
InGaP/InGaAs/Ge triple-junction solar cell grown on a Ge
substrate. The I-V plot for this cell is shown in Figure 5.

RADIATION TESTS

The ATJ product utilizes a base doping design in the
middle cell similar to that of the first generation Emcore 3J
product. Modeling studies leading to the design of the first
generation 3J cell showed that with carefully chosen
subcell design, minority carrier diffusion lengths exceeding
the base thickness can be achieved even after exposure
to 1E15 e/cm? 1-MeV electrons[1].

In order to accommodate the high-energy particle
beam uniformity limitations, solar cells that were sent for
radiation testing had a 4 cm® area instead of the
production values of 27.5 cm?® or 26.6 cm. 80 solar cells
were irradiated with 1-MeV electrons at fluences of 5E13,
1E14,5E14,1E15 and 3E15 e/lcm®. The light I-V
characteristics and QE data were measured for every cell
before and after 1E15 and 3E15 e/cm®. The average
remaining power factors (P/Po) after electron irradiation at
each fluence is given in Table 3.

The power remaining factors shown in Table 3
indicate a high radiation resistance to electron damage for
the ATJ product similar to that previously reported for the
first generation 3J product. The data also suggests that
the presence of a small mole fraction of indium in the
middle cell does not adversely affect the radiation
hardness. This result is consistent with the study of
Walters et al. [4 ]. In that study it was concluded that the
degradation of InxGaixAs ( 0.01< X< .22) solar cells with
exposure to proton irradiation was less or equal to that of
conventional GaAs/Ge cells. The impact of the radiation
degradation on the advanced triple-junction and the first



Table 3. Average remaining power factors (P/Po) for triple-
junction cells after 1-MeV electron irradiation.

Radiation Dose (e/cm®)  P/Po (3J)  P/Po (ATJ)
5x 10% .99 97
1x10™ .96 .96
5x 10 91 .89
1x 10" 87 85
3x10% .78 74

generation triple-junction solar cells is summarized in
Table 4.The data indicate that the ATJ product is 24.6%
efficient after exposure to 1E15 e/cm? 1-MeV electrons. As
such, the ATJ solar cell design produces 4% more power
at EOL (1E15 e/cm’® 1-MeV electrons) than the first
generation triple-junction.

Table 4. EOL electrical performance comparisons for the
advanced triple-junction and first generation triple-junction
solar cells.

Solar Cell Technology  EOL Efficiency @ 28°C

1 MeV, 5E14 elcm?
3J 23.6
ATJ 24.6

1MeV, 1E15 e/cm?®

3J 22.6
ATJ 23.5
SUMMARY

We have presented some highlights of a triple-
junction optimization program. The advanced triple-
junction is characterized by a BOL efficiency of 27.5%
under one-sun, air-mass zero (AMO, 135.3 mW/cmz,
28°C). BOL efficiencies as high as 29.2% have been
observed in the course of production. Statistical analysis
of >19,000 production second generation advanced triple-
junction solar cells indicates a 5.6% and 4.0%
improvement in the BOL and EOL efficiencies respectively
when compared to the first generation triple-junction.
Degradation of the advanced triple junction c ell with high
energy ionizing radiation is comparable to that of the first
generation triple-junction. This result suggests that the
addition of a small indium mole fraction to the GaAs
middle cell results in no deleterious effects in the radiation
hardness. The advanced triple-junction has benefited from

an improved @blue® response in the Ge subcell, the
addition of indium to the middle cell, and better bulk InGaP
quality in the top subcell.
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