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The spectral response of concentrator multijunction solar cells has been measured over a temperature range

of 25-75°C. These data are combined with reference spectra representing the AMI-5 standard as well as
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higher than AM1-5. Copyright © 2008 John Wiley & Sons, Ltd.

KEY WORDS: photovoltaic cell measurements; solar energy

Received 25 August 2008; Revised 21 October 2008

INTRODUCTION

Concentrator photovoltaic (CPV) systems are attrac-
tive for utility-scale energy production due to their
high energy capacity and potential for rapid scale-up.
In particular, high-concentration photovoltaic (HCPV)
systems employing III-V multijunction solar cells
promise a low system-level cost of energy. With the
demonstration of cell efficiencies over 40%,l devel-
opment and field deployment of concentrator systems
using multijunction cells has accelerated. In order to
extract the maximum possible energy from a system
employing III-V multijjunction cells, a detailed
understanding of the spectral sensitivity of the multi-
junction cell is required. The standard test conditions
(STC) under which cells are measured consist of a
temperature of 25°C and a spectrum calibrated to an
AMI1-5 reference such as ASTM G173-03. This
method was originally developed primarily for rating
fixed (non-tracking) single-junction silicon modules.
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However, in recent years, the market-dominant silicon
cells have been bracketed on either side of their
performance range by multijunction designs. Thin-film
multijunctions have appeared on the low end of the
cost-efficiency range” and III-V multijunction con-
centrators have appeared on the high end. Both of these
multijunction technologies seek to deliver a lower
levelized cost of energy via efficient partitioning of the
solar spectrum.

However, the advantageous spectrum partitioning of
multijunctions brings increased sensitivity to spectral
variation and renders the AM1-5 spectrum less relevant
in predicting overall energy output in the field.>* In a
HCPV system, the III-V multijunction typically
operates at a temperature well above 25°C. The
variability of the incident spectrum with latitude,
atmospheric conditions, time of day, and day of year
affects the current output of each series-connected
subcell. As the understanding of the effect of these
conditions grows, CPV cell and system design can be
adjusted to deliver increasing annual energy output.

To this end, the spectral response of concentrator
multijunction cells has been measured over the range
of 25-75°C. These data were used to calculate the
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current and power output under the AM1-5, G173-03
spectrum. Using the NREL SMARTS model,>® annual
spectral irradiance for several reference locations was
generated to predict annual current and energy output.
Comparisons with the results under the AMI-5
spectrum point to the potential benefits of designing
the cells for operation under a higher effective air mass.

HI-V MULTIJUNCTION DESIGN

The high efficiency of the present III-V multijunction
cell is obtained by employing three subcells to partition
the incident solar spectrum and produce a higher voltage
and lower current than is obtained by, for example, a
single-junction silicon cell. The partitioning of the solar
spectrum among three subcells results in an increased
sensitivity to changes in the spectral content. The three-
junction structure consists of a GalnP top subcell and a
low-indium Ga(In)As middle subcell lattice-matched to
the Ge bottom subcell. Under the AM1-5 spectrum, the
band gaps of GalnP and the Ga(In)As are such that more
than a third of the available photons pass through them
and excess current is generated in the bottom, Ge,
subcell. The top and middle subcells are therefore the
limiters of the overall cell current.

For optimum performance under the AM1-5, direct
(G173-03) reference spectrum, the top and middle
subcells are designed to produce equal currents under
this specific spectrum. When the currents from these
two subcells are equal, the “current match” condition
balances the two subcell currents and prevents either
from limiting the three-junction stack. A deviation in
the spectrum away from AM1-5 will cause one of the
subcells to become the current limiter. A figure of merit
in three-junction cell design is therefore the ratio of the
current densities of the top and middle subcells. The
ratio of the top to middle subcell current density will be
referred to below as “J1/Jy;”. Under a given spectrum,
the highest current output for a three-junction cell is
obtained at current match, with J1/Jy; equal to one.

For a cell designed to deliver this current-matched
condition under the AMI1-5 spectrum, a change in
spectrum corresponding to a higher air mass, for
example, will provide less short-wavelength radiation
to be absorbed in the top subcell, starving it for current
and resulting in a Jy/Jy less than one. Conversely, a
lower effective air mass produces a J1/Jy; greater than
one. For the present multijunction structure, it is
generally easier to design for a lower Ji/Jy than a
higher J1/Jy. To produce a lower J1/Jy, the top subcell
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may be thinned to allow additional light to reach the
middle subcell. Down-conversion mechanisms such as
radiative coupling may also augment the middle
subcell current.” Complementary processes to aug-
ment top subcell current are less viable, although it is
possible to re-tune the anti-reflective coating to favor
the top subcell.

Temperature variation presents another variable in
optimization of the cell design.® STC dictate cell
measurement at 25°C, whereas a cell integrated with a
high-concentration optical system typically operates in
the 40-80°C range. A rise in temperature decreases the
band gaps of the various subcell materials and shifts
the wavelength range that is absorbed by each subcell.
This shifts the J1/Jy with respect to that measured at
the standard temperature of 25°C.

SPECTRAL RESPONSE
MEASUREMENT

The spectral response of concentrator multijunction
solar cells was measured as a function of temperature.
The Spectrolab multijunction solar cell devices under
test were the C1IMJ (“Concentrator, first-generation
Multijunction’”) and a prototype C2MJ. The C1M]J cell
has been in production since 2006; C1MJ cells have
passed a qualification program and are now installed in
several CPV systems around the world. Several design
variations were evaluated for the C2MJ cell. The
particular ““prototype C2MIJ” cell evaluated in this
work has a top subcell with a wider band gap, resulting
in a higher voltage output than the C1MJ. This is the
same prototype C2MJ structure evaluated in
Reference 9. However, this prototype did not become
the final C2MJ design that was implemented in
production in 2008. The term ‘“‘prototype C2MJ” is
retained for consistency with Reference 9.

Both cell designs have an anti-reflective coating that
is optimized for mating with a glass optical component
assumed to have a refractive index of 1-43. The cells in
this study were measured bare (without a glass optical
component); the results presented below include a
reflectance correction factor applied to the raw data to
represent performance expected under an index-
matched optical component such as a coverglass,
prism, or conformal coating.

The spectral response measurement technique is
similar to that published elsewhere.'®!" A tungsten-
halogen light source and high-resolution monochro-
mator were used to deliver low-intensity illumination
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at 5nm wavelength increments to a small area within
the aperture area of typical 1 cm? concentrator cells. To
select for a particular subcell under test, the incident
beam was chopped and the resulting subcell current
output was detected using a lock-in amplifier. To avoid
having the current limited by the two subcells not
under test, steady-state, filtered light bias was applied
to generate excess DC current in those subcells. A DC
electrical bias was also applied to maintain the subcell
under test close to its short-circuit current condition.

The cells were vacuum mounted on a brass stage that
was water cooled/heated to control the cell tempera-
ture. The temperature was monitored via a thermo-
couple mounted adjacent to the cell under test. For
measurement of the top and middle subcells, the system
was calibrated using a silicon reference standard.
Subcells in fully active three-junction structures were
evaluated. For measurement of the germanium bottom
subcell, a separate measurement was conducted via
calibration using a germanium reference standard. The
devices under test were then C1MJ germanium isotype
cells. A germanium isotype cell consists of the active
germanium (bottom) subcell beneath inactive top and
middle subcell materials formed without p-n junctions.

The spectral response of the subcells were measured
at 25, 45, 65, and 75°C. Results for the top and middle
subcells for C1MJ and the prototype C2MJ are shown
in Figures 1 and 2, respectively. Data shown is the
mean for five cells measured for each design. Results
for a single CIMJ germanium subcell isotype are
shown in Figure 3. Due to their proximity to the 75°C
data, the 65°C results are omitted from the figures to

100
90
63
hm
2
é?ﬂ
mﬂu
Ew
=
gm
™ 30 4
E
£ 20 4
w

10 4

o -

400 500 600 700 800 900
Wavelength (nm)

Figure 1. Spectral response of top and middle subcells of the
C1IMJ multijunction at 25, 45, and 75°C
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Figure 2. Spectral response of top and middle subcells of a
prototype C2MJ multijunction at 25, 45, and 75°C

improve clarity. The contour of the G173-03 spectrum
is included in the background, for reference. As cell
temperature rises, the band gap of each subcell is
lowered, causing the spectral response to shift towards
longer wavelengths. This shifts its alignment with
respect to the solar spectrum. For the top subcell, this
means an increase in the available photons. At 75°C,
the middle subcell approaches a falloff in available
photons near 900 nm as a result of the water absorption
band. As a result of these combined effects, J1/Jy is
expected to increase with temperature.
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Figure 3. Spectral response of a C1MJ bottom subcell iso-
type at 25, 45, 65, and 75°C
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BAND GAP TEMPERATURE
DEPENDENCE

The temperature dependence of each band gap and its
resulting derivative, can be expressed as'?

oT?
Eo(T) = Eo(0) = 3 M)
0E,  2aT al? 2

o THE (14 p)

Empirical values for « and § are available for GalnP,
GaAs, and Ge material, >~ Using the GaAs data set to
represent the Ga(In)As material, substitution into
Equation (1) yields the predicted change in band gap
with temperature indicated by the lines in Figure 4.

The data points were obtained from the spectral
response data. For direct band gap semiconductors, the
quantum efficiency at the band edge is proportional to
the square root of the band gap.'® Accordingly, the
band gap can be extracted from the quantum efficiency
data by determining the x-axis intercept of a linear fit to
the square of the quantum efficiency plotted against
photon energy. For indirect band gap materials such as
germanium, this approach is less accurate, as can be
seen in Figure 4 in the deviation of that data set from
the prediction.

The change in band gap with temperature indicated
by Equation (2) is higher for GalnP than for GaAs. For
example, evaluation of Equation (2) at 65°C yields a
value of 5-3 x 10~*eV/°C for GaInP and 4-6 x 10~ *eV/°C
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Figure 4. Temperature dependence of the band gaps of
C1MI subcells
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for GaAs. As temperature is increased, the absorption
band energy of the top subcell will shift more than that
of the middle subcell, causing a rise in Jp/Jy with
temperature. This augments a rise in J1/Jy due to the
re-alignment with respect to the bands in the solar
spectrum discussed above. The shift to higher Jr/Jy
with temperature is advantageous given that higher J1/
Jum is generally more difficult to achieve. It should be
noted that, in Figures 1 and 2, the shift in the Ga(In)As
band edge appears larger than that of the GalnP band
edge. This is due to the use of wavelength for the x-
axis, which is proportional to the inverse of photon
energy.

CURRENT AND POWER UNDER THE
AMI1-5 SPECTRUM

Using the spectral response data above, it is possible to
predict the output current density and power of the
multijunction solar cells under the AM1-5 reference
spectrum. The irradiance of the AMI-5, G173-03
(direct) reference spectrum is used to calculate the
number of photons available in the wavelength bands
of the spectral response data. Assuming each photon
could create an electron-hole pair, an equivalent
“available” current density in each 5nm interval is
then calculated. Convolution with the cell quantum
efficiency yields the expected short-circuit current
generated in each subcell under this spectrum. For the
purposes of comparison, the quantum efficiency data
of all subcells was normalized to a maximum
magnitude of 89%.

The results are indicated in Tables I and II. For both
cell designs, the J1/Jy target was 1-0 at a temperature
of 25°C. For the particular cells tested, the actual J1/Jy
was less than the target, indicating a top subcell that
was under-producing current with respect to the
middle subcell. Jy/Jy; of the prototype C2MJ cells
was particularly low. The higher band gap of the
prototype C2MJ top subcell makes a Jp/Jy of 1-0
harder to consistently achieve. Both cell designs
showed the expected increase in J1/Jy with tempera-
ture.

Under the AMI-5 spectrum, the excess current
available in the bottom subcell remains above 32% for
both cell designs at all temperatures. This excess
current plays a role in both heating the cell and in
maintaining a high fill factor for the multijunction.
Under conditions of reduced excess bottom subcell
current, the low fill factor of the bottom subcell will
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Table I. C1MJ cell under the G173-03 spectrum

CiMJ 25°C 45°C 65°C 75°C d/dT (/°C)
Top subcell current density (mA/cm?) 12-6 12-8 12-9 13-0 0-07%
Middle subcell current density (mA/cm?) 127 129 13-0 13-1 0-06%
Bottom subcell current density (mA/cm?) 19-0 19:2 193 193 0-03%
Top/middle J ratio 0-993 0-993 0-996 0-998 0-01%
Excess bottom subcell current 33-7% 333% 32-9% 32-4% —0-07%
Ve (V) 3-150 3-064 2-979 2936 —0-14%
Fill factor 0-850 0-840 0-830 0-825 —0-06%
Power density (W/em?) 1874 1825 17-77 17-52 —0-13%
Efficiency (50 W/cm?) 37-5% 36-5% 35-5% 35-0% —0-13%

become evident in the multijunction current-voltage
characteristic. This is discussed in the appendix.

In order to estimate instantaneous power output, the
cell current data were combined with temperature-
dependent voltage and fill factor data measured
previously. As part of the analysis in Reference 9,
temperature-dependent open-circuit voltage and fill
factor values were measured under 555X concen-
tration. Measurements were made using a Spectrolab
High-Intensity Pulsed Solar Simulator (HIPSS). A
concentration of 1x is defined here as 0-09 W/cm?,
AM1-5 ASTM G173-03 standard spectrum. A con-
centration of 555 x therefore corresponds to 50 W/cm?
incident power. Representative values of voltage and
fill factor for both cell designs are included in Tables I
and II below. The expected current output at 555x
concentration was calculated by assuming that the
multijunction cells, designed for operation at 555X,
operate at concentration levels where the current is
linear with concentration.”!"'” The 1x current
densities may therefore be scaled accordingly. The
last column of Tables I and II indicates the temperature
dependence of each parameter, expressed as a
percentage of the value measured at 25°C. The current
temperature coefficients are consistent with those
found in Reference 10.

For both designs, the modest increase in current with
temperature is more than offset by the decrease in voltage,
so power density and efficiency decline accordingly.
Due to the higher current mismatch in the prototype
C2MIJ cells measured, they produce a lower power than
the C1M]J cells at 25°C. As temperatures rise, however,
the prototype C2MJ cells provide increasingly higher
power with respect to the CIMJ cells. Measurement
under STC therefore fails to predict the optimum
design at higher (operating) temperatures.

PREDICTION OF ANNUAL CURRENT
ouTPUT

Analysis of the multijunction cell output under AM1-5
is a first step in understanding how much energy a
multijunction will produce in the field. In order to
estimate the annual energy output, additional spectral
conditions must be examined. The NREL SMARTS
model>® provides a convenient method to generate
spectral irradiance data at various hypothetical geo-
graphic locations. For a given latitude and elevation,
the model may be used to generate the available direct
normal spectral irradiance ([W/m2 nm] at Snm
intervals) throughout a day and year. Convolution

Table II. Prototype C2MJ cell under the G173-03 spectrum

Prototype C2MJ 25°C 45°C 65°C 75°C d/dT (/°C)
Top subcell current density (mA/cm?) 122 12-4 12-6 127 0-09%
Middle subcell current density (mA/cm?) 127 129 13-0 13-0 0-04%
Bottom subcell current density (mA/cm?) 19-0 19-2 19-3 19-3 0-03%
Top/middle J ratio 0-957 0-963 0-973 0977 0-04%
Excess bottom subcell current density 35-9% 35-4% 34-7% 34-1% —0-10%
Voe (V) 3:210 3-124 3.038 2-995 —0-13%
Fill factor 0-860 0-851 0-842 0-838 —0-05%
Power density (W/cm?) 18-66 18-27 17-89 17-68 —0-10%
Efficiency (50 W/cm?) 37-3% 36-5% 35-8% 35-4% —0-10%
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with the cell spectral response yields the current
generated at a given date and time. This provides a
means for estimating the cell annual energy output.

Output spectra were generated in the wavelength
range of 350-1800 nm for three locations. These were
(in order of decreasing geographic latitude): Madrid
(Spain), Phoenix (USA), and Alice Springs (Australia).
Spectral irradiance output was generated in 2h
intervals during daytime for one day in each month
of the year. For the case of Phoenix, this resulted in 72
data sets used to form the contour plots that follow. For
a location at lower latitude, more daytime hours would
produce additional data points. The US Standard
Atmosphere for 1976 was used as the reference
atmosphere. A low air turbidity value of 0-084 (the
default) was used, clear skies were assumed, and no
loss factor due to the concentrating optics was applied.
In general, concentrating optics tend to have lower
optical transmission in the wavelength range of the top
subcell, delivering a spectrum consistent with a higher
effective air mass. The results that follow therefore
represent something of an upper bound for actual
energy output in CPV systems in the field. As
additional detailed spectral irradiance data are col-
lected from the field, refinements to the results below
will be possible.'® Nevertheless, trends in these results
provide insight for future design directions.

The SMARTS spectral irradiance output for Phoenix,
USA is shown in Figure 5. For comparison, outdoor
measurements from the NREL Typical Meteorological
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Figure 5. SMARTS model direct normal irradiance for
Phoenix, USA in the wavelength range of 350—-1800 nm
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Figure 6. Typical Meteorological Year 2 (1961-1990) direct
normal irradiance for Phoenix, USA

Year 2 (TMY2) direct normal irradiance data for
Phoenix is shown in Figure 6."” The TMY?2 data set,
which includes the influence of cloud cover and local
weather variations, is comparable in shape to the
output generated by SMARTS. The maximum
irradiance seen in the TMY2 data are slightly higher
since the SMARTS modeled output was limited to the
range of wavelengths absorbed by a multijunction.

The projected annual current output of the multi-
junction cell is obtained by convolution of the modeled
spectral irradiance output from SMARTS with the cell
spectral response and subsequent summation of the
5nm wavelength elements. As an example, the
conditions at a cell temperature of 65°C in Phoenix
are shown in the contour plots below. It should be noted
that the cell temperature assumed here is based on the
cell spectral response measurements and is therefore
independent of the various air temperatures implicit in
the SMARTS model outputs. Under these conditions,
JrlJy (Figure 7) is slightly greater than one in the
summer months during the middle of the day. Since the
resulting excess current in the top subcell does not
contribute to current in the overall stack, the multi-
junction produces more current in the spring and fall,
when J1/Jp is closest to one. During the spring and fall
in Phoenix, there is a slight increase in solar irradiance
(Figures 5 and 6): the compound effect of these two
factors is a pronounced increase in overall multi-
junction current density during the spring and fall
(Figure 8).
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Figure 7. Top/middle subcell current density ratio for a

CIMI cell at a cell temperature of 65°C in Phoenix. The

current-match condition (J1/Jy; = 1) is indicated in gray. For

points below this plane, the top subcell limits the overall
current

In order to get a sense of the potential for improve-
ment in Jp/Jy in future cell designs, a “‘weighted
annual J1/Jy,” was calculated. Each J/Jy at a given
data point was weighted by the total current available
to the top and middle cell at that point. The sum of
these values, divided by the total annual current,
provides the weighted annual J1/Jy indicated in
Figures 10 and 11. The results are discussed in relation
to energy output in the section that follows.
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Figure 8. Short-circuit current density for a CIMJ cell at 1 x
and a cell temperature of 65°C in Phoenix
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To determine the typical amount of excess bottom
subcell current available, a weighted annual excess
bottom current density ratio was calculated, using the
current available to all three subcells as the weighting
factor. The weighted annual excess bottom subcell
current ratio ranged from a low of 39% (for a C1MJ
cell at 75° in Alice Springs) to 41% (for a C2M]J cell at
25° in Alice Springs). The higher excess current with
respect to AM1-5 is consistent with the generally lower
Jr/Jy with respect to AM1-5. The effect of the higher
annual excess bottom subcell current on fill factor is
discussed in the appendix.

PREDICTION OF ANNUAL ENERGY
ouTPUT

Following a process similar to that used above in
evaluating the cell power output under the AMI1-5
spectrum, cell energy output under the variable field
spectral conditions can be predicted. In order to
account for variations in intensity, intensity weighting
functions were applied to the cell voltage for each data
set. As shown in Reference 9, the open-circuit voltage
has a logarithmic dependence on intensity

nkT Poex=1
e = ————10g(X) + Voex—1 for e =7
qug(e) 3
) 3)
>>1,—
X

Based on the measurements in Reference 9, an
ideality factor for the multijunction diode of 3-4 was
assumed in Equation (3) to obtain the appropriate
intensity corrections to the measured open-circuit
voltage at 50 W/cm?. The fill factor was corrected for
temperature, but not for intensity or spectral variation.
In order to simplify the analysis, fill factor variations
are largely neglected in this study. However, variations
in fill factor can have a significant impact on
performance. For example, it has been observed that
arise in fill factor due to current mismatch can partially
offset the decrease in current that results.® The effect of
intensity variation on fill factor will depend on the
particular metal coverage ratio applied to a given cell.
The potential impact of spectral variation on the fill
factor is treated in the appendix.

Based on the assumptions above, the resulting
instantaneous power output is shown in Figure 9. The
value at each data point was summed to obtain an
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Figure 9. Projected power output for a C1MIJ cell at 500x
and a cell temperature of 65°C in Phoenix

estimate of the annual energy output at 555 optical
concentration for a 1 cm? cell.

Weighted annual Jy/Jy and energy output at the
three locations, in order of decreasing latitude, for C1MJ
and prototype C2MJ cells are shown in Figures 10
and 11, respectively. As might be expected, Jy/Jy; and
the energy output increase with decreasing latitude for
both cell designs. Despite consistently lower weighted
annual J1/Jy;, the prototype C2MJ cells provide higher
annual energy output under all conditions. Though
testing at 25°C under AM1-5 would have suggested
otherwise, the advantage of higher cell voltage out-
weighs the decrease in current due to current mismatch.
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Figure 11. Predicted annual output of prototype C2M]J cells
at several locations

Annual energy output ranges from a low of
59 kW hr/cm? yr for a CIMJ at 75°C in Madrid to a
high of 70 kW hr/cm? yr for a prototype C2MJ at 25°C
in Alice Springs. Assuming 555X concentration over
the wavelength range of 350—1800 nm, the correspond-
ing annual insolation values predicted by SMARTS for
Madrid, Phoenix, and Alice Springs are 173, 183, and
187 kW hr/cm? yr, respectively. The annual mean cell
conversion efficiencies therefore range from a low of
34% for C1MIJs at 75°C in Madrid to a high of 37% for
prototype C2MJs at 25°C in Alice Springs.

The weighted annual Jy/Jy; of both designs is
markedly lower than that under AM1-5 (G173-03).
This suggests that, over the course of a year, significant
excess current is generated in the middle subcell, only
to be lost in carrier recombination due to top subcell
current limitations. One of the principal appeals of
HCPV systems for utility-scale applications is that the
high cell efficiencies serve to justify the use of
expensive, precision dual-axis tracking components.
This tracking, in turn, provides more consistent power
output throughout the day compared to fixed or single-
axis-tracking systems. This consistency in power
output is a signature advantage for large-scale utility
systems intended to provide a significant portion of the
power in an electrical grid. Sub-optimal current
matching substantially undermines this potential.

Cell structures designed for a higher effective air
mass would produce more consistent and higher
overall annual energy output. This is particularly true
for the higher-band-gap prototype C2MJ design, for
which Jp/Jy; is only approximately 0-9 at 65°C in
Phoenix. This J1/Jy might be increased by 10%, to
approximately 1-0, by appropriate re-optimization of
the cell design. Assuming any increase in top subcell
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current comes at the expense of the middle subcell
current, a Jp/Jy of 1-0 would still yield an increase in
annual current (and energy output) of 5%. This might
be achieved by thickening of the top subcell, for
example, or by re-tuning the anti-reflective coating.

The results above are an indication that a cell
optimized for operation at AM1-5 may not be well-
optimized for operation in the field. Rather, aiming for
a higher effective air mass appears to be the preferred
design direction. Concentrating optics, whether
refractive or reflective, tend to have their lowest
transmission in the wavelength range of the top
subcell. If these effects are considered, the advantage
of re-optimization of the cell structure for higher
effective air mass is compounded.

CONCLUSION

The spectral response of multijunction solar cells has
been measured over the temperature range of 25-75°C.
These data have been used to predict cell performance
under the AM1-5 reference spectrum and under annual
spectra representing several field locations. Compari-
son of cell performance in field conditions with those at
AMI1-5 and 25°C suggest that significant improvements
in annual energy output may be realized by designing
multijunctions for operation at elevated temperature and
an effective air mass higher than AM1-5.
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APPENDIX: CURRENT ALLOCATION
AND FILL FACTOR

Due to its narrow band gap (0-67eV), the present
bottom subcell of the III-V multijunction cell has a
significantly lower fill factor than that of the other two
subcells. The relative importance of this depends on
the amount of excess current available to be generated
by the bottom subcell. Under the AMO and AM1-5
spectra, there is enough excess current allocated to the
bottom subcell to avoid a significant impact on the
overall fill factor of the multijunction stack. With
sufficient excess current generated in the bottom
subcell, the current match condition is obtained well to
the right of the knee in the bottom subcell current-
voltage characteristic: changes in current do not result
in significant changes in subcell voltage.

The excess current available is sensitive to both
temperature and spectral conditions. Changes in the
cell design can also alter the ratio. Future high-
efficiency cell designs, such as metamorphic three-
junctions'** and some four-junction designs, increase
cell efficiency by increasing the absorption in other
subcells or by increasing the bottom subcell band gap,
effectively reducing the excess current allocated to the
bottom subcell. Techniques to reduce cell absorptance
(to decrease cell temperature) will also decrease the
excess current available. As the excess current
decreases, the low fill factor of the bottom subcell
becomes increasingly evident in the fill factor of the
full multijunction.?’ This could partially offset the
anticipated advantages.

To illustrate this effect, measurements at 555 X were
used to generate subcell current-voltage characteristics
of a top-middle two-junction cell and a bottom subcell
isotype (Figure 12). The two-junction cell has a fill
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Figure 12. Effect of excess bottom subcell current on the
current-voltage characteristic

factor of 0-845. A family of six curves representing 5%
relative decrements in bottom subcell current was used
to simulate decrease of current in the bottom subcell.
The highest bottom subcell current shown has 42%
excess current with respect to the two-junction cell and
a fill factor of 0-62.

Three-junction composite current-voltage charac-
teristics were generated by combining the two-junction
curve with each of the bottom subcell curves by
summing the subcell voltages at points where the
currents were closely matched. The resulting decrease
in fill factor with decrease in excess current is evident
in the composite three-junction curves in Figure 12 and
in Table III. Based on these results, a modest increase
in fill factor of 0-003 might be expected in moving
from an excess current of approximately 34% under
AM1-5 up to the 40% range found for the geographic
locations examined above. This provides confidence
that future designs that require a reduction in excess
bottom subcell current have some design margin with
respect to potential loss in fill factor.

Table III. Impact of bottom subcell on fill factor

Excess bottom subcell current Three-junction fill factor

42% 0-838
35% 0-835
28% 0-833
20% 0-831
13% 0-827
6% 0-820
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