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§ Previously, we studied III-V PV cells at 
high temperatures under an ARPA-E 
program

§ Key takeaways
– Conversion efficiency drops rapidly as T 

increases due to exponential increase in 
dark current

– Quantum efficiency remains high due to 
long diffusion lengths

– Devices behave well up to 500°C, obeying 
conventional models with minimal 
modifications

1

GaAs power-over-fiber receivers at cryogenic 
temperatures
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Fig. 9. VOC as a function of both temperature and concentration for the
AlGaInP solar cell. The dashed lines show the slopes of these curves for an
ideal n = 1 diode at each temperature.

Fig. 9 shows a plot of the VOC of the AlGaInP cell, measured
using the HIPSS, as a function of both temperature and con-
centration. At a temperature of 400 °C, the VOC increases from
∼600 mV at 1 sun to ∼950 mV at 1000 suns. The dashed lines
show the slopes of these curves for an ideal n = 1 diode at each
temperature. The overlap of this line with our measured data
shows that there is a clear n = 1 region at lower concentrations;
however, the VOC starts to roll over at increasing concentrations.
We are still investigating the cause of this rolloff. Note also that
the slopes of the n = 1 lines increase with temperature, due to
the increasing kT/q arguments in the exponents of (3). This sug-
gests that moving to high concentration is even more leveraging
at high temperatures than it is at room temperature.

B. Temperature-Dependent Performance of the GaAs Cell

The temperature-dependent IQE of the filtered GaAs cell is
shown in Fig. 10. Similar to what we observed with the AlGaInP
cell, there is no significant degradation to the IQE as the cell
temperature is increased, with the magnitude of the peak IQE
remaining at ∼92% over the entire temperature range. It is also
apparent that the bandgap of the GaAs cell and the AlGaInP filter
are both decreasing as the temperature is increased, causing
the turn-on and turn-off of the IQE curves to shift to longer
wavelengths.

Fig. 11 shows temperature-dependent LIV measurements of
the GaAs solar cell taken at 1 sun under the AM1.5D spectrum.
As the temperature is raised, we observe an increase in JSC due
to the decreasing bandgap of GaAs. It is also clear that there is a
significant slope at JSC at the highest temperatures, which was
not observed for the AlGaInP cell. The reason for this is that the
dark currents in the lower bandgap GaAs cell are ∼100× higher
than in the AlGaInP cell at 400 °C. We find that the VOC is
decreasing at a rate of ∼2.4 mV/°C at a light intensity of 1 sun,
and again this is the dominant factor impacting cell efficiency.
This cell is clearly not suitable for 1 sun operation at 400 °C

Fig. 10. Temperature-dependent IQE of the GaAs solar cell showing no sig-
nificant degradation to the peak IQE and a reduction in the bandgap of the
AlGaInP filter and the GaAs active layers as the temperature is increased.

Fig. 11. Temperature-dependent LIV measurements of the GaAs solar cell
taken at a light intensity of 1 sun under the AM1.5D spectrum. As the tempera-
ture is increased, we observe an increase in JSC and decrease in VOC .

due to its low VOC and the large slope at JSC . However, as the
concentration is increased, the VOC will increase significantly
and, provided that the RS is low, the slope at JSC will become
insignificant.

Temperature-dependent DIV measurements of the GaAs solar
cell are shown in Fig. 12. The dashed lines on this plot indicate
the slopes of ideal diodes with ideality factors of 1 and 2 at a
temperature of 25 °C. As with the AlGaInP cell, there is a clear
n = 2 region at every temperature measured, allowing us
to extract the temperature-dependent J02 dark current. How-
ever, we were unable to fit to the n = 1 line at the highest
temperatures, and therefore, the J01 dark currents must instead
be extracted using concentrator measurements.
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∼ 30 to ∼ 1500 suns by adjusting the area of an aperture that
blocks out a fraction of the light generated by the arc lamps. We
assume that the photocurrent varies linearly with intensity, and
determine the concentration from the ratio of the short-circuit
current density (JSC) measured using the HIPSS to the 1 sun
JSC measured using our solar simulator. At the largest apertures
and highest temperatures, the series resistance can prevent the
LIV curves from flattening before JSC . When this is the case,
the JSC cannot be used as an indicator of the concentration.
For those curves, we estimate the concentration by assuming
that the variation of photocurrent with temperature is the same
at all apertures. Therefore, the relative change in photocurrent
from 25 to 400 °C should be the same at the largest aperture
(>1000 suns) as it is at the smallest aperture (<40 suns), and
the concentrations can be appropriately scaled. This assumption
will be validated below.

The temperature of the Linkam stage is measured using a
thermocouple embedded in the stage. Since our cells are placed
on top of the stage, separated from the thermocouple, it is impor-
tant to verify that the temperature of our devices is close to the
thermocouple temperature. To do this, we measured the electro-
luminescence (EL) spectrum of a GaAs solar cell as the Linkam
stage was heated and used the peak emission energy (Epeak)
as a thermometer for the cell temperature. The bandgap of the
GaAs active layers can be calculated by subtracting kT/2 from
this peak emission energy, where k is the Boltzmann constant
and T is the cell temperature in Kelvin [21]. The temperature
dependence of the GaAs bandgap can also be described by the
Varshni equation shown as [22]

Eg (T ) = Eg (0) − αT 2

T + β
= Epeak(T ) − kT

2
(2)

where α and β are material constants and Eg (0) is the bandgap
at 0 K. Since the Varshni parameters are well characterized for
GaAs (α = 0.5405 meV/K, β = 204 K [23]), we can use this
equation to solve for the cell temperature from the peak emission
energy of the cell measured using EL. Fig. 3 shows a compar-
ison between the cell temperature calculated using (2) and the
thermocouple temperature. The dashed line has a slope of 1 to
indicate how far off the cell temperature is from the thermocou-
ple temperature. This plot gives us a good sense for how the
thermocouple temperature and the cell temperature differ. On
average, we measure a cell temperature that is 5.8 °C higher
than the thermocouple temperature, with a standard deviation
of 3.6 °C. All temperatures reported in the following sections
correspond to the thermocouple temperature.

III. TEMPERATURE-DEPENDENT SOLAR CELL MODEL

The operation of a p-n junction solar cell is often described
using the two-diode model shown as [4], [5]

J = J01

(
eq(V − J RS )/kT − 1

)
+ J02

(
eq(V − J RS )/2kT − 1

)

+
(V − JRS )

Rshunt
− JL (3)

Fig. 3. Comparison between the cell temperatures calculated using (2) and the
temperature of the thermocouple embedded in the Linkam stage. The dashed
line has a slope of 1 to indicate how far off the cell temperature is from the
thermocouple temperature.

where J is the current density of the cell, J01 and J02 are the
dark saturation current densities, q is elementary charge, V is
the applied voltage, RS is the series resistance, RShunt is the
shunt resistance, and JL is the photocurrent density [5]. This re-
lationship can be used to determine all the relevant performance
characteristics of a solar cell, including the VOC , fill factor (FF),
and cell efficiency. For this reason, it is critically important to
characterize the temperature dependence of JL , J01 , and J02 in
order to understand how cell performance will be impacted as
the operating temperature is varied.

The analytical drift-diffusion model splits the dark currents
into three components corresponding to recombination in the
emitter, base, and depletion regions. The J01 dark saturation
current densities, arising from bulk and interface recombination
in the quasi-neutral emitter and base regions, are defined as
follows [4], [5], [12]:
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where Dp is the diffusion constant for minority carriers in the
n-type emitter, Dn is the diffusion constant for minority carriers
in the p-type base, Lp is the minority carrier diffusion length
in the emitter, Ln is the minority carrier diffusion length in the
base, Sp is the surface recombination velocity at the emitter–
window interface, Sn is the surface recombination velocity at
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the base–BSF interface, NA is the acceptor concentration in the
base, ND is the donor concentration in the emitter, xb is the
base thickness, xe is the emitter thickness, and ni is the intrinsic
carrier concentration.

The J02 dark saturation current density, arising from nonra-
diative recombination in the depletion region, is described by
[4], [5], [12]

J02 , depletion =
qniWd

2τ
(6)

where Wd is the width of the depletion region and τ is the
nonradiative carrier lifetime in the material.

The intrinsic carrier concentration ni is the dominant factor
in (4)–(6) that will determine the temperature dependence of the
dark currents, and is defined according to [24]

ni (T ) = 2
(

2πkT

h2

)3 /2

(mn
∗mp

∗)3 /4 e− Eg /2 kT (7)

where Eg is the bandgap, h is Planck’s constant, mn
∗ is the

effective electron mass, and mp
∗ is the effective hole mass.

Combining (4)–(6) with (7), we find that the ni-dominated
temperature dependence of the J01 and J02 dark currents can be
described by the following proportionalities:

J01 α T 3 e− Eg /kT (8)

J02 α T 3 /2 e− Eg /2 kT . (9)

These equations indicate that the J01 and J02 dark currents
will increase exponentially with temperature, which will lead to
a significant reduction in the VOC at high temperatures.

The photocurrent is closely linked to the EQE of the cell,
which can also be split into three components corresponding
to collection in the emitter, base, and depletion regions. While
these equations can be solved to obtain expressions for the EQE
in each region, the solutions are quite complex and there is no
single term that will dominate the temperature dependence [4],
[5], [12].

IV. CELL RESULTS AND DISCUSSION

Here, we describe quantum efficiency, current–voltage, and
concentrator measurements of AlGaInP and GaAs solar cells
taken over a temperature range of 25–400 °C. Our results are
compared with the temperature-dependent solar cell model de-
tailed in the previous section.

A. Temperature-Dependent Performance of the AlGaInP Cell

The temperature-dependent IQE of the AlGaInP cell is shown
in Fig. 4. There are two main takeaways from this plot. First,
the IQE does not degrade significantly as the cell temperature
is increased, with the magnitude of the peak IQE remaining at
∼ 86% over the entire temperature range. Second, the bandgap
of the cell decreases from ∼ 2.01 eV at 25 °C to ∼ 1.83 eV
at 400 °C. Note that the bandgap of the AlInP window layer
decreases with temperature as well, leading to a drop in the
short-wavelength IQE.

Fig. 5 shows temperature-dependent LIV measurements of
the AlGaInP solar cell taken at 1000 W/m2 (1 sun) under the

Fig. 4. Temperature-dependent IQE of the AlGaInP solar cell showing no
significant degradation to the peak IQE and a reduction in the bandgap of the
AlInP window and AlGaInP active layers as the temperature is increased. These
two factors drive an increase in the photocurrent at high temperatures.

Fig. 5. Temperature-dependent LIV measurements of the AlGaInP solar cell
taken at a light intensity of 1 sun under the AM1.5D spectrum. As the tempera-
ture is increased, we observe an increase in JSC and decrease in VOC .

AM1.5D spectrum. We observe a small increase in the JSC at
high temperatures due to the decreasing bandgap of AlGaInP.
We also find that the VOC decreases at a rate of ∼ 2.6 mV/°C
over this temperature range at a light intensity of 1 sun. The
dominant factor impacting the cell efficiency is the decreasing
VOC , which is a direct result of the exponentially increasing J01
and J02 dark currents.

Temperature-dependent DIV measurements of the AlGaInP
solar cell are shown in Fig. 6. At low voltages (V <100 mV),
the curves bend downward because of the –1 terms in the diode
equations. At high currents (J >100 mA/cm2), the curves begin
to roll over due to series resistance. The dashed lines on this
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§ Room temperature- efficiency up to 60% 
reported for laser photovoltaic power 
conversion!

§ Opportunity for ultrahigh power conversion 
efficiency (>60%) at liquid Ar temperature
– Note: III-V lasers are significantly more efficient 

at cryogenic than at room temperature!
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GaAs power-over-fiber receivers at cryogenic 
temperatures

Fafard, Simon, et al. Applied Physics Letters 109.13 (2016): 
131107.
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§ Design and fabrication of single- and multi-junction 
devices with useful voltage operating points for:
– Powering digital and/or analog electronics
– Biasing detectors

§ What are theoretical and practical limits of 
conversion efficiency at ~87K?

§ Can we harness strong photon recycling effects at 
cryogenic temperatures?
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Key areas of investigation
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§ MBE for photovoltaic 
cell growth
– Shared MOCVD also 

available
§ Characterization of 

composition, strain, 
defects, transport, 
optical properties

§ Device fabrication, 
testing, modeling
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Methods used in my lab


