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Operando Temperature Measurements of
Photovoltaic Laser Power Converter Devices Under
Continuous High-Intensity Illumination

John E. Geisz”, Daniel J. Friedman

Abstract—Photovoltaic devices that operate under extremely
high irradiances, such as laser power converters (LPCs), may also
operate at elevated temperatures, even under active cooling, as the
result of large temperature gradients. We demonstrate the opera-
tion of GaAs LPC devices under orders of magnitude of irradiances
up to 150 W/cm? in a monochromatic laser simulator with an
active cooling stage. The steady-state open-circuit voltage (Voc)
as a function of irradiance is known to droop at high irradiance
as the result of junction heating, but the junction temperature can
be difficult to measure by conventional methods. Fast, transient
Voc measurements under these extreme operating conditions are
used here to determine the junction temperature. Empirical Voo
temperature coefficients of the devices at each irradiance of interest
are determined and used as an integral part of this technique. We
show that the thermal design of different LPC devices strongly
affects the operating temperature of the junctions. Knowledge of
the operating temperature can be a strong tool for understanding
the nature of loss mechanisms and improving the design for the
operation of photovoltaic LPCs at high irradiances. This technique
can be used for laboratory devices during initial design as well as
to characterize mass-produced and packaged devices for quality
control.

Index Terms—Laser power converter (LPC), optical heating,
photovoltaic (PV) device, temperature measurement.

1. INTRODUCTION

ASER power converters (LPCs) are photovoltaic (PV)

devices that convert directed monochromatic light into
electricity. Optical wireless power transmission over fiber optics
or through free space that utilizes LPCs has many important
applications to transfer energy without electrical conductors [1].
Power conversion efficiencies of GaAs LPC devices around 69%
have been demonstrated [2] and efficiencies could theoretically
approach 85% [3]. As optical power densities are increased,
both the usefulness of practical LPC applications and the device
efficiencies could potentially increase, but loss mechanisms,
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such as nonradiative Auger recombination and resistance (I’R),
become increasingly dominant. These loss mechanisms collec-
tively generate heat, which further deteriorates the performance
of PV devices if not effectively dissipated. Under high-intensity
illumination, which is typically absorbed within the first several
micrometers of LPC device depth, large thermal gradients can
exist even when active cooling is utilized. The nonideal ther-
mal properties of typical semiconductor materials (e.g., GaAs
substrates) only exacerbate this problem. The proper design of
LPC devices requires a thorough understanding of the optical
properties of the semiconductor, which depend on the operating
temperature of the p-n junction [4]. Multijunction LPC device
performance can be particularly sensitive to temperature varia-
tions [5]. Understanding the heat transfer processes of packaged
or cooled high-power devices under extreme operating condi-
tions can be difficult and, sometimes, counterintuitive without
careful modeling. Due to the large thermal gradients within
micrometers, it is impossible to measure and, thus control,
the PV junction temperature under operating conditions using
conventional methods, such as thermocouples or RTD sensors.

Some previous LPC measurements have utilized a white-light
flash simulator, for which the short duration of the flash (on the
order of milliseconds) minimizes the heating effects during con-
trolled characterization [2], but these measurement conditions
are significantly different from the final application conditions. It
is, therefore, essential to devise a method to accurately measure
the temperature of PV LPC device junction within its intended
operating conditions for device characterization, modeling, and
design.

The open-circuit voltage (Voc) of solar cells [6], [7] and
thermophotovoltaic [8], [9] PV devices has long been recognized
as an excellent probe of temperature since it is a strong function
of temperature and irradiance [10], [11], [12] and can, thus, be
used to extract the temperature of the PV junction. In this article,
we present and demonstrate a practical method of determining
the junction temperature under LPC operating conditions using
Voc as a probe.

II. FAST Voo METHOD

When a PV device at thermal equilibrium (7)) in the dark
is suddenly illuminated, the absorption of photons leads to the
generation of electron—hole pairs and the concurrent production
of heat. This heat gradually accumulates in the device while it
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Fig. 1. Fast transient Voc measurements of inverted (blue) and upright

(red) GaAs 1J LPC devices under approximately 150-W/cm? 808-nm laser
illumination. The devices were mounted on a 20 °C temperature-controlled stage.
Data resolution is 2-9 ms and the shutter opened at 0.5 s within 6 ms.

also dissipates to the surroundings, approaching a steady-state
condition. The rate of heat flow is significantly slower than the
rates of photon and electron flow, so we assume that V¢ of the
device is a direct function of the instantaneous temperature and
total irradiance (Ei.), with the electrons at quasi-steady state.
If Voc is measured quickly enough, the highest voltage Vjcax
measured immediately after illumination can be assumed to be
Voc (Ty, Eiot). Over the course of the next few milliseconds,
seconds, minutes, or hours, the device heats up and Voc (1(1),
Ei.) drops as a function of time as shown in Fig. 1 toward a
steady-state value Vgg where the rate of heat extraction balances
the rate of optical heating [9]. By adjusting an active cooling
stage until Vgg is the same as Va1 measured at a previously
controlled reference temperature (e.g., 7o = 25°C) [9], an IV
curve can be acquired at the reference temperature even though
the large thermal gradient still exists and the previous steady-
state temperature is still unknown. Alternatively, if we know the
behavior of Voc as a function of temperature at a particular
irradiance, we can directly determine the actual temperature
at the thermal steady-state [13]. Over the typical operating
temperature ranges of PV devices, this dependence is usually
found to be linear and is characterized by a V¢ temperature
coefficient.

III. EXPERIMENTAL

In this study, we characterize two 500 pm x 500 pm
single-junction (1J) GaAs LPC devices with different structures,
as shown in Fig. 2. Both GaAs PV devices were grown by
organo-metallic vapor phase epitaxy with lattice-matched GalnP
window and back-surface-field layers for electrical passivation.
Thick window layers (nominally 1 pm) were used in order to
minimize the sheet resistance in LPC devices, but no antireflec-
tive (AR) coating was applied. The main difference between the
two devices is that one was grown upright and processed on the
GaAs substrate (as is most typical) while the other was grown
inverted, electroplated with gold, epoxied to a silicon wafer, and
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Fig.2. Schematics of inverted (left) and upright (right) LPC device structures.
The red arrows indicate optical radiation and the black arrows show various heat
flow pathways.

Fig. 3. Current density map of the 808-nm laser illumination spot as it was
rastered over a 500 pm x 500 pm 1J GaAs LPC device. The square in the center
shows the size of the device mesa in relation to the laser beam.

the GaAs substrate removed before final front-side processing
[14], [15], making a thin-film device. Both devices were ho-
mojunction structures with about 100 nm n-doped emitter and
thicker 2- or 3-pm p-doped base absorber. The inverted device
was thinner than the upright device by design because the gold
back-surface-reflector provided a double pass of light for nearly
complete absorption. An upright 3-GaAs-junction device with
thin GaAs/AlGaAs tunnel junctions, similar to the 1J upright
device, was also fabricated and designed for current-matched
junctions at 808 nm, but only the Vo temperature coefficients
of the 3J device are presented here.

The LPC devices were measured under 808-nm monochro-
matic light using a 35-W solid-state laser coupled to a reflective
collimator via a fiber optic cable. The resulting light profile has
a full width at half maximum of approximately 3 mm, which
significantly overfills the small device area, providing fairly uni-
form illumination (within about +5%) on the device, as shown
in Fig. 3. The laser irradiance on the device was varied over
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Fig. 4. Steady-state light JV curves of upright LPC device (MUS836) under
various irradiances of continuous 808-nm laser illumination and controlled stage
temperatures (shown by color). The lowest irradiances measured are not shown
here.

several orders of magnitude by adjusting the laser input current
and adding neutral density filters at a low input current just above
the laser threshold current (6 A). Light current density—voltage
(JV) curves at various irradiance and temperatures were obtained
using a source-meter unit, as shown in Fig. 4. Assuming linearity
of the photocurrent with incident intensity, the total irradiance
on the DUT was self-calibrated from the 1J device Jsc by
J. Ne! he

B = ————
" EQE (1) qA

(D
where % = 1.53 eV for the A = 808-nm laser illumination. The
external quantum efficiency (EQE) is measured using chopped
light scanned through a monochromator as typical for simple
PV devices. The EQE (808 nm) at 20 °C was about 60% to
67% for the devices without AR coating studied here, as shown
in Fig. 5. While the EQE of these devices at 808 nm is not
expected to change much with temperature, the EQE closer to
the band-edge may change significantly with temperature and
would, thus, need to be considered if the self-calibration of (1)
is used.

Although the mesa-isolated LPC devices measured were
small, the entire sample wafers with many devices were much
larger (about 15 mm x 20 mm) providing better thermal contact
with the stage. The full samples were vacuum-held to a nickel-
plated, copper stage that was temperature-controlled between
0 and 60 °C with a thermoelectric controller. Although the
devices were similar in many respects, the specifics of the lateral
and vertical heat flow through thermal resistances in this setup
(shown schematically in Fig. 2) resulted in different junction
temperatures under high-intensity illumination, which helps to
demonstrate this temperature measurement technique.

At each illumination condition and stage temperature, fast
transient Vo measurements [9] were also recorded as a function
of time as a Uniblitz shutter was opened. This shutter is rated to
completely open within 6 ms. Vo was measured and recorded
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Fig. 5. EQE as a function of wavelength of inverted (blue) and upright (red)
single-junction GaAs LPC devices without AR coating.

every 2-9 ms, as shown in Fig. 1. Vo initially rises to a peak
value V,eak that is assumed to be Vo at the stage temperature
Tstage then falls to the steady-state Voc value Vsg over the
course of several seconds. This steady-state Vgg from the fast
Voc measurement is the same as Voc determined from the
JV curves, where the temperature was stabilized at the laser
irradiance for more than 20 s prior to measurement, and the
voltage was typically swept from reverse to forward directions.

IV. ANALYSIS AND DISCUSSION

The junction temperature of the cell during steady-state JV
measurements 7ss was calculated at each operating condition
from

AV
AT = (Tss — T = 2
( SS slage) dVoc/dT (JSC) ( )
where AV = (Vs — Vpeak) from the transient measurement.

Vpeak is the maximum Voc achieved immediately after opening
the shutter and Vgg is the steady-state Vo after the operating
LPC device heats up to its steady-state elevated temperature
under the laser irradiance used. The Vo temperature coeffi-
cient, dVoc/dT, is dependent on the photocurrent density that
results from a particular irradiance (i.e., Jg¢ for 1J devices)
[10] so it is not often straightforward to extract the value from
the literature at high irradiance. Often PV V¢ temperature
coefficients that can be found in the literature are given only
at one-sun solar irradiance [16] but for some concentrating PV
devices are given as a function of concentration [17], [18]. We
empirically extract the dVoc/dT slope from measurements of
Vpeak as a function of stage temperature [13] shown as triangles
in Fig. 6 at each irradiance level (color). We also note that the
data are, indeed, linear over this range as assumed. The actual
junction temperature at steady state is determined from (2); thus,
the shifted Vg versus Tsg data (circles) fall on the same line as
the Vpeak versus Tyiage data.
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Fig. 6. dVoc/dT coefficient is determined from the fit slope of Veax versus

Tstage data (triangles) at each irradiance level (labeled and indicated by color).
Vsg is shifted to 7sg using (2) and shown as circle markers. Data are only shown
for the upright LPC device (MU836) for clarity.
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Fig. 7.  Voc temperature coefficient (i.e., dVoc/dT) as a function of Jg¢ for
several 500 pm x 500 pm GaAs LPC devices derived from slopes fit from
of Vpeak versus Tspage data, as illustrated in Fig. 6. The dVoc/dT slope for
the 3J device (green) was divided by 3 to show the dVoc/dT value for each
individual junction. The dashed lines show theoretical trends for n = 1 and 2.
Open black markers indicate literature values of larger area GaAs cells (circle
= [18], triangle = [11], square = [15]).

The empirically extracted dVoc/dT for several GaAs devices
including the two 1J devices studied here are shown as a function
of Jgc in Fig. 7. Theoretically, the Vo temperature coefficient
can be understood by differentiating the diode equation

kpT
Voo = 1B 1n(JSC1) 3)
q Jo

where 7 is the ideality factor, kpis Boltzmann’s constant, 7'is the
temperature, g is the elemental charge, J is the reverse saturation
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current density, and Jsc is the short-circuit current density. The
empirical temperature dependence of J, given by [11], [12],
(171, [19], [20]

Jo o T3/"e=Eg/nksT 4

where E; is the bandgap. Substituting (4) into (3), differentiating
and neglecting the (-1) term as well as the resulting Jgc temper-
ature coefficient term (which is typically relatively small), the
Voc temperature coefficient can be estimated by

dVoc 1

3nkpT nk,
a STV T T

q q

ndby
q dT -~

&)

Substituting Vo from (3), we can understand the logarithmic
dependence of dVoc/dT with Jsc

dVOC - nk:B ’I’LkB 377,]63 nEg n dEg
dT "~ e In (Jsc) - e I (o) = e eT ed](“6')

Here, the first term gives the Jsc dependence of the Vo
temperature coefficient as shown as dashed lines in Fig. 7 for
ideality factors of n = 1 and 2. The second term results in
differences between devices based on diode quality through J.
This term may be influenced by the junction structure and by
perimeter recombination in small cells. The remaining terms
depending on the bandgap are well described by the Varshi
equation and are the same for all GaAs PV devices. Finally,
it should be recognized that the ideality factor may itself be
a function of Jgc, as GaAs devices often require a two-diode
model. Thus, we see from Fig. 7 that the Voc temperature
coefficient varies between similar device structures and is a
strong function of current density, so it is extremely helpful to
actually measure each device design at the intended operating
conditions for the lowest uncertainty in junction temperature
determination.

A summary of all the Voc measurements for temperature
extraction of the two 1J GaAs LPC devices is shown in Fig. 8 as
a function of the laser irradiance. The peak V¢ from transient
measurements (see Fig. 1) is shown in the top panel and the
steady-state Voc, which is the same as the JV extracted Vo,
is shown in the second panel. The difference between these
Voc values is shown in the third panel, on a logarithmic scale.
This Vo difference is negligible and below the measurement
uncertainties at low irradiances but is extremely large at high
irradiances, particularly in the upright LPC device, where AV
due to heating exceeds 100 mV. The temperature rise in the last
panel is calculated from (2) using the empirically determined
dVoc/dT values of the particular device taken from Fig. 7 as
a function of the current density. The temperature rise is fairly
linear with irradiance (on a log—log scale) for both devices, but
the slope is very different between devices depending on how
efficiently the heat is extracted. While the temperature rise at a
steady state with 150-W/cm? laser illumination of the inverted
GaAs LPC is only about 20 °C, the temperature of the upright
GaAs LPC device rises by about 100 °C.
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LPC devices are both shown. Uncertainty of AT is indicated by shading for
inverted (pink) and upright (blue) assuming 50% uncertainty in dVoc/dT.

The relative uncertainty of AT from (2) is given by

-y (") + (C) - o

While the relative uncertainty of AV is limited by the speed
and accuracy of the transient Voo measurement to determine
Vpeak, this uncertainty term is typically quite small compared
to the second term whenever AVpc is above the noise. The
uncertainty in the junction temperature derived by this method is,
therefore, dominated by the uncertainty of dVoc/dT. Any degra-
dation or instability in device performance as the temperature
is changed to make this measurement makes the accurate deter-
mination of dVoc/dT difficult. Measurement of devices at high
temperatures and irradiances to cover the range of interest could
cause them to degrade slightly in voltage performance. Thus,
the importance of careful empirical measurement of dVoc/dT
is evident for highly accurate temperature determination. Even
assuming high relative uncertainties in dVoc/dT (perhaps as
high as 50% based on the spread in Fig. 7), it is clear from the
order-of-magnitude difference in AV in Fig. 8 that there is a
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Fig. 9. Fill factor and efficiency of JV curves of the upright GaAs LPC

device shown in Fig. 4 as a function irradiance (bottom axis), controlled stage
temperature (marker), and calculated steady-state junction temperature (color).
Lines are inserted and labeled to guide the eye between similar steady-state
junction temperatures.

significant difference in the heating of the two 1J LPC devices
studied here.

While the low thermal conductivity (0.95 W/m/K from TRA-
bond 2151 spec sheet) of the ~10-um-thick epoxy layer would
intuitively suggest poor heat dissipation in the inverted LPC
device shown schematically in Fig. 2(left), it may be that the
very effective lateral heat transport through the ~1-pum-thick
gold (318 W/m/K) away from the laser-illuminated area allows it
to remain cooler than the upright LPC device, which s limited by
the 300-pum-thick GaAs substrate (56 W/m/K) with thermal con-
ductivities much less than gold. In addition, the area around the
small cell of the inverted LPC is a highly reflective back-contact
gold, which prevents much of the beam outside the device area
from being absorbed by the substrate. The machined temperature
stage is, upon close inspection, very jagged, preventing close
contact with the flat sample back, so thermal pastes may improve
the thermal contact of both devices. Detailed three-dimensional
thermal modeling of these devices could better elucidate these
results but it is beyond the scope of this article.

In a well-designed LPC package, excellent thermal extraction
is of primary importance. The temperature of the package may
not be actively controlled, but if the LPC package temperature
can be measured at thermal equilibrium with the laser OFF, then
this technique can be used with similar fast Vo measurements
after turning the laser ON. This technique for the operando tem-
perature measurement could confirm and quantify the efficacy
of the thermal packaging of the LPC device.

Finally, the fill factor (FF) and efficiency of the measured
JV curves (upright device only) are summarized in Fig. 9.
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The efficiency of the 1J LPC device was determined by [2]

POllt
n= gt = I NEQE (1) ®)
where Vi, and Jyp, are the voltage and current density at
the maximum power point of the JV curve, respectively. Note
that while this technique can also be used for vertical multi-
junction LPCs [21], the second equality of (8) is invalid for
stacked multijunction LPC devices, due to different EQEs in
each junction. A multijunction LPC requires Fiy to be deter-
mined with a separate 1J calibration device for the efficiency
calculation.

The fill factor and efficiency data in Fig. 9 are parameterized
as a function of both the controlled stage temperature (shown
by symbol) and by the junction temperature determined from
this method (shown by color and connected with guiding lines).
The significant drop in (FF) and efficiency that occurs at high
irradiances at a constant stage temperature can now be seen to
be largely the result of voltage loss due to sample heating of
this device. The remaining drop in FF and efficiency at high
irradiance can be attributed to resistive losses. Separating these
two loss mechanisms is essential for the optimization of LPC
device designs for high irradiance operation. For example, it is
clear from Fig. 9 that the efficiency of this upright LPC at high
irradiance could be greatly improved just by improving the heat
extraction.

Vinpp Jmpp ¢4

V. CONCLUSION

This article describes an invaluable technique to determine
the junction temperature of PV LPC devices under continuous
monochromatic illumination even at very high irradiances in
their typical operating conditions. The Vo temperature coeffi-
cient is determined empirically in this technique as a function of
Jsc sono assumptions must be made about the device properties.
We have quantified significant differences in the thermal design
of two similar GaAs LPC devices using this technique. Knowl-
edge of the true steady-state junction temperature elucidates
the mechanisms of power loss at high irradiances and could
accelerate the development of thermal packaging for improved
optical power transfer efficiencies.
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