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Abstract: Recent developments in long wavelength and cryogenic laser power converters have
unlocked record performances in both areas. Here, devices for an optical input at ~1470 nm are studied
for cryogenic applications, combining these cryogenic and long-wavelength attributes. Multijunction
laser power converters are demonstrated to have a high-efficiency operation at 77 K. The photovoltaic-
power-converting III-V semiconductor devices are designed with InGaAs-absorbing layers, here
with 10 thin subcells (PT10), connected by transparent tunnel junctions. Unprecedented conversion
efficiencies of up to 67.5% are measured at liquid nitrogen temperatures with an output power of
Pmpp = 1.35 W at an average optical input intensity of ~62 W/ cm?. A remarkably low bandgap
voltage offset value of Woc~50 mV is obtained at an average optical input intensity of ~31 W/cm?.

Keywords: optical power converters; laser power converters; power-over-fiber; power-beaming;
photovoltaic multijunctions; galvanic isolation; InGaAs; InP; bandgap voltage offset (W)

1. Introduction

Optical power converter (OPC) device developments are derived from the different
requirements of optical wireless power transmission (OWPT) and power-over-fiber (PoF)
applications. For that purpose, vertical multijunction laser power converters (LPCs) con-
tinue to be implemented with the aim of enabling key optically powered probes, sensors,
and electronic subsystem capabilities [1-4]. As shown in Figure 1, such LPCs are opti-
mally designed for various spectral, power, and temperature ranges. They have been
demonstrated to be stable and reliable for different power-over-fiber or power-beaming
applications for the industrial operating range from —40 °C to 85 °C. Power-demanding,
remote, isolated, and backup applications are, therefore, readily satisfied with vertical
multijunction LPC products, which are distinctively capable of producing watts of out-
put power.

From the optical source perspective, the 808 nm laser diodes are ubiquitous in many
commercial applications and have also recently been used with multijunction LPCs for
space applications or scientific experiments requiring cryogenic temperatures [2]. For
example, liquid argon or the liquid xenon time-projection chamber are of great interest for
fundamental neutrino experiments and detection, dark matter research, or for cosmic-muon
data recording [5-7].

Multijunction designs are also particularly critical for the longer-wavelength spectral
ranges, and new LPCs for the 1450-1550 nm spectral range have been commercialized [4].
However, reports on the cryogenic performance of PV devices with substantial conversion
efficiencies in that spectral range are lacking.

This study is focused on combining the cryogenic and long-wavelength attributes
of recently developed OPCs. We further develop and characterize vertical multijunction
OPCs with 10 thin subcells (PT10), designed for an input wavelength at ~1470 nm at
cryogenic temperatures. The semiconductor structure is based on the vertical epitaxial
heterostructure architecture (VEHSA) design [1]. These cryogenic 1470 nm LPCs are
utilizing InGaAs absorbers lattice-matched to InP: PT10-InGaAs/InP. Fabricated chips with
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an area of ~0.032 cm? have been packaged in Broadcom’s Regular Power format with an FC
optical connector. The key performance parameters are obtained on a small assembly lot,
with the devices measured at 77 K by immersion in liquid nitrogen.
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Figure 1. Illustration of the various OWPT applications, organized according to the OPC’s output
power (horizontal axis—log scale) and the wavelength of operation (vertical axis—not to scale). The
updated chart includes the cryogenic applications at 808 nm and 1470 nm based on the Regular Power
OPCs: blue star symbols. Adapted from ref. [1], Copyright 2021 author(s), licensed under a Creative
Commons Attribution (CC BY) license.

2. Materials and Methods

The PT10-InGaAs/InP heterostructure is based on the previously described VEHSA
design [1]. A schematic of the corresponding structure is depicted in Figure 2a. As is
customary, the Beer-Lambert law is used to determine the thicknesses of the individual
InGaAs subcells, with the target of having each subcell absorb ~1/10 of the incident light,
for a wavelength of ~1470 nm, at an operating temperature of ~77 K. Consequently, to
realize the required photocurrent-matching condition, the subcells have increasing thick-
nesses from the top subcell (thinnest) toward the bottom subcell (thickest), as illustrated in
Figure 2a. In this study, a total absorber thickness of 3700 nm was used for the sum of all
subcells, and the corresponding absorption profile is sketched in Figure 2b. For the ideal
current-matched conditions, we evaluate that, nominally, the absorption at 77 K would be
~97% of the input beam at 1470 nm, with 9.7% being absorbed in each subcell.

The methodology for applying the Beer-Lambert approach has been described previ-
ously [1] and no corrections were implemented in the present study for photon coupling
and recycling effects. It should be noted that no detailed InGaAs iso-cell characterizations
were carried out to accurately optimize the heterostructure’s current-matching at 77 K.
Furthermore, methods have now been put forward based on machine learning and genetic
algorithm to improve the optimization of the individual thicknesses [8,9]. Such models sug-
gest that the evaluation using the Beer-Lambert model might underestimate the required
thickness of the first subcells. In practice, it should therefore be expected that the subcells
will not be fully current-matched and that further performance improvements can readily
be obtained with additional iterations and/or with careful device modelling.

Overall, the PT10 is designed with 10 semiconductor photovoltaic (PV) subcells,
which are interconnected with optically transparent tunnel junctions, as represented in
Figure 2. Each individual subcell comprises an n-type emitter and a p-type base (i.e.,, n
on p configuration). The tunnel junctions are made to be transparent to the input beam,
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utilizing AlGalnAs alloys that are lattice-matched to InP. The epitaxial layers were grown
using commercial production Aixtron Metal Organic Chemical Vapor Deposition (MOCVD)
reactors.
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Figure 2. Schematic of the PT10-InGaAs/InP vertical epitaxial heterostructure architecture (VEHSA
design) devices prepared with 10 InGaAs subcells and separated by tunnel junction (TJ), depicted in
(a), and corresponding absorption profile of the optical input in (b).

For this study, the PT10-InGaAs/InP epitaxial wafers were fabricated into chips with
an area of 0.032 cm?. Over 1500 devices were fabricated in chips, including standard blanket
back-metallization, front ohmic contacts, and antireflection coatings (ARC) constructed
from layers of Al;O3 and TiO,. The ARC typically reduces the reflectivity (R) of the incident
beam to R < 4% for the spectral range of interest. All devices were tested using dark I-V
measurements and a high level of chip uniformity was assessed from these dark I-V tests.
An assembly lot of 75 devices was then processed into packages incorporating an optical
fiber connector. These 75 PT10 devices were packaged in Broadcom’s Regular Power housing,
equipped with an FC optical connector [1]. The 75 chips of this assembly lot were selected
to sample an area from one wafer, covering about two rows of chips from one edge of the
wafer to the opposite edge, passing though the central area of the wafer.

For the performance measurements, the I-V characteristics were acquired using a
Keithley 2601B source-meter in four-wire probing mode. A fiber-coupled laser diode
emitting at ~1470 nm was used for the optical source [10]. This is manufactured by BWT
with a numerical aperture of NA ~0.22, using a multi-mode fiber core diameter of 400 pm
and cladding of 440 um. The optical input is therefore obtained from a connectorized fiber
pigtail, with a length of about 2 m. For most of the I-V measurements, the fiber-coupled
laser was connected to the packaged PT10 and directly immersed in liquid nitrogen to
obtain measurements at 77 K. In such a configuration, the optical connector and a fraction
of the length of the laser pigtail are within the liquid nitrogen. Liquid nitrogen is, for
all practical purposes, transparent near 1470 nm. It has an index of refraction of n ~1.2,
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compared to air, with n ~1.0. Consequently, the slightly denser medium can help the
transmission of light from the fiber tip to the device by, at most, a relative ~3%. The quoted
efficiency refers to the measured device output power divided by the laser input power
and includes the small benefit from the presence of the liquid nitrogen.

For variable temperature measurements, either the device was allowed to warm
up after the liquid nitrogen was all evaporated, or a liquid nitrogen cryostat was used,
equipped with a standard 1 kOhms resistance temperature detector (RTD) to directly
measure the device temperature. Quick I-V scans were used to avoid significant chip
heating or temperature drifts between the measurements.

3. Results

Figure 3 shows the data obtained from the small assembly lot measured at 77 K by
liquid nitrogen immersion. As shown in Figure 3a, tight distributions were obtained with
average output voltages of Voc~7.52 V for the open circuit voltage and Vinpp~6.92 V for the
voltage at the maximum power point. From the histogram of Figure 3b, the corresponding
average conversion efficiency was Eff = 66.3%. Furthermore, as shown on the updated
Power Converter Performance Chart in Figure 4, conversion efficiencies of up to Eff = 67.5%
were obtained for an output power of Pmpp = 1.35 W at an input wavelength near 1470 nm:
new data point (53).
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Figure 3. Example of histogram for the output voltage for regular-power OPCs with ~1470 nm optical
inputs between 1.0 and 2.0 Watts, measured at 77 K on a lot of 75 devices. Output voltage shown in
(a) and conversion efficiency shown in (b).
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Figure 4. Updated Power Converter Performance Chart [1,3], including PT10-InGaAs/InP results of
this study, shown with data point (53). Broadcom’s vertical multi-junction data are represented by
diamond-shaped symbols. Details for data points (1)-(52) are found in Reference [3] and references
therein (i.e., see the matching numbers in the reference section of Reference [3]). Updated from S.
Fafard and D. P. Masson, J. Applied Physics 130, 160901 (2021) and Photonics 10, 940 (2023). Copyright
2021-2023 author(s), licensed under a Creative Commons Attribution (CC BY) license.

As shown in Figure 5a, for this assembly lot, the output power Prpp was found to have
a measured linear slope of Eff ~66% with the optical input power. Negligible deviations
from linear regression were obtained for optical input powers up to 3 W, corresponding
to an average optical intensity of 93.8 W/cm?. A regression coefficient of R? = 0.9999 was
obtained for the lot of 75 packaged devices in Figure 3. The sample lot of 75 devices was
measured for the Regular Power range of input powers, reaching up to 2.0 W (blue crosses
data points), but one sample was measured for an extended range of up to 3.0 W (black
circles represent data points). Extensive reliability data were previously obtained with
the Regular Power form factor for operation at up to 2.0 W of optical input power [1], but
the data in Figure 5 suggest that stable operation at an even higher input power might be
possible, particularly for cryogenic conditions. Figure 5b shows that the corresponding
average conversion efficiency remains at Eff ~66 +/— 0.5% in the range between 0.25 W
and 3.0 W of input power. For an ideal diode with no resistive losses at a constant junction
temperature, the efficiency would continue to increase as the optical input power increases.
However, in the present case, V. reaches a maximum value near 1 W of input power, and
then progressively decreases by 58 mV as the input power reaches 3 W. The latter suggests
that the junction temperature effectively increases by a few Kelvins for higher optical input
powers. As a net result, the measured efficiency remains relatively flat with the input
power [11].

The measured record cryogenic conversion efficiency for InP-based long wavelength
OPCs is approaching the previously obtained cryogenic conversion efficiencies, measured
at 808 nm with the GaAs-based OPCs: data point (46) in Figure 4. Furthermore, the PT10-
InGaAs/InP has the advantage that the optical input wavelength (~1470 nm) is well past
the cutoff threshold of sensitive silicon-based detectors like photomultipliers (5iPM), which
are often used in such cryogenic applications.
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Therefore, in addition to being compatible with common electronics requirements and
having an optical input that is well-suited to propagation over long distances, these new
OPCs can also be more advantageous for cryogenic applications.

We have also shown recently, using GaAs-based PT12, data point (52) in Figure 4,
that the multijunction LPC devices can be very tolerant to beam non-uniformity, partial
illumination, or beam displacement variations [3]. The latter attribute is particularly
important for power-beaming applications, which would also apply to long-wavelength
OPCs operating at cryogenic temperatures (e.g., for space applications).
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Figure 5. Performance of PT10 InGaAs/InP OPCs for cryogenic temperature applications. Optical
input power dependence of the output power (Pmpp) in (a) and of the PV conversion efficiency in (b).

The temperature dependence of the PT10-InGaAs/InP key properties is analyzed in in
Figure 6 for an optical input power of ~1 W (average optical input intensity of ~31 W/cm?).
The output voltage is shown in the upper part of Figure 6. A 0.032 cm? chip was mounted
onto a cryostat equipped with a 1 kiloOhm RTD and used to directly assess the temperature
of the device while the PT10-InGaAs/InP is warming up from liquid nitrogen temperature to
room temperature. The V. varies linearly with temperature, with a slope of —10.9 mV /K, as
obtained from the linear regression for temperatures higher than about —175 °C (R? = 0.997);
see the black curve in Figure 6. Similarly, Vinpp also varies linearly with temperature with
a slope of —12.5 mV /K, as obtained from the corresponding linear regression (R? = 0.999);
see the blue curve in Figure 6. The data for the lot measured at 77 K are also included in
Figure 6 for optical input powers between 1 W and 2 W. Evidently, the increase in output
voltage saturates for temperatures colder than about —175 °C.
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Figure 6. Temperature dependence of the output voltage (top), Voc in black and Vinpp in blue, and
the bandgap voltage offset, W, (bottom in green) for an optical input at ~1470 nm with a power
of ~1 W. The measured 77 K data for the lot of 75 devices are also included for optical input powers
between 1 W and 2 W.

Remarkably, the open-circuit voltage (Vo) reaches high values at cryogenic temper-
atures: average values at 77 K of V,. = 7.516 V, with the maximum value measured for
the lot of Voo = 7.547 V. A Vo of 7.547 V corresponds to an average voltage of 0.7547 V
per subcell, yielding a bandgap voltage offset value of Wy = 51.6 mV, where Wo. = (Eg/g)
— Voo, with Eg being the bandgap energy and g serving as the electronic charge. For
photovoltaic devices, smaller bandgap voltage offset values are well-known to be indicative
of the high quality of the semiconductor material (i.e., lower W values are very much
desirable) [12-15].

Here, Eg is about 0.806 eV for InGaAs that are lattice-matched to InP at 77 K, using
the bandgap for a temperature T to be Eg(T) = 0.814 — 4.906 x 10~* T2/(T + 301) eV, as
shown by Yu et al. [16]. The measured temperature dependence of W, for the PT10-
InGaAs/InP OPCs is shown via the green curve at the bottom of Figure 6: the bandgap
offset value decreases from about 200 mV at 20 °C to the best value of Wy.~50 mV at
cryogenic temperatures for an optical input of ~31 W/cm?. As can also be seen for the W
values obtained from the 77 K data points of the devices in the lot, no further decrease in
the W values is observed for temperatures colder than about —175 °C.
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For the GaAs-based cryogenic PT5 OPCs with five subcells, a bandgap voltage offset
value of Wy = 71 mV was measured at an average optical input intensity of ~7 W/cm?,
around 77 K. It was evaluated that, for an average optical input intensity of ~62 W/cm?,
such GaAs-based PT5 would be expected to have a W value of 57 mV [2]. Therefore, the
W values obtained with the InP-based PT10 appear to be lower by a few mV than the
ones obtained with the GaAs-based cryogenic PT5.

4. Discussion

At 77K, the average conversion efficiency for the assembly lot was found to be Eff = 66.3%,
with average maximum power point parameters of Vimpp = 6.925 V and Ipmpp = 144 mA.
These values correspond to average external quantum efficiencies of EQEs. = 86.9% and
EQEmpp = 81.0% for the short-circuit and maximum power point, respectively.

For the GaAs-based cryogenic PT5 OPCs, a better current-matching condition was
obtained in the range of 150 K < T < 180 K, with EQEmpp values reaching about 90% at the
maximum power point at an input wavelength of 808 nm [2]. Therefore, it is reasonable
to assume that, similarly, EQEmpp values of about 90% could also be obtained with better
optimized, but realistic, conditions for the InP-based PT10 OPCs. The latter would be
expected to provide conversion efficiencies of Eff = 73.7%. A conversion efficiency of Eff
~75% would require improving the EQEmpp to ~91.7%, while keeping W and the diode
ideality factors the same. Such EQE improvements will most likely be achieved by further
reducing the mismatch in the subcell’s photocurrents while maintaining the W value near
50 mV.

For the GaAs-based cryogenic OPCs, an 808 nm optical input wavelength is about
27 meV in energy above the GaAs bandgap at 77 K. The small energy difference above the
bandgap is ideal to ensure a large enough absorption coefficient value while maintaining
the low thermalization losses from the photocarriers excited above the absorber bandgap.
Similarly, for the InP-based cryogenic OPCs, a 1470 nm optical input wavelength is about
37 meV in energy above the InGaAs bandgap at 77 K, and practically ideal.

The PoF applications requiring operation in liquid cryogen could benefit from the
PT10-InGaAs/InP OPCs because they have the advantage that the optical input wavelength
is well past the cutoff threshold of sensitive sensors like SiPM. In such configurations, the
OPC and the input fiber can be directly immersed in liquid nitrogen or liquid argon. From
our testing of different fiber types in immersed liquid nitrogen, we found that bare optical
fibers with only a thin polyimide protective coating (no jacket) are preferred to minimize
transmission losses in the fiber under cryogenic conditions [17]. It should be noted that
bare polyimide-coated optical fibers are readily commercially available and have good
mechanically integrity. Moreover, the response of high-sensitivity SiPM devices is expected
to be unaffected by residual light at significantly longer wavelengths than the band-edge of
the silicon semiconductor bandgap.

5. Conclusions

In this study, multijunction laser power converters were demonstrated for high-
efficiency operation under cryogenic conditions for a long-wavelength optical input at
around 1470 nm. The photovoltaic-power-converting III-V semiconductor devices were de-
signed with 10 thin subcells comprising InGaAs-absorbing layers connected by transparent
AlInGaAs tunnel junctions.

Conversion efficiencies of up to 67.5% were obtained at liquid nitrogen temperatures
with an output power of Pmpp = 1.35 W at an average optical input intensity of ~62 W/cm?.
At an average optical input intensity of ~93 W/cm?, an electrical output power of 2 W was
demonstrated with a conversion efficiency of 65.7%. A low bandgap voltage offset value
of Woc~50 mV was obtained at an average optical input intensity of ~31 W/cm?. Small
bandgap voltage offset values are indicative of an efficient photocarrier extraction (typically
associated with high-quality semiconductor material). For a multijunction architecture, the
thinner PV subcells further facilitate the photocarrier extraction for a given photocarrier
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lifetime; therefore, the multijunction design can potentially help to obtain low W, values.
Importantly, low operating temperatures have been shown to be a major factor in achieving
low W, values, which is also consistent with the higher photocarrier lifetimes observed at
low temperatures.

While research on laser power converter devices continues to progress in many
groups [18-37], our present study has expanded the possibilities for stable and reliable
power-over-fiber or power-beaming devices that are obtained using vertical multijunction
power converters. The multijunction design enables practical optimal loads and tailored
output voltages. Such devices can be used for remote and galvanically isolated power
deployment in harsh operating conditions, including cryogenic environments.

We observed that the transmission at wavelengths in the range of 1470 nm in bare
polyimide-coated optical fibers is substantially unaffected by immersing the fiber in liquid
nitrogen; therefore, light leakage must be minimal. In contrast, we found that the light
leakage at 808 nm in various types of fibers immersed in liquid nitrogen can readily be
measured (with infrared camera and even with the naked eye), and significant transmission
losses are often obtained with only a few meters of fiber length. Such light leakage at 808
nm can certainly affect the high-sensitivity SiPM devices. Therefore, the 1470 nm prospect
presented by the high-efficiency cryogenic OPCs of the present study, which represent a
key improvement in applications requiring low noise levels.

Broadcom has released products for the 800-830 nm, the 960-990 nm, and the 1450-1550 nm
spectral ranges. Both GaAs-based and InP-based LPCs have now been developed for potential
cryogenic, high-sensitivity, low-noise applications [5-7,38,39].
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