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HIGHLIGHTS

« Gallium nitride is proposed as a base material for ultra-high efficiency optical photovoltaic converters due to its high bandgap energy.

« The behavior of GaN-based power converters under several temperatures and changes in the design parameters is discussed.

« The power converters based on GaN obtain a maximum efficiency of 79.6 % at 100 W cm~2, which is more than a 10 % higher than the state-of-the-art.

« GaN based power converters show high resilience to surface recombination and series resistance losses.

« Results support the idea that GaN has the potential to substitute GaAs as a base material for optical photovoltaic converters, especially in harsh environments such
as those present on space applications.

ARTICLE INFO ABSTRACT

Keywords: High power laser transmission technology is expected to play an important role in spatial exploration. To increase
High power laser transmission the amount of power delivered, some issues must be addressed. Currently, optical photovoltaic converters are
Optical photovoltaic converters based on GaAs, a material with a bandgap energy of 1.42 eV. In this work we propose gallium nitride (GaN) as

Gallium nitride
Wide bandgap
Space exploration

base material for optical photovoltaic converters due to its high bandgap (3.39 eV), which reduces both ohmic and
intrinsic entropic losses, and its high thermal conductivity and resistance to radiation damage, making it suitable
for space applications. We have optimized several GaN optical photovoltaic converter devices under a wide range
of laser power densities and temperatures. The resilience to variations in the design parameters is also tested.
Results show that, due to their large bandgap energy, GaN devices could suffer from fewer performance losses
with the temperature when compared to other materials with lower bandgaps. The devices show great tolerance
to variations in the P layer (bottom layer), while the N layer thickness and doping concentration must be carefully
manufactured. When compared to GaAs-based devices, GaN shows higher efficiency across the entire laser power
density range, achieving efficiencies near 80 % and surpassing the current state-of-the-art power converter by
~10 % at 10 W cm~2. The proposed GaN devices show a peak of performance at a laser power density as high as
100 W cm~2. Although manufacturing issues could degrade the efficiency of GaN power converters, this results
position GaN as a promising material for a new generation of ultra-high efficient optical photovoltaic converters.
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1. Introduction

High-power laser transmission has emerged as a key technology
for far-field wireless power transfer [1]. This method involves using
lasers to deliver power to a photovoltaic receiver, which offers
distinct advantages such as electrical isolation and the avoidance
of electromagnetic interference [2]. Laser transmission can be used
through free space, making it ideal for aerospace applications, or via op-
tical fibers, which could replace traditional copper wires, significantly
reducing the risk of sparks—an important consideration in ATEX-
compliant environments [3]. Applications of this technology range from
optically powering aerial vehicles [4] and remote antennas [5], to satel-
lites [6,7] even allowing the simultaneous transfer of power and data
[8,9]. Recently, the space applications for this technology have been
attracting a lot of attention [10]. In those harsh environments, the degra-
dation and temperature management of the system is a critical point to
address for the success of the technology [11].

Current photovoltaic receivers, often referred to as optical photo-
voltaic converters (OPC), are primarily based on III-V semiconductor
materials like GaAs [12]. OPCs have surpassed 60 % conversion effi-
ciency at room temperature [13], with the latest advancements setting
a record efficiency of 68.9 % at a power density of 11.4 W cm~2. This is a
GaAs-based device, which implemented an optical cavity that minimizes
transmission and thermalization losses [14] in the common horizon-
tal optical photovoltaic converter architecture (hOPC). However, as
the input power density increases, the efficiency of this device suffers
performance losses due to ohmic losses [14]. To address this issue,
new architectures have been proposed, such as vertical arrangements
[15,16] or multijunctions like the Vertical Epitaxial Hetero-Structure
Architecture (VEHSA) [17,18]. The latter consists of monolithically
stacked p/n junctions connected by tunnel junctions [13], allowing for
higher voltage and reduced current, thereby minimizing Joule heating
losses and increasing the output optimal load, mitigating the external
resistive losses [18]. These devices have achieved efficiencies of 66.3 %
at laser power densities of 150 W cm~2. However, the optimization of
VEHSA devices is challenging because of the extreme difficulty in eval-
uating their individual cell currents [19]. Also, they suffer from current
mismatch due to the temperature effects, which reduce the overall effi-
ciency of the device at temperatures different from the one considered
in the design of the converter [20,21].

To further improve this technology, the use of high-bandgap materi-
als has been proposed [22-25]. The main benefit of these materials is the
higher energy of the incident photons, which increases the output volt-
age and reduces the current. This not only reduces the series resistance
losses, but also increases the output optimal load, allowing the develop-
ment of high voltage OPCs without the need to rely on multi-junction
devices, thus avoiding current-matching vulnerabilities with tempera-
ture variations [26]. Besides, the use of high-bandgap materials reduces
intrinsic entropic losses, increasing the overall efficiency of the OPCs.
Silicon carbide, a semiconductor commonly used in power electronics
[27], has recently been suggested as the base material for OPCs [28,29].

Gallium nitride (GaN) is also a very promising candidate. Over the
last few decades, this compound and related ternary materials, such
as AlGaN and InGaN, have been widely used in optoelectronic compo-
nents and have recently emerged as key materials in the new generation
of power electronic devices [30,31]. Indeed, efforts are being made
to manufacture high-quality, low-defect-density GaN crystals [32]. The
wurtzite GaN high bandgap (3.39 eV) [33] and high electron mobility
[34] make it a sound choice as a base material for optical photovoltaic
converters. Furthermore, GaN demonstrates strong resistance to radia-
tion damage, exceptional hardness, and high thermal conductivity [35],
along with high chemical stability [36]. These properties are of great
interest in harsh environments, such as those encountered in space
applications.

Although the properties of GaN are more suitable for OPCs in these
environments than those of GaAs, a suitable light source must match
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the effectiveness of GaN OPCs for this technology to succeed. Currently,
monochromatic light sources with high efficiencies are available for the
working wavelengths of GaAs-based OPCs. However, this is not the case
for GaN-based OPCs, though recent efforts are being made to improve
the efficiency of monochromatic light at these wavelengths [37,38].

In this study, we assess the potential of GaN as a base material
for OPCs by optimizing multiple GaN-based devices under several laser
power densities using the common horizontal optical photovoltaic con-
verter (hOPC) configuration. To evaluate the impact of temperature, a
key parameter in aggressive environments to the OPCs or when very high
laser power densities are delivered to the converters, we performed these
optimizations at several temperature values. Additionally, we tested the
resilience of GaN OPCs to variations in the optimized design param-
eters, anticipating potential challenges in the manufacturing process.
Finally, we compare the performance of GaN OPCs with other state-of-
the-art devices. Results indicate a promising pathway toward efficiently
transmitting high power energy densities using GaN as base material for
OPCs.

2. Methodology

This section describes the physical properties of the materials used in
this work, as well as the main models employed in the simulation frame-
work. Finally, the device modeling insights and optimization techniques
are shown.

2.1. Material properties

Fig. 1 compares GaN and GaAs (the preferred base material in state-
of-the-art OPCs) key physical properties that affect OPC performance.
The wurtzite GaN bandgap energy is 3.39 eV at room temperature [33],
notably higher than that of GaAs (1.42 eV). This difference benefits the
GaN, reducing both entropic and series resistance losses. The absorp-
tion coefficient of GaN (84 x 10> cm~!) [39] is also higher than that of
GaAs (12.3x 103 cm™!) at the chosen operation wavelengths (356 nm for
GaN, 808 nm for GaAs), which allows it to absorb most of the incident
beam in thinner OPCs, saving material. The electron and hole mobilities
are higher for GaAs (8000/390 cm? V™! s7! for e~ /h™*, respectively)
than for GaN (2000/170 cm? V™! s~! for e~ /h*, respectively)[40].
Both the thermal conductivity and the melting point are higher for GaN
(2.2 W em™! K7 and 2500 °C) than for GaAs, (0.5 W cm~! K~! and
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Fig. 1. Relevant material properties in OPC technology for GaN [30,33,41,42]
and GaAs.
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Table 1
Arora mobility coefficients for electrons and holes [40].
Homin Himax Niet b b b A ¢
[em? V7! 1] [em? V7! 5717 [em™3] - - - - -
e” 115 1800 7el6 -1.37 -1.37 3.02 0.81 0.8
h* 12 167 3el7 2.0 —-2.34 0.869 —2.311 2.0

1238 °C). This becomes relevant in working environments with extreme
conditions, like in space applications. These thermal properties could
position GaN as a sounding candidate for applications such as optical
powering of rovers on the moon’s surface or even deep-space satellites.

2.2. Physical models

This subsection describes the temperature-dependent models used
during the simulations. The dependence of low-field mobility with dop-
ing and temperature is taken from Sabui et al. [40] where several
experimental and modeling studies have been performed. The analytical
expression follows the Arora model [43]:

7\
(ﬂmax<n/p> - l‘min(n/p)) (m )

0
g &

T \A
Han/p)(T> N) = Himingn/p) < W)) +

el
1+ [ —E
Nref(sTm)ﬂ3

where p,/, (T, N) is the doping and temperature dependent elec-
tron/hole mobility, tyin(/p aNd Hyax(n/p) the reference mobility param-
eters for high and low doping values, respectively, N the doping value,
N a doping reference value, T the lattice temperature and f,, §,, fs,
B, and ¢ are fitting parameters. The coefficients for electrons and holes

are presented in Table 1.
The bandgap reduction due to temperature is modeled with the

Varshni expression [44]:
dpg - T2

Eg(T) = Eg(O) - TﬂEg

(2)
where Eg(T) is the temperature-dependent bandgap energy, Eg(0) is the
bandgap energy at 0 K and ag, and fg, are fitting parameters. The
coefficients for GaN are ag, =9.09- 104 eV K~! and B, = 830K [40].

Regarding the bandgap narrowing (BGN) due to carrier concentra-
tion, in n-type GaN, this effect is modeled according to the Jain—-Roulston
model [40]:

AE(T)=Z -n7 3

where Z is a fitting parameter with value 1.15 x 1078 eV [40] and n is
the electron density.

Due to the high bandgap of GaN, a good characterization of the in-
complete ionization is required. The concentration of ionized dopants is
modeled as:

N
N} = b 0 4
1 +gp—exp (ﬂ)
8B N, KgT

Ny

+
Na 1+gBLexp(Aﬁ> ©
Ny KsT
where the degeneracy of the electronic state, gz, has a value of 2 for GaN.
Np and N, are the total donor and acceptor doping concentrations, p the
hole concentration and N and Ny, are the effective density of states in
the conduction and valence bands, respectively. The donor and acceptor
activation energies (AE;, and AE , respectively) are effectively reduced

by the high carrier concentration in semiconductors which is also incor-
porated in the incomplete ionization model. The dependence of AE,,
on the carrier concentration (here using N ; /N as carrier concentration
for electrons and holes, in each case) is modeled according to:

N\
D

AEp/p=Epja0 = %usp) - <F> (6)
A

where AEp,, are the donor and acceptor ionization energies at very
low doping levels, with values of 17 me V and 240 me V respectively, and
@, are fitting parameters, with values 3.4x 10~ and 3.14x 1078 eV cm
[40].

The main recombination mechanisms are included in the simula-
tion framework, these being the optical or band-to-band recombination,
Shockley-Read-Hall (SRH) or trap-assisted recombination, Auger re-
combination and surface recombination. The parameters for these mod-
els are taken from experimental data [34,36,45,46]. The band to band
recombination is modeled as:

ROFT =T (np — ) %)

being n and p the electron and hole concentrations, n; the intrinsic car-
rier concentration and C.CPT the optical experimental coefficient for a
material. The SRH recombination can be expressed as:

2

np — n;

SRH __ i
R"e’ - Emzp ’Errap ’ (8)

7, (n + niexpm) +7, (p + nieka,T)
where:
T

T, =—20 ©)]

np v’
1+< N )
Nnarm

being E,, the difference between the trap energy level and the intrin-
sic Fermi level, kg the Boltzmann constant, 7, , the effective electrons
and holes lifetimes, 7, the longest lifetime observed in undoped crystal,
N the total doping concentration, N, ., a doping concentration which
operates as a normalization constant and y a fitting parameter.

Auger recombination is modeled as follows:

RyyGer = Colpn® — nm) + Co(np* — pny), (10)

where C,, and C, are the experimental Auger coefficients for a given
material. All the relevant recombination parameters are summarized
in Table 2. In addition, we considered the highest surface recombi-
nation (SR) velocity reported in the literature (worst case scenario,
7.5x10* cm s~1) [46]. Note that the SR follows a decreasing trend when
increasing the bandgap energy [46]. In this sense, GaN-based hOPCs
would benefit from the high bandgap energy.

Table 2
Relevant recombination parameters used in the course of the simulations.
Recombination model Parameter Units References
SRH I 7’
0 0
12107° 12107° <] (341
Auger C, C, 6
2.6-1073 2.6-1073! fem™] 145,471
Optical corr 6
5ad0-11 [em™6] [36,48]
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Fig. 2. GaN horizontal optical photovoltaic converter (hOPC) structure.

2.3. Device modeling and optimization

We investigate the feasibility of GaN as base material for OPCs
through the conventional horizontal optical photovoltaic converter
(hOPC) architecture, see a scheme in Fig. 2. The structure consists of
four layers with N+ /N/P/P+ doping types. Since the generation and
transport processes occur in the vertical direction, the width of the de-
vices is set to 10 um to save computational costs. The third dimension
(depth) is also set to 1 um? to save computational costs, since it does not
affect the obtained results. We emulate the behavior of an anti-reflective
coating by setting total transmittance in the illumination area, which is
a realistic approximation because the device is illuminated with only
one wavelength. The cathode is placed at the top of the device, cover-
ing a 3 % of the illumination area, while the anode is placed along the
bottom of the device. Since these modeled devices are very small (with
an illumination area of 10 um?), the output current is very low and the
effect of the ohmic losses is negligible. To account for this effect in a
realistic way we scaled the resistivity of the contacts proportionally to
the difference with an experimental OPC’s area, specifically to a 10x10
2, as in Shan et al. [49], so the ohmic losses of the modeled OPC are
comparable to those of the experimental device.
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In this work we have employed Silvaco Atlas [50], which is a widely
used TCAD simulator for modeling all kinds of semiconductor devices,
including photovoltaic devices. It has been previously applied to model
optical photovoltaic converters [15], multijunction concentrator solar
cells [51] and VEHSA devices [17]. The J-V characteristics of the devices
are obtained by solving the Poisson and charge continuity equations. The
optimization of the hOPC devices was performed with an in-house-built
multivariable iterative process [28], varying the design parameters in
discrete steps to find the optimum design that maximizes the efficiency.
These parameters are the thicknesses and doping values of the N and P
layers.

3. Results

This section shows the optimization results for GaN hOPCs under sev-
eral laser power densities and temperatures ranging from 200 to 700 K.
First, the optimum design parameters and conversion efficiencies are
shown, as well as the JV curves at several temperatures. After that, the
resilience of the optimum devices to changes in the design parameters
is tested by sweeping the layer thicknesses and doping values. Finally, a
comparison of the optimum GaN hOPCs at room temperature with other
state-of-the-art devices is presented.

3.1. Device design parameters and optimization results

The GaN hOPC design parameters are optimized for a wide range of
laser power densities (1, 10, 100 and 1000 W cm~2) and temperatures
(200, 300, 400, 500, 600 and 700 K). Fig. 3 shows the optimum N and
P layer thicknesses for the laser power density and temperature ranges
studied. The optimum N layer thickness is in the range of 0.04-0.20
pum and consistently increases with lower temperatures and higher laser
power density values. However, sweeping the N layer thickness within
the optimum range in any of those devices results in efficiency differ-
ences no larger than ~1 %. The P layer thickness optimum values are in
the range of 0.40-0.75 um, being 0.50/0.55 pum the optimum values for
all devices except for the hOPC optimized at 200 K and 1000 W c¢cm™2
which requires a P layer thickness of 0.75 um. However, this device only
losses a 0.3 % efficiency conversion when the P layer thickness is set to
0.50 um.

The optimum doping concentrations for the N and P layers are shown
in Fig. 4. In the N layer, the optimum N doping values increase with
temperature, from 1x 10! cm=3 at 200 K to 1x 10'8 cm=3 at 700 K, with
no dependence on the laser power density. In the P layer, all the devices
show optimum doping values in the range of 5 x 10'7-1 x 108 cm™3,
except for the device optimized at 200 K and 1000 W cm~2, whose P
layer optimum doping value is 5 x 10! cm~3. The effect of varying the
design parameters of the proposed devices will be carefully studied in
Section 3.2.

The efficiencies of the optimized devices vs. The laser power density
at several temperatures are shown in Fig. 5. Note that the GaN hOPCs
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Fig. 3. Optimum thicknesses of the N layer (left) and P layer (right) for the laser power density range [1-1000 W cm™2] and the temperature range [200-700 K].
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consistently increase the efficiency with the laser power density until
100 W cm™2, at all studied temperatures, from which point the series
resistance losses degrade the conversion efficiency. An increase in tem-
perature produces more intrinsic carrier concentration, which reduces
the V¢ (and thus the efficiency) as seen in Eq. (11):

y, = KT, [—(N+ AZ”)A”] an

q n;

where K;T/q is the thermal voltage, N is the doping concentration, A n
is the excess carrier concentration and #; is the intrinsic carrier concen-
tration. Indeed, at 1 W cm~2, the efficiency decreases from 83.1 % at
200 K to a 50.8 % at 700 K, a consistent ~6.5 % reduction each 100 K
(see Fig. 5). As the laser power density increases, the reduction in ef-
ficiency due to temperature becomes less pronounced, decreasing by
roughly 5.2 % for every 100 K at 100 W cm~2.

Fig. 6 shows the JV curves of these devices at 100 W cm~2 for all the
analyzed temperatures. Note that the short circuit current density (Jgc)
is approximately the same for all devices, with differences no larger than
~1 % from 200 to 700 K. The V¢ values range from 3.25 to 2.48 V for
temperatures between 200 and 700 K, which implies an average Vg
reduction of ~ 1.5 mV K~!. For comparison, the average silicon solar cell
losses ~ 2.2 mV K~![52], and for GaAs solar cells the reduction is around
2.15 mV K~![53]. Note that the GaN devices benefit from larger bandgap
energy, which effectively reduces the V¢ losses with temperature [52].

3.2. Resilience to design parameter variation

In this section, we evaluate the resilience of the GaN hOPC to N and
P layer doping and thickness variations, analyzing their effect on the
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Fig. 6. JV curves for the devices optimized at 100 W ¢cm~2 for temperatures
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main figures of merit (FoMs) of the device, i.e., efficiency, fill factor (FF),
open-circuit voltage (Voc) and short-circuit current density (Jgc). This
study was conducted at room temperature and an input power density of
100 W cm~2, Under these conditions, the optimized GaN hOPC achieves
an efficiency of 79.64 % (see Fig. 5). This value was obtained at N/P
layer thicknesses of 0.14/0.5 um and N/P layer doping levels of 1 x
10'7/3 x10'7 cm™3, respectively. For each parameter variation, all other
variables remain fixed at the values corresponding to the optimal device
configuration.

Fig. 7 shows the effect of the N layer doping variations on the hOPC
FoMs. For N layer doping values ranging from 1x10'2 to 1x10'7 cm3, the
analyzed FoMs remain practically constant, with efficiency values close
to 80 %. However, when the doping is increased beyond 1 x 10'7 cm~3,
the effect of SRH recombination becomes noticeable, significantly de-
grading performance. An 18 % efficiency drop is observed at an N layer
doping of 1 x 10%° cm™3, compared to the optimum efficiency value. To
further explain this behavior, Fig. 8 shows the SRH recombination rates
obtained at doping levels of 1x10!7 and 1x10?° cm~3 and the correspond-
ing photogeneration rate along the N layer thickness. The SRH rate at an
N doping of 1 x 10?° cm™3 can be up to four orders of magnitude higher
than the respective value at 1 x 10!7 cm™3. Note that in both cases, the
photogeneration does not change. This increase in SRH rate also causes
a reduction in Jg, lowering its value to as much as 6 A cm™? when N
doping reaches 1 x 102 cm™3. On the other hand, V is expected to in-
crease with higher doping levels due to its logarithmic dependence (see
Eq. 11), but V¢ remains close to 3.10 V across the entire range of dop-
ing values analyzed because the high SRH recombination rates mitigate
the expected doping-dependent increase.

Fig. 9 shows the impact of the N layer thickness variations on the
hOPC FoMs. For the N layer thickness values below 0.3 pum, all the



J.F. Lozano, N. Seoane, J.M. Guedes et al.

85 194
* *
*
805 & & 8 5,
>
e 93
g S
5 Optimum Eff @ =
5 70 w
& 92
* 65
o
60 91

10 10 10Y 10%°
N layer doping (cm™3)

Optics and Laser Technology 192 (2025) 113447

3.20 28
E B B R E BN
]

3.15 26 ~

|
= A 4 £
—310/4 4 4 A A A A , 24:
] =
~ 3
3.05 22—

]
3.00 20

102 10" 10 10"
N layer doping (cm™3)

Fig. 7. Variation of efficiency (circles), fill factor (stars), open circuit voltage (triangles) and short circuit current density (squares) versus the doping of the N layer

at 100 W cm™? and 300 K. The maximum efficiency value is also indicated.

= 10% 10%°

llh T

TE 1025 L = 2 e e . = - — 1025%”
5 - ;
@ 10%* 1024 =
5 (o
c 1023 103 &
° c
® .22 N layer doping=102°cm—3 2e
c 10 y ping= 1023
-g —+— N layer doping=10'7cm~3 o
S 102t 102t @
(9] ()]
& e
T 10%° 102°'
o o
@ 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

N layer thickness (um)

Fig. 8. Variation of photogeneration rate (triangles) and SRH recombination
(stars) at two doping levels along the N layer thickness.

studied FoMs remain unchanged, with efficiency values near the opti-
mum. Over that thickness value, efficiency rapidly decreases, dropping
to around 45 % at 2 um. This 34 % loss is due to the recombination of
the photogenerated carriers in that layer. For the same reason, Jgc de-
creases to up to 10 A cm™? in the same range. On the other hand, Vg
and FF slightly decrease across the entire range, taking values around
3.10 V and between 89 % and 94 %, respectively.

Figs. 10 and 11 show the influence of variations in P layer doping
and thickness on the FoMs of the device. This layer demonstrates greater
resilience to these parameter variations compared to the N layer. For the
P layer doping, efficiency values vary between 77 % and an optimum
of 79.64 % for all analyzed doping levels, which is a variation 7 times
smaller than that observed in the N layer. Jgc does not change until
the optimal doping value of 3 x 10! cm~3, slightly decreasing for larger
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doping levels. Note that, at a P layer doping of 1 x 10%° cm™3, the Jg¢
only reduces by 1 A cm™2, a value 6 times smaller than the reduction
observed when analyzing the same effect in the N layer. This occurs
because most carriers are photogenerated in the N layer, leaving fewer
carriers in the P layer, observing a SRH recombination rate an order
of magnitude lower than that in the N layer. V¢ remains constant for
doping levels < 3 x 10'7 cm™ and then increases due to its logarith-
mic dependence on the doping. This increase appears because the SRH
recombination rate does not counterbalance the doping-dependent in-
crease, contrary to what happens in the P layer. FF values are between
91 % and 94 % throughout the entire doping range studied. Meanwhile,
any P layer thickness variation between 0.2 pm and 2.0 pm, only changes
efficiency by around 1 % at the most. Regarding the Jg¢, it moderately
increases up to 27.5 A cm~2 at a thickness of 0.5 um and then remains
constant for larger thickness values. Vg takes values around 3.10 V
throughout the range.

Thus, the P layer of the device demonstrates resilience to variations
in both doping concentration and thickness, consistently yielding high-
performance devices. In contrast, the N layer imposes some limitations
on achieving high efficiency. This is because most carrier generation
and recombination processes occur within the N layer, where the ma-
jority of incident photons are absorbed within the first few tenths of
micron. Consequently, when designing a GaN hOPC, the N layer must
be carefully tailored.

3.3. Comparative with state-of-the-art

Fig. 12 shows the efficiency vs. The laser power density for the op-
timum GaN hOPCs at room temperature presented in this work and
several state-of-the-art devices, based on GaAs or AlGaAs/GaAs, which
represent the current leading technology. To validate our methodology,
we modeled a GaAs hOPC (see GaAs hOPC in Fig. 12) based on the
experimental device developed by Shan et al. [49] (see Shan 2016 in
the Figure), perfectly matching the JV characteristics and the main FoMs
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Fig. 9. Variation of efficiency (circles), fill factor (stars), open circuit voltage (triangles) and short circuit current density (squares) versus the thickness of the N layer

at 100 W cm~? and 300 K. The maximum efficiency value is also indicated.
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Fig. 12. Comparison of efficiency vs. laser power density (P;,) at room tempera-
ture for the presented GaN hOPCs, the calibrated GaAs hOPC and state-of-the-art
OPCs.

[54] for two P, values (3 and 5 W cm~2). We chose this experimental
hOPC due to the amount of detail on the design parameters provided by
the authors. Once validated, we extended the laser power density range
of this device to higher P;; values to fully appreciate the effect of the
series resistance losses at larger laser power densities. We also include
the GaN optimizations with the lowest SR velocity reported in the liter-
ature (5.0 x 10° cm/s). Note that the differences between the best and
worst case (7.5 x 10* cm s™!) scenarios are around 2 %, so this effect is
not expected to be a limiting factor for the success of this technology.
The current state-of-the-art is a GaAs OPC from Helmers et al. [14]
that has demonstrated an impressive efficiency of 68.9 % at 11.4 W cm™2
by integrating an optical cavity designed to minimize both transmission

and thermalization losses. This is the highest efficiency recorded for an
experimental OPC. However, the efficiency of their horizontal OPC de-
clines at higher irradiances due to ohmic losses, dropping to 59.3 % at
76.6 W cm™2. To enable higher power transfer, alternative horizontal
designs like the VEHSA architecture, introduced by Fafard et al. [13],
employ a strategy of stacking multiple thin photovoltaic semiconductor
subcells, which divides the current and reduces series resistance losses.
This approach resulted in an efficiency of 66.3 % at 150 W cm™2.

Our proposed GaN hOPC devices exhibit impressive efficiency within
the range of 1-100 W cm™2, a typical operating range for OPCs.
Optimized at 10 W cm~2, this hOPC reaches an efficiency of 78.5 %, sur-
passing the record set by Helmers et al. [14] by 9.6 %. The efficiency of
the GaN hOPC further increases to 79.64 % at 100 W cm~2. As with other
horizontal OPGs, its efficiency decreases at higher laser power densities,
mainly due to increasing series resistance losses and Auger recombi-
nation. However, across the entire P;, range analyzed, the efficiency
remains higher than other leading horizontal OPCs, with a relatively
mild reduction in efficiency—4.8 % between 100 and 1000 W cm~2.
Note that the methodology used for the GaN hOPC is the same as in the
Shan validation (GaAs hOPC in Fig. 12), and the GaN device achieves an
efficiency conversion 23.8 % higher than the GaAs power converter at
1 W cm~2, while also experiencing less series resistance losses as the P,
increases. These differences can only be related to the higher bandgap
energy and more suitable material properties of the GaN.

While real GaN hOPC devices are likely to exhibit lower performance
due to manufacturing-related losses, such as shunt losses and sheet re-
sistance. However, these results offer a promising outlook for further
research into highly efficient OPCs based on GaN, highlighting the best
design parameters for each application case.

4. Conclusions

High-power laser transmission technology is currently a
highly-relevant topic in space applications. The state-of-the-art for
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the photovoltaic receivers or optical photovoltaic converters (OPCs)
relies on gallium arsenide (GaAs), a low-bandgap material that limits
power transfer due to increased ohmic losses, which degrade efficiency
as laser power density increases. Moreover, effective temperature
management and resistance to harsh environments are critical to ensure
the success of this technology.

In this work we proposed gallium nitride (GaN), a high bandgap com-
pound, as base material for OPCs. This material presents higher thermal
conductivity and a greater melting point than GaAs, and also high re-
sistance to radiation. We implemented the standard horizontal optical
photovoltaic converter (hOPC) architecture using this semiconductor.
The simulation framework included detailed temperature-dependent
models. We optimized the GaN-based hOPCs under a wide range of
laser power densities (1-1000 W cm~2) and temperatures (200-700 K).
Results show consistent efficiency losses when increasing the tempera-
ture. However, these losses, which are mainly due to the V. reduction
with the temperature, are lower than for other semiconductors, since the
high bandgap of GaN mitigates them. To evaluate the resilience of the
optimized OPCs to variations in the design parameters, we performed
simulations sweeping the thickness and doping values of the N and P
layers, starting from the optimal designs. The N layer (top layer) im-
poses limitations due to its higher carrier generation, and thus it must
be carefully designed. The P layer, on the contrary, performs consider-
ably well for a wide range of layer thicknesses and doping values. To
validate our methodology, we also modeled a GaAs hOPC based on an
experimental device. The GaN device surpasses this GaAs power con-
verter by 23.8 % at 1 W cm™2 and shows lower series resistance losses
as power input increases. These performance improvements can be at-
tributed to the GaN higher bandgap energy and its more advantageous
material properties, which make it better suited for high-power density
operations.

Finally, we presented a comparison with the state-of-the-art and
other high-performance devices. Our GaN hOPC devices demonstrate
remarkable efficiency across a wide input power operational range of
1-100 W cm™2, a typical range for OPCs, achieving a 78.5 % efficiency
at an optimized power density of 10 W cm~? and surpassing the current
state-of-the-art device by 9.6 %. As the laser power density increases
to 100 W cm™2, the efficiency continues to rise up to 79.64 %. This is
13.34 % higher than the best-performing experimental VEHSA device,
which achieves a 66.3 % at 150 W cm~2 and requires a more laborious
manufacturing process than a single hOPC cell. Like other hOPCs, the
efficiency of the GaN devices begins to drop at higher laser power densi-
ties due to factors like series resistance losses and Auger recombination.
However, even with these challenges, the GaN hOPC maintains superior
efficiency compared to other leading hOPCs and experiences these effi-
ciency losses at higher power densities than the GaAs devices, with only
a 4.8 % decrease in efficiency between 100 and 1000 W cm™2.

Although the performance of experimental GaN hOPCs is expected
to show lower efficiency than the modeled ones due to manufactur-
ing issues, the presented results position GaN as a promising can-
didate to replace GaAs as base material for power converters, es-
pecially in challenging conditions such as those present in space
applications.
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