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The commercially available 4000-Watt continuous-wave (CW)
Erbium-doped-fiber laser, emitting at the 1567-nm wavelength
where the atmosphere has high transmission, provides an oppor-
tunity for harvesting electric power at remote ‘“off the grid” lo-
cations using a multi-module photovoltaic (PV) “receiver” panel.
This paper proposes a 32-element monocrystalline thick-layer
Germanium PV panel for efficient harvesting of a collimated
1.13-m-diam beam. The 0.78-m> PV panel is constructed from
commercial Ge wafers. For incident CW laser-beam power in the
4000 to 10,000 W range, our thermal, electrical, and infrared
simulations predict 660 to 1510 Watts of electrical output at the
panel temperatures of 350 to 423 K.

Keywords: Laser power transmission, Photovoltaic panels, Germa-
nium infrared detection, Erbium fiber laser, Ytterbium fiber laser,
Directed-beam energy harvesting

INTRODUCTION

2 . .
”1", which is also known as laser

In the emerging field of “power by light

power transmission (LPT)3 and optical wireless power transfer* >,
the experiments reported in the literature utilized a continuous-wave
(CW) laser-beam output power of 50 Watts or less. This prior art does
not include recent advances in the CW short-wave infrared (SWIR) laser
art. The present paper targets lasers that emit in the SWIR defined here as
the 900 to 1700-nm wavelength region. In addition, the present paper
considers only the commercially available lasers whose CW output
power is 4000 Watts or more, which are defined as ultra-high power
(UHP) laser transmitters. A scan of the laser-development literature and a
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survey of reports from laser manufacturers reveals that there exist
currently only two UHP SWIR lasers. They are the Ytterbium-doped
fiber laser (YFL) emitting at the 1075-nm center wavelength and
the Erbium-doped fiber laser (EFL) emitting at the 1567-nm wavelength.
The beams of both lasers travel with very low loss through the
earth’s atmosphere due to the atmosphere’s transparency for
those waves.

In this UHP context, a recent theoretical-physics paper by the pre-
sent authors'® predicted efficient optical-to-electrical (OE) conversion,
or “harvesting” of the YFL beam by a multi-module silicon photovol-
taic (PV) “panel”](’, to the best of our knowledge, this is the first UHP-
beam-harvesting paper. The present paper is the second UHP-OE-
conversion paper, and this present work is motivated by the fact that
the silicon PV panel of'® cannot and will not harvest the EFL beam
because the 1.12 eV silicon bandgap energy is well above the 0.79 eV
EFL photon energy. An alternative PV is needed, and an elemental
semiconductor PV is the simplest and perhaps the best choice. In view
of that, a new aspect of this paper is that we proposed an optimum
semiconductor PV panel to harvest the EFL; specifically, we proposed
and analyzed the mono-crystalline thick-layer Germanium PV panel to
provide efficient and effective EFL OE conversion. This is a new Ge
panel which hasn’t been discussed in the literature. The literature
instead reports thin-film and heterojunction Ge modules'’~**, We show
simulations of panels with modules fabricated from 300-mm commer-
cial Ge wafers. Our numerical modeling includes large-area series-
connected panels that harvest a collimated large-area EFL beam. An
additional new aspect here is that we quantify the Ge PV panel’s
harvesting of the YFL, which is an added benefit of the Ge approach.
The EFL mission is primary here, while the YFL harvesting is sec-
ondary but quite useful.

The sections of this paper include a background discussion, design
of the encapsulated Ge PV-diode module, thermal-and-electrooptical
simulations of this module, numerical results for the conversion effi-
ciency of Ge+EFL and Ge+YFL, a comparison to Si+YFL conversion,
the optimized 32-module Ge panel, Ge TPV, and the Ge+EFL system
offering both radio-frequency (RF) communications and direct-current
(DC) electric output.

BACKGROUND DISCUSSION

Since the EFL photon energy is above the 0.66 eV Ge bandgap, the
Ge+EFL system offers efficient conversion and large electric output.
Since several commercial vendors offer oriented crystal Ge wafers in
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diameter up to 300 mm, this paper proposes the use of large-area 156
mm X 156 mm monocrystal Ge PV modules that are fabricated from
those wafers. Those modules are then grouped into a planar Ge PV
“panel”, such as a 32-element array that gives good overlap with a large
diameter of the collimated incident laser beam. It is an array in which
the constituent modules are interconnected electrically in series. This
panel is quite analogous to a Si solar panel in terms of its layout and its
construction or “encapsulation”. Another Ge-to-Si PV similarity is the
utilization of “thick layers” in each Ge PN junction, specifically a Ge
PN diode with the total thickness of 180 pm is used here. A motivation
here is to reach kilowatt electric output using commercial EFLs. There
is an EFL available at the 4,000 W CW level”, and this output could in
principle be increased to 10,000 W CW in a custom product.

Regarding system details, in order to obtain targeting, the EFL
would be mounted in an aiming device (for example, mounted in a tilt/
rotation turret on top of a truck) so that the beam can be directed to
impinge upon the remotely located PV receiver. The laser can be ship-
borne or space-borne or airborne or on-ground as described.

There are numerous remote-powering applications such as the 11
scenarios listed in ref.'® (all of which apply here) where the PV-panel
receiver is in an “off the grid” location, and where fuel-powered
portable electric generators are not readily available or not desired. If
the PV electricity is not immediately used, the LPT can be used to
charge storage batteries.

It should be stated that at the outset that the Ge laser power system
(and such systems generally) faces barriers to their widespread adop-
tion. These challenges are in the areas of economics and safety. In
particular, the system cost is high due to the capital cost of the UHP
laser, and higher cost of Ge PV than that of Si PV. When considering
the energy that must be supplied to actuate the laser, the overall energy
efficiency (i.e., energy-in/energy-out) of the LPT might be low. There
exist issues of eye safety in the transmitter and receiver, and for the case
of 20 kW lasers, the high operation temperature of the PV panel might
be hazardous. However, in some cases/applications, the advantages of
LPT outweigh the disadvantages.

THERMAL AND ELECTRICAL-OPTICAL
SIMULATIONS

Photovoltaic Module Design For the optical wireless system in
ref.'®, we adopted the multi-material “encapsulation” architecture of the
commercial monocrystal silicon solar cell for the Si PV module.
Because of the success of that approach, we have decided to utilize the
same multi-material construction for the LPT Ge PV module, as illus-
trated in Fig. 1.

In Fig. 1, if we define ¢ as the “optimum” overall thickness of the
mostly P- region plus N-region, there is a design rule for determining ¢,
which is # = 1/ a, where «a is the room-temperature absorption coefficient
of the dominant P-type Ge at the 1567-nm wavelength. Turning to the
Ioffe reference compilation%, it is found that a = 55 cm™", yielding ¢ =
180 pm. This is a layer thickness that is generally much higher than that
produced by Ge epitaxial growth procedures, which implies that Fig. 1
diode is simply fabricated from a P-type Ge commercial wafer.

Numerical Results A general theoretical approach to simulating the
thermal and optical-electrical responses of the large-area PV module
was presented in ref !, including six equations that quantified the PV
performances. We have adopted the same modeling-and-simulating
framework and equations for Ge, and have taken the necessary Ge
experimental parameters according to the literature”®, such as the
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Fig. 1 | Cross-section view of Ge PV cell utilizing the commercial Si solar cell
architecture. Relevant parameters and materials are indicated. The cell has an area
of 15.6 cm x 15.6 cm. For the n-doped layer: d, = 0.2 pm, Np = 10" ecm™. For p-
doped layer: dge. = 180 pm, Np = 10" cm™,

infrared absorption coefficients versus wavelength, and bandgap versus
temperaturez(’. The infrared absorption coefficient and the Ge bandgap
narrowing effect’® have been fitted by means of Eq. (18) of ref.”” and
Eq. (1) of ref.”®, respectively. Moreover, carrier mobilities and effective
masses have been evaluated with the adoption of the diffusion co-
efficients and the effective density states given in Table 1 and 2 of ref. .
With the adoption of this framework, we made a set of calculations
whose results are given in Fig. 2—5 as follows.

These are the parameters used for simulating Fig. 1
mal responses.

Here, it is assumed that a finned heat sink is in contact with the rear
surface of the PV to provide passive cooling of the PV, that is, cooling
by convection of ambient air.

Regarding the OE conversion efficiency calculated in Fig. 2 and 4,
the Gaussian shape of the beam laser has been taken into account by
applying Eq. (4) of ref.'°; that is, for a laser beam having a Gaussian
spatial distribution, the laser flux on the top PV surface is given by:

ther-

o (s )0 10 )*

2
=Y

Flux = (1 - R)——-

where, R denotes the reflectivity at the top glass surface, Pjyger 1S the
laser power arriving at this PV surface and rg, represents the laser
spot radius (where the beam intensity has fallen down to 1/¢? of the
central beam power). The terms x and y are the coordinates in the xy
plane of the PV cell, xfocys and yrocys represent the center point of the
spot. In turn, the laser Flux is used to characterize the heat source in
each PV layer, according to the Beer-Lambert law, given by Eq. (2)
of ref.'®. In our simulations, it is assumed 5, = 80 cm, and we have
considered the effective area of the beam A, = 7rr§, where r, is the

Table 1 | Physical Parameters of thermal simulations.

Parameters Materials
Germanium Glass EVA Tedlar
Density [kg/m’] 5323 2450 950 1200
Thermal conductivity [W/mK] 60 2 0.311 0.15
Heat capacity at constant 310 500 2090 1250
pressure [J/kgK]
Soref, R., De Leonardis, F., Moutanabbir, O. & Daligou, G. Chip 3, 100099 (2024) 20f 6
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Table 2 | Summary of results.

PV and FL CW laser power Metrics

output [W] PV body Efficiency Output electric power Output electric power [W]

temperature [K] [fractional] density [W/m?] For A = 0.0243 m?

Ge+EFL 4000 350 0.27 1055 26
1567 nm
Ge+EFL 10,000 423 0.25 2412 59
1567 nm
Ge+EFL 20,000 518 0.21 4056 99
1567 nm
Ge+YFL 4000 354 0.18 680 17
1075 nm
Ge+YFL 10,000 427 0.16 1533 37
1075 nm
Ge+YFL 20,000 520 0.13 2550 62
1075 nm
Si+YFL 4000 320 0.13 530 13
1075 nm
Si+YFL 10,000 401 0.26 2546 62
1075 nm
Si+YFL 20,000 564 0.31 6272 152
1075 nm

effective beam-spot radius given by re = rgp/ V2, yielding A, =
nrszp /2. Moreover, our investigations indicate that the maximum OE
conversion efficiency decreases weakly with the increasing
spot radius.

In Fig. 4, an initial rise in the maximum conversion efficiency is
observed with increasing laser power, and subsequently there appears a
decline in efficiency with further increase of laser. This behavior can be
explained by taking into account of the “thermal aspects” as follows:
under monochromatic illumination, the temperature dependence of the
conversion efficiency induces the existence of Tpeax to which corre-
sponds a peak in the maximum conversion efficiency. The existence of
this peak is induced by the complex temperature dependence given by
Egs. (2), (3) and (6) of ref.'°. In the present system, as the PV

0.3F i

©
o N
N} 3
- -
‘ i

Conversion efficiency
o
o

0.1} .
0.05¢ .
0 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5
Voltage [V]

Fig. 2 | Calculated OE conversion efficiency as a function of the Ge PV voltage,
for input Er laser power values of 4000 W and 10,000 W and dge = 180 pm,
respectively. In the simulations, the laser emission wavelength and the laser spot
radius (r5p) are 1567 nm and 80 cm, respectively. The operative temperature is
forced at 300 K.
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Fig. 3 | Calculated temperature distribution in a 156 mm X 156 mm germa-
nium PV module. a, Laser power 4000 W and dge = 180 pm. b, Laser power
10,000 W and dge = 180 pm. In the simulations, the laser emission wavelength, the
emission bandwidth and the laser spot radius (rg,) are 1567 nm, 10 nm, and 80 cm,
respectively. The local yellow, orange, red or purple color shown here in the two
drawings signifies the local temperature of the Ge NP “plate” as is specified by the
Kelvin-versus-color scale given here.

3o0f6


https://doi.org/10.1016/j.chip.2024.100099

Research Article

DOI: 10.1016/j.chip.2024.100099

0.28 , : : : 600
@
) % _
B v _--1550 X
2 026 ¢ . . -
D ; - g 1500 &
c ] h°Y (g 5
o L! Nt =]
? 0.24 1 P 1450 ©
3022 g e %9 5
| "/ \‘ >
£ b I’ ~_ 13508
E o2f | 2
X d 1300 &
=
0.18 : ; : : 250
0 0.5 1 1.5 2 25
Laser Power [W] «10%

Fig. 4 | Maximum conversion efficiency and Ge PV body temperature as a
function of the incoming CW Er laser power ranging from 100 W to 25,000 W
and for dge = 180 pm. In the simulations, the laser emission wavelength, the
emission bandwidth and the laser spot radius (rsp) are 1567 nm, 10 nm and 80 cm,
respectively.

temperature rises up from 293 K towards 550 K, two opposite trends are
recorded. On the one hand, the increase in laser power would lead to an
efficiency decrease, while on the other hand, the increase produces an
increase in the temperature that in turn increases the Ge absorption
coefficient (and then the PV-generated density current) because of the
Ge bandgap narrowing. Moreover, our investigations indicate that Tpeak
tends to decrease with decreasing laser emission wavelength (Tpeak is
lower than 293 K for 4 < 920 nm). In this context, the laser heating
process will induce a reduction of the maximum conversion efficiency
as the PV body temperature increases above 293 K, which is similar to
what happens to the PV during sun illumination®’.

Fig. 5 is the principal result of this paper, showing high 1055 to
2412 W/m? electric output densities over the EFL incident-beam 4000
to 10,000 W range mentioned above, operating with 350 K to 423 K PV
body temperatures.

5000 - - - - 600
£ ’
= L~ -1650
>, 4000 t s =
= o .0
@ ’/:;r 1500 g
[0) ) 24 =
S 3000 f 7 1450 Y
(T) /l’ 8_
g A ;
a P-ve 1400 &
& 2000} e )
= o g
S ’.‘1, 1350 §
© 1000 f " >
= % o {300 &
O /.
5
& o . - . . 250
0 0.5 1 1.5 2 2.5
Laser power [W] %104

Fig. 5 | Output electrical power density of Ge PV cell and its associated PV
body temperature as a function of the EFL. CW input-to-PV power, ranging
from 100 W to 25,000 W and for dg, = 180 pm. In the simulations, the laser
emission wavelength, the emission bandwidth and the laser spot radius (rsp) are
1567 nm, 10 nm and 80 cm, respectively.
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The laser power cited in Fig. 4 and 5 is the power that impinges upon
the top (front) surface of the PV module. If the beam from the laser
transmitter travels a “long distance” through the earth’s atmosphere to
reach the PV receiver, the effect of the atmosphere upon power transfer’!
can be quantified by turning to Fig. 1 of ref. 16 where the transmittance of
the 1.567 pm EFL is shown as 77% radiative transfer across one nautical
mile-of-travel at sea level. If we choose, for example, to locate the beam
harvester two miles away from the laser source, then the power reaching
the PV receiver becomes 59% of the source output.

We discussed earlier the additional YFL conversion offered by Ge
PV, and here that performance have been quantified so as to supplement
the EFL results. Our numerical modeling of this Ge+YFL OE is
presented here in Table 2 along with Ge+EFL. Since the YFL beam
conversion was investigated in ref.”’, where Si PV was the receiver, we
decided to add several Si+YFL results in this same Table 2 so as to
provide a comparison with the Ge+YFL predictions. To make this a fair
comparison, we impose the constraint in Table 2 that the Si PV cells
must have the same 180 pm thickness as the Ge PV cells. However, the
Table does not reveal the full or optimum Si+YFL performances
because much higher output power densities were found'® when
increasing the Si cell thickness ¢ from 180 to 500 pm.

YFL'’s are already available at extremely high CW output power. On
the idea that the EFL might someday be extended to 20,000 W, we also
decided to determine the 20,000 W CW EFL responses of Ge PV along
with the 20,000 W CW Ge+YFL behavior. All of this is summarized in
this presentation of efficiency, cell temperature, output power density
and output electric power.

An examination of this table shows that Ge offers unique and
practical, high-performance EFL conversion. As to YFL conversion, the
Ge performances are “mixed”, which means that the Ge+YFL effi-
ciencies are lower than those for Ge+EFL, but are still useful and
valuable. However, it is also clear that silicon generally “dominates” in
the YFL-conversion category.

If we ask about factors that contribute to the predicted lower
Ge+YFL conversion, it is noted that the reflectivity of the top glass
surface in Fig. 1 is lower at the 1567-nm EFL wavelength than at the
1075-nm YFL wavelength. This means that the Ge+YFL heat source is
somewhat higher in the above Flux equation, and that reduces
the efficiency.

Results in Table 2 pertain to an individual PV module, in which we
took into account of the external radiative efficiency (ERE), a parameter
that accounts for carrier recombination losses. Resistive losses were not
included. However, the resistance effect in a single “solar type” PV cell
does reduce the fill factor FF, which then reduces the efficiency of the
cell by dissipating power in the resistance. In particular, the most
common parasitic resistances are the series resistance and the shunt
resistance. In our PV modules, typical values for area-normalized series
and shunt resistances are around 0.5 Qcm? and in the MQcm® range,
respectively. In this context, due to the large area used for one cell
(0.0243 mz), the dominant resistive effect is determined by the series
resistance Rsgr. To accurately represent our case, we shall make the
assumptions dge = 180 pm, laser power of 4000 W and PV body tem-
perature of 350 K. As evidenced in ref.’ 2, the series and shunt resistances
for a Ge PV cell decrease with increasing incident power density. In the
thermophotovoltaic approach proposed in ref.*?, the authors measured
the series and shunt resistance, respectively, which are 0.02 Qcm? and
0.22 kQcm? during spectral irradiance at 2000 K blackbody temperature.
Since in our case the operative input power ranges from 4000 W (0.40
W/cmz) to 10,000 W (0.99 W/cmz), and according to Table 2 of ref.’ 2, it
is valid to assume that the series and shunt resistance change from 0.31 to
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0.11 Qcm? and from 1.55 to 0.80 kQcm?, respectively. For that reason,
the electric power loss is estimated at around 37% for the single PV cell.

MULTI-MODULE GE PV PANEL

If a planar panel is now constructed from an array of cells, and the panel
is assumed to be illuminated by the same cylindrical collinated EFL
beam with an effective area of 1.00 m* and an effective spot radius of
0.564 m that is used for an individual PV module with an area of 0.0243
mz, then the area of the panel will enter the estimate of its electrical
output power, and the output is proportional to the panel area. We now
propose that the 32-module array illustrated in Fig. 6 is an optimum
choice because of its beam-filling geometry and its 0.78 m? area. One
approach to determine the panel’s output is to simply multiply the Table
2 module outputs by the area-increase-factor of 32; but to be conser-
vative, we shall instead use 80% of the ‘“area factor” because the
infrared intensity is distributed nonuniformly across the 1 m? beam
“spot”. Thus 80% of 32 is 25.6 and that is the factor used here to find the
panel outputs, which are 666 W (at 350 K panel) and 1510 W (at 423 K
panel) for 4000 W and 10,000 W beams, respectively. An important
aspect of the panel is the electrical interconnection of cells that is
chosen. As we discussed in ref.', it is essential to connect the 32
modules in series, and when that is done, the series resistance of each
cell induces only a negligible electric power loss in the panel.

It should be noted that Fig. 6 has immediate application to thermo-
photovoltaic TPV sensing. For example32, it has quantified OE con-
version of 9.7% to 11.8% OE for the 2000 K filtered blackbody radi-
ation intensity of 3.66 to 36.6 W/em? incident upon the Ge TPV NP
diode. For our 0.78 m?> Ge TPV panel, this TPV result translates
immediately to a DC electric output of 2769 W to 33,687 W from the
panel in Fig. 6.

Moreover, there are potential alternative semiconductor materials
(alternatives to Germanium) that could be utilized to construct the EFL-
harvesting PV panel. However, those PV- material choices have some

1130 mm Beam Diameter

Fig. 6 | Proposed Ge PV panel comprised of 32 identical interconnected PV
modaules in a layout offering strong overlap with the 1567-nm collimated beam.
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disadvantages. To be specific, the compound semiconductor GaSb has
E,=0.68 eV at 300 K, while InN has E; = 0.65 eV at 300 K, and both of
these PV materials could efficiently convert the 1567-nm EFL, but there
are issues of GaSb/InN wafer-size availability and wafer cost. In prin-
ciple, the PV panel could be constructed from InGaAs or InGaAsP alloy
whose alloy composition would be chosen to give absorption a at 300 K
of 50 to 100 cm™" at the EFL wavelength, according to the 7 ~1/a design
rule. In that case, the 100-to-200-pm PV layers required would present
very severe epitaxy challenges for the alloys. Regarding the narrow-
bandgap semiconductors InAs, InSb, PbSe, and PbS (all of whose
room-temperature « is “high” at 1567 nm), these materials are probably
not viable to be used for the PV panel. This is ascribed to the fact that the
1/ approach gives a sub-micron PV NP layer, which implies that the
panel will heat up to an unmanageably high temperature during
UHP illumination.

Returning to the Ge panel, it should be mentioned that there is the
possibility of attaining high-speed optical communications>>** simul-
taneously in conjunction with the DC energy harvesting; a dual DC+RF
function of the system, operating along the lines proposed in ref.?>. In
the present case, a small-area RF electro-optical modulator (external to
the CW laser) would be placed within the laser’s two-lens collimating
optics to intercept the beam in a focal region where the beam diameter is
relatively small. That modulator’®*’ would put RF information on the
beam with a small depth-of-modulation, and then at the remote receiver,
a small-area RF photodetector would be placed at the rear face of the
large PV panel to “sample” the small amount of the infrared beam that is
transmitted through the PV panel (the “residual transmission” of the
panel), and that photodetector3 839 would demodulate the intensity-
variations, giving the signals that were put onto the laser beam. Both
RF devices could use Ge or SiGe as their active material*’.

CONCLUSIONS

In the current work, we have proposed and analyzed an efficient,
directed-beam, electric-energy harvesting system which is comprised of
the 1567-nm UHP CW Er-doped fiber laser source and the monocrystal
Germanium  32-PN-diode-module series-connected photovoltaic
“panel” receiver sited a long distance away from the collimated and
directed laser. The theoretical modeling results are favorable because
666 W to 1512 W of electric power generation is predicted for 4 kW to
10 kW incident beaming, with the passively heat-sinked panel rising to
350 to 423 K during operation. An added benefit is that the same Ge
panel gives 435 W to 947 W electric harvesting of the 1075-nm Yb-
doped 4 kW to 10 kW fiber lasers.
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