Chinese
Physics
Letters




CHIN.PHYS.LETT. Vol. 31, No.10(2014) 104203

High-Power High-Efficiency Laser Power Transmission at 100 m Using Optimized
Multi-Cell GaAs Converter *

HE Tao(fi5)!, YANG Su-Hui(#75#%)"**, Miguel Angel Mufioz?, ZHANG Hai-Yang(5K##7¥)!,
ZHAO Chang-Ming(X K #)!, ZHANG Yi-Chen(7Ki%)%)!, XU Peng(45:5)"
1School of Optoelectronics, Beijing Institute of Technology, Beijing 100081
2 Physical Properties Laboratory, Technical University of Madrid, Madrid 28040, Spain

(Received 24 April 2014)

A high-power high-efficiency laser power transmission system at 100m based on an optimized multi-cell GaAs

converter capable of supplying 9.7 W of electricity is demonstrated. An I-V testing system integrated with a

data acquisition circuit and an analysis software is designed to measure the efficiency and the I-V characteristics
of the laser power converter (LPC). The dependencies of the converter’s efficiency with respect to wavelength,
laser intensity and temperature are analyzed. A diode laser with 793nm of wavelength and 24 W of power is
used to test the LPC and the software. The maximum efficiency of the LPC' is 48.4% at an input laser power of
8 W at room temperature. When the input laser power is 24 W (laser intensity of 60000 W/mQ), the efficiency is
40.4% and the output voltage is 4 V. The overall efficiency from electricity to electricity is 11.6%.

PACS: 42.15.Eq, 42.68.Ay, 72.40.+w, 84.60.Jt

Laser power transmission provides a powering link
insensitive to electromagnetic noise and electrically
isolated between the ends.["”] Laser power can be ef-
fectively converted into electricity by appropriate pho-
tovoltaic (PV) cells based on semiconductor hetero-
structure. Many experiments involving laser power
transmission technology have been reported. In 1997,
Yugami et al. tested a GaAs cell (4cm? area) with a
laser at a wavelength of 808 nm and power of 1 W. The
laser power intensity was 2500 W/m?2. The conversion
efficiency of the GaAs cell they obtained was 51%,
while the fill factor was not considered.l”] In 2002,
Steinsiek et al. transmitted a 5 W laser (A = 532nm)
to drive a small rover vehicle over a distance of 280 m.
The rover was equipped with InGaP cells (18.9 cm?
area); the efficiency of the InGaP cells was 40% un-
der an intensity of 2648 W/m?.[Yl However, few data
have been published on the performance of convert-
ers at higher laser power intensity. Due to the fact
that when a PV cell is illuminated under high laser
intensity, the thermal effect will cause an increase of
series resistance of the cell,’~ 7 therefore, the effi-
ciency of a PV cell drops with the higher laser in-
tensity. In 2012, Mukherjee et al. demonstrated an
InGaAs/InP converter (0.25cm? area) illuminated by
a laser (A = 1.55 pm) with a conversion efficiency of
44.6% under an illumination intensity of 1000 W /m?;
however, the efficiency dropped to 40.6% when the
illumination intensity was boosted to 2370 W/m?2.[*]

In some applications, converters working at high
laser power and intensity are more desirable to re-
duce the volume and cost of whole systems. There-
fore, one of the research topics in this area is how to

DOI: 10.1088,/0256-307X/31/10/104203

improve the conversion efficiency from laser power to
electricity at high laser illuminating power and inten-
sity. In this Letter, a specially designed optimized
multi-cell GaAs converter working at high laser in-
tensity is presented. We demonstrate a high power
space laser transmission system capable of supplying
9.7W electricity. A 793nm diode laser at a distance
of 100m is used to illuminate the optimized multi-
cell GaAs converter, the maximum efficiency of the
LPC from laser power to electricity is 48.4% at an
input laser power of 8 W (20000 W /m?) at room tem-
perature. Moreover, the efficiency is 40.4% when the
laser power is 24 W (60000 W/m?). The overall effi-
ciency (the product of the laser wall-plug efficiency,
the optical system’s transmission efficiency and the
LPC conversion efficiency) from electricity to electric-
ity is 11.6%. Compared with the previous works, [} the
transmission system is improved dramatically with the
longer transmission distance, higher laser power and
greater electricity supply. A newly designed I-V test-
ing system is used to measure the performance of the
GaAs converter.

A laser power transmission system with parame-
ters shown in Fig.1 is designed to transmit a laser
to an LPC. A fiber coupled laser diode at 793 nm is
selected. Its wavelength is close to the absorption
peak of the GaAs cell. A telescope is installed on
a three-dimensional electric motor platform for auto-
matically tracking the LPC, as shown'in Fig. 2(a). To
reduce chromatic aberration, an aspherical lens is used
as the collimating lens. Its parameters are optimized
with the ZEMAX software. A receiving lens is used
to focus the laser'beam on to the LPC, as shown in
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Fig. 2(b). We measured the laser power at the position
of the LPC; the transmittances of the optics at differ-
ent emitted laser powers are presented in Table 1. An
I-V test system is integrated with a data acquisition
circuit, analysis software and a display.
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Fig. 1. Schematic diagram of the laser power transmission
at 100 m and the data analysis system.

Fig. 2. Photographs of the automatic tracking telescope
system and receiving system.

Table 1. Transmittance of the 100 m transmission optical sys-
tem.

Emitted laser power (W) 11.80 25.00 39.80 52.70
Received laser power (W) 10.90 24.00 38.30 51.40
Transmission efficiency (%) 92.3 96 96.2 97.5

To make an electron free in the material from its
covalent bond, the energy of the photon needs to be
higher than the ‘band-gap energy’ of the material.
Band-gap energy F, is inversely proportional to the
cutoff wavelength A,

A = 1240/E,, (1)

where Fjg is in electron volts and A; is in nanometers.

The band-gap energy E, can be commonly ex-
pressed in terms of a and [ coeflicients of the Varshni
equation

aT?

Eg(T) = Eg(O) - m» (2)

where E,(0) is the band-gap energy at 0K, o is in elec-
tron volts per degree Kelvin, and [ is proportional
to the Debye temperature (in Kelvin). For GaAs
E,(0) = 1.517, a = 5.5, B = 225.['% Substitute these
values into Eq. (2), we can calculate the band-gap en-
ergy at different temperatures. At room temperature
298K, E; is 1.424€V. According to Eq. (1), the cutoff
wavelength is calculated to be A\, = 870 nm.

The spot diameter of the transmitted laser beam
is given by

¢spot = 244)‘D/¢/7 (3)

where ¢’ is the diameter of the optics for collimation,
and D is the transmission distance.

Figure 3(a) shows the single-junction GaAs struc-
ture on a Germanium substrate. The thickness of
each layer was optimized for working at high laser in-
tensity. It consists of: the n-Ge substrate (175 pm),
n-GaAs buffer (0.5pum), n-AlGaAs BSF (100nm),
n-GaAs baser (3um), p-GaAs emitter (400nm), p-
InGaP window (50nm), and p*tt-GaAs cap layer
(0.5 pm). The GaAs cell has a photosensitive surface
area of 10 x 10mm?. This structure is optimized for
operation at more than 50000 W/m? laser intensity.
The cell’s surface is coated with antireflective coating
(TiO, /Si03) for the 400-900 nm wavelength. Figure
3(b) is the top view of a single cell mounted on a
copper substrate with n-side down. Four such cells
are connected in a series from a monolithic block, as
shown in Fig.3(c). The photosensitive surface area
is 400 mm?. Here 1 mm gaps remained between cells
for electrode connection. Figure 3(d) shows the LPC
consisting of an optics, a monolithic block, a thermo-
electric cooler and a heat sink.['']

(2)

Front-contact
ARC (TiOz/SiO5) v

> p*+ GaAs cap
N layer 50 mm

p GaAs emitter 400 nm

n GaAs base 3mn p InGaP window

n AkGaAs BSF 100 nm 50 nm

n GaAs buffer 0.5 mm

n Ge substrate 175 mn Back-contact
v

Fig. 3. (a) A GaAs cell fabricated on a Ge substrate. (b)
Top view of the prototype of a single GaAs cell with a
photosensitive surface area of 10 x 10 mm?. (c) Optimized
multi-cell GaAs cells with a photosensitive surface area of
20 x 20mm?. (d) Schematic diagram of the laser power
converter: a—optics, b—monolithic block, c-thermoelectric
cooler, and d—heat sink.

Under high intensity laser illumination, the pro-
cess of measuring a GaAs cell’s output characteris-
tics is critical due to the fact that a GaAs cell has
low open-circuit voltage and high short-circuit cur-
rent. Presently, the methods for measuring the I-V
curve can be divided into passive load and active load.
Passive load can be resistive or capacitive. With a ca-
pacitive load, one can reach almost the short circuit
current, the only limit is the internal series resistance.
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This makes using a capacitive load a better solution
for measuring I-V characteristics. Figure 4 shows the
schematic diagram of the I-V testing circuit with a
capacitive load. Test points 1 and 2 are connected
to an oscilloscope with two channels to measure the
current and voltage slopes respectively. The value of
the shunt resistor must be small and precise enough
to meet the load capacity of the cell. For testing a
single cell, we choose 0.1 2 value of the shunt resistor,
its precision is 1%. For testing the optimized multi-
cell GaAs cells, another resistor with a value of 1.5
is used. The capacitor must be large enough to offer
a long charging time. The value of the capacitor is
470 uF (KEMET, P/N: T520D477M004ATE(10), the
parasite equivalent series resistance (ESR) is 10 m{2.
Note that the ESR of each capacitor can greatly affect
the testing data due to the drop of voltage on it, thus
several capacitors are connected in parallel to reduce
the ESR. The I-V data are obtained by an oscillo-
scope and transferred to a computer with an analysis
software designed with Labview . The software inte-
grates functions of the I-V curve record, max power
point finding and fill factor calculation.

Testpointl SPWT
Shunt rcsistoHitch
0.1Q

| 150
— LPC

Capacitor 470 uF x4

Testpoint 2

Fig. 4. Schematic diagram of the I-V test system with
capacitive load.
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Fig.5. GaAs response with respect to wavelengths, laser
intensity and temperatures.

A single GaAs cell, shown in Fig. 2(b), is tested in-

doors to analyze the dependencies of the single GaAs
efficiency with respect to wavelength, laser intensity
and temperature. We tested laser diodes at wave-
lengths of 793 nm, 808 nm, 825 nm and 880 nm. Figure
5(a) shows the dependency of efficiency with respect
to laser intensity; it is shown that, at low intensity,
the efficiency increases slightly with the laser inten-
sity and gradually becomes saturated, when the laser
intensity is higher than 20000 W /m?, the efficiency de-
clines due to the increase of the series resistance of the
cell; the highest efficiency of 49.7% is obtained when
the laser intensity is 20000 W/m? at A = 793nm. To
the best of our knowledge, this is the highest conver-
sion efficiency obtained at such high laser intensity.
The efficiency is much lower at A = 880 nm due to the
fact that the photon energy is lower than the GaAs
material band gap. The efficiency decreases with the
increase of temperature, as shown in Fig. 5(b).
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Fig. 6. The I-V and power-voltage curves.

As shown in Fig. 5(b), the conversion efficiency de-
creases with the increase of temperature. The depen-
dency of the efficiency 7 to temperature T is expressed

by
(298 K) (T — 208K) dn

= K
1(T) = n(298K) + ; =

(4)

where (dn/dT)/n is the normalized temperature co-
efficient of the efficiency. Note that 7 is related to
the cell’s maximum power P,,. Clearly, (dn/dT)/n =
(dPyn/dT)/Py. The temperature coefficient is deter-
mined by the variation of open voltage, short current
and fill factor using the relation

1 dPn 1l | 1 dUs
Pn dT - I dT ' Uy dT

1 dFF
FF dT "’
(5)

where Py, -is the cell’s maximum power, I is the
short circuit current; U, is the open circuit voltage,
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and FF is the fill factor of the cell. For monochro-
matic illumination, the change in short circuit current
I;. and FF is negligible. Thus the temperature effi-
ciency coefficient is mainly determined by the varia-
tion of open circuit voltage U,.. Here 1/n(dn/dT) =
1/Uoe(dUoe/dT), the temperature coefficient of open
voltage

dUse _ Use — Be(T) 3k oT(T +28)
dT T g  (T+8)?

It is observed that the temperature coefficient of open
voltage is negative.['”) Combining with Eq. (4), as the
temperature coefficient is negative, it is seen that the
efficiency decreases with the increase of temperature.

Figure 6 shows the GaAs cell response curve illu-
minated at A = 793 nm laser intensity of 60000 W /m?
with different temperatures.

Figure 6(a) shows the I-V curves at the tem-
peratures of 283K, 298K, 313K, and 328 K. Here
Uoc increases logarithmically with the short circuit
current I, and U,. decreases with the increase of
temperature.? 7]

(6)
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Fig. 7. The I-V curve and efficiency-voltage curve un-
der 20W and 24 W laser illumination for the optimized
multi-cell LPC.

Graphically, the fill factor is a measure of the
‘squareness’ of the I-V curve and is the area of the
largest rectangle that fits in the I-V curve. The fill
factor is also defined as the ratio of maximum obtain-
able power to the product of the open-circuit voltage
Us. and short-circuits current I..l'?) The expression

18
FF = Umaxlmax/UocIsca (7)

where Upax and Inax are the voltage and current at
the maximum power point. The maximum power
point is displayed as the vertex of the power-voltage

curve in Fig.6(b), which reveals that the maximum
power descends with the increase of temperature. Ap-
parently, it is seen that the cell fill factor decreases
with the increase of temperature.

The LPC with optimized multi-cell GaAs cells is
tested in a 100m laser power transmission outdoor
experiment. Figure 7 shows the LPC response curve
illuminated by laser powers of 20 W (a) and 24 W (b)
at different temperatures. Note that the curves with
marks are the efficiency-voltage curves, the others are
the I-V curves. Apparently, both the cell fill factor
and the open circuit voltage decrease with the increase
of temperature.

In the case of natural cooling, where the thermo-
electric cooler of the LPC is switched off, we measure
the dependencies of the temperature and efficiency of
the LPC with respect to time. The initial environmen-
tal temperature is 26.4°C. Figure 8 shows the temper-
ature increases logarithmically over time, while the ef-
ficiency decreases rapidly after 5 min exposure. After
1h, the temperatures (efficiency) stabilize at 65.0°C
(35.6%), 59.3°C (37.7%) and 52.7°C (40.9%) when the
LPC is illuminated at laser powers of 24 W, 20 W and
16 W, respectively.
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Fig. 8. Temperature and efficiency versus time.

When the temperature is fixed at 25°C, the LPC
conversion efficiencies illuminated at different laser
powers are shown in Table 2. The LPC is capable
of supplying 9.7 W of electricity at 24 W laser illumi-
nation with a high efficiency of 40.4%.

To analyze the overall efficiency of the laser power
transmission system, the temperature is fixed at room
temperature 298 K. The cell’s’ maximum power is
9.7W. The voltage is 4V and the current is 2.43 A
with FF of 80%. The laser wall-plug efficiency is 30%
measured at an emitted laser power of 25 W. The test
transmittance of the optical system is 96% (shown in
Table 1) for a 793 nm laser. The atmospheric trans-
mission loss can be ignored due to the relatively short
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transmission distance. The received laser power mea-
sured at the position of cell is 24 W. Here the data of
the energy used to cool the cell is not included. In re-
sult, when the laser intensity is 60000 W/m? and the

GaAs optical-electrical conversion efficiency is 40.4%,
the overall efficiency (the product of the laser wall-
plug efficiency, the optical system’s transmission effi-
ciency and LPC conversion efficiency) is 11.6%.

Table 2. LPC conversion efficiency at different laser powers (25°C).

Laser power (W) 2 4

8 12 16 20 24

Efficiency (%) 35.0 445

48.4 470 449 427 404

In summary, a high power laser transmission sys-
tem at a distance of 100 m is demonstrated. An LPC
with an optimized multi-cell GaAs converter capable
of supplying 9.7 W of electricity at 24 W laser illumi-
nation with a high efficiency of 40.4% is fabricated.
The overall efficiency from electricity to electricity is
11.6%. The dependencies of the converter’s efficiency
with respect to wavelength, laser power and tempera-
ture are measured and analyzed. Compared with the
previous work in laser power transmission technology,
we obtain a relatively high efficiency under high laser
power and intensity. Such a laser power transmission
system could prove to be extremely useful as a future
power source, specifically in regions and targets where
conventional energy delivery systems are disabled.

The authors thank the group of Shi Dele in the
Shandong Institute of Aerospace Electronics for the
design of the automatic tracking mechanical platform.
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