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We studied the photovoltaic properties of an InGaAs photodiode from the viewpoint of application as a laser power converter. The short-circuit
current increased linearly with the excitation power density, but the open-circuit voltage was significantly influenced by carrier scattering when the
excitation power density exceeded a critical excitation power density of 200 mW cm 2. We found that the external luminescence efficiency, which is
directly related to the open-circuit voltage, starts to decrease above 200 mW cm 2 due to an increase in the non-radiative recombination rate. This
mechanism including its effect on the fill factor determines the value of the optimum excitation power density for this device.

© 2025 The Author(s). Published on behalf of The Japan Society of Applied Physics by IOP Publishing Ltd
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1. Introduction

Laser power transmission (LPT) is an emerging technology
for wireless power transmission, and its main advantage is a
high potential for power transmission over long distances due
to the high directionality of laser light.'"™ In LPT applica-
tions, a remote electronic device is powered through a laser
power converter (LPC), which receives the incoming laser
light. The power densities that need to be delivered depend
on the device, and common applications may demand a few
watts.” The most important task in the field of LPT is to
develop methods to maximize the utilization efficiency of the
supplied light energy.®'” The conversion efficiency strongly
depends on the excitation power density. According to Fig. 4
(d) of Ref. 11, the maximum conversion efficiency of a
conventional single junction silicon photodiode was 20.9% at
980 nm and an excitation power density of 5 mW cm ™% At
the same excitation conditions, the calculated conversion
efficiency is 39.2%, which is a semiempirical value calcu-
lated using the measured EQE data. The theoretical efficiency
limit increases with the excitation power density and be-
comes 41.5% at 25 mW cm 2, but actual device efficiency
measured at the same excitation power density has decreased
to 13%, which is significantly below the ideal value due to
Joule heating.'"

The use of high excitation power densities is in principle
favorable for photovoltaics because the splitting between the
quasi-Fermi levels of the electrons and the holes becomes
larger and also the photocurrent increases as the power
density of the light irradiating the p-n junction of the
considered photovoltaic device is increased. The simulta-
neous increase in both the output voltage and the current
initially leads to a higher energy conversion efficiency under
stronger illumination. However, high current densities can
give rise to detrimental thermal effects due to Joule
heating.'*'¥ To avoid a performance limitation due to
Joule heating, the relative contributions of voltage and
current to the electrical power need to be adjusted, for
example by using appropriate wide-bandgap semiconductors

or multi-junction structures.'”™'” Such improvements are
also necessary for LPCs. Efficient energy conversion is
particularly important for LPCs exposed to high excitation-
power densities, where thermal effects are stronger and thus
can seriously affect the photovoltaic properties determining
the conversion efficiency. Note that the photovoltaic conver-
sion efficiency tends to decrease almost linearly as the device
temperature (7,) increases. 14.20)

In our previous work, we studied the photovoltaic proper-
ties of a conventional silicon photodiode under monochro-
matic illumination conditions to clarify the loss mechanisms
related to LPT.'"” We found that the photovoltaic output is
influenced by Joule heating if the excitation power density
exceeds a certain critical level, and that this leads to an
excitation-power density dependence of the optimum excita-
tion wavelength. Since silicon is an indirect bandgap
semiconductor, all optical responses in the measured device
were assisted by phonons. In this work, we studied the
photovoltaic properties of an InGaAs photodiode to elucidate
the loss mechanisms related to LPT in the case of a direct-
bandgap semiconductor, which provides more efficient
optical responses.

2. Experimental methods

2.1. Optical power receiver

We employed an InGaAs photodiode designed to measure
the output power of pulsed and continuous-wave laser
sources (Thorlabs SMO5SPDS5A). The detection area of this
device is 3.1 mm?, the device is covered by a quartz glass,
and operation up to at least 85 °C should be possible. This
device has an anti-reflective coating.

2.2. External-quantum-efficiency measurements

The measurement of the external quantum efficiency (EQE)
was performed at room temperature (298 K) without a
temperature controller. The device was illuminated with
monochromatic light with a full width at half-maximum of
4 nm, which was obtained using the white light generated by
a tungsten-halogen lamp and a 140 mm single monochro-
mator (Horiba Micro HR). The excitation beam was
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modulated at 407 Hz by an optical chopper and the spot
diameter on the photodiode was approximately 2 mm. The
excitation wavelength was scanned from 1300 to 1700 nm,
and the output current under the short-circuit condition was
amplified by a current amplifier (Femto DHPCA-100) and
then detected by a lock-in amplifier (Ametek Signal Recovery
5210) synchronized with the chopper. The intensity of the used
monochromatic beam varied between 17-52 W cm ™2, and the
integrated power density of the tungsten-halogen lamp in
the wavelength range 1300-1700nm was approximately
1.4 mW cm 2 The incident light intensity was measured
directly above the InGaAs photodiode device using an optical
power sensor (Coherent OP-2 IR). Note that we used an
optical fiber to deliver the light to the device.

2.3. Current-voltage measurements

The photovoltaic properties for laser power conversion were
characterized by measuring the current-density—voltage (J-V)
curve and the electrical output power at the maximum power
point for different excitation densities. Here, we used a 1550 nm
continuous-wave solid-state laser as a light source. At this
wavelength, the photodiode has a nominal responsivity of about
1 A/W for a load of 50 Q. The diameter of the beam spot on the
device was 0.82mm, and the generated photocurrent was
detected as a function of the applied bias voltage using a source
measure unit (Keithley SourceMeter 2400). These measure-
ments were conducted without active cooling.

2.4. Determination of the device temperature

In order to be able to account for the excitation power
dependence of the device temperature in our analysis, we
analyzed the actual changes in the bandgap energy. Because
the temperature of the device increased with the excitation
power density, we were able to confirm a shift in the bandgap
energy. We measured the EQE spectrum near the bandgap
under 1550 nm excitation and assumed that the observed
temperature dependence of the bandgap obeys the well-
known Varshni function.”’*” The temperature increase
caused by the additional monochromatic beam for the EQE
measurement should be negligible due to the extremely weak
excitation power density of less than 52 W cm™>.

3. Results and discussion

The EQE spectrum of the InGaAs photodiode at room
temperature is shown in Fig. 1. The absorption edge appears
around 1650 nm. Since the excitation wavelength for the
laser-power-conversion experiment (1550 nm) is close to this
value, the excess energy of the generated carriers is small.
Figure 2 summarizes the results of the laser-power-conver-
sion experiment: the short-circuit current density (Jsc), the
open-circuit voltage (Vo(c), the fill factor (FF), the conversion
efficiency () at the maximum power point, the device
temperature (7.), and the external luminescence efficiency
(f.) are plotted as a function of the excitation power density.
The device temperature is required to determine f.. Note that
fe (which lies within the range 0 < f, < D*** can be
defined using the following equation:***>

Voc = Vioc + VeInf. (D

Here, Vioc is the ideal (intrinsic) open-circuit voltage and
V. = kgT /e, where kg is the Boltzmann constant and e is the
elementary charge. The value of Voc can be determined
using Vioc = V. In(F/Fo + 1),® where F, and F,q are the
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Fig. 1. The EQE spectrum of the InGaAs photodiode. A small OH
absorption peak appears around 1400 nm since we used an optical fiber, and
the excitation wavelength for the laser-power-conversion experiment is
indicated by the arrow.
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Fig. 2. The excitation-power density dependence of (a) Jsc, (b) Voc, (¢)
FF, (d) n, (e) T, and (f) f.. These parameters were measured using an
excitation wavelength of 1550 nm.

electron—hole pair generation rates due to optical excitation
and the thermal activation, respectively. Since the sign of the
second term on the right-hand side of Eq. (1) is negative, V¢
is smaller than the ideal value, and the difference between
Vioc and Vpc becomes larger as the contribution of non-
radiative recombination increases.

Figure 2(a) clarifies that Jgc increases linearly with the

excitation power density (the dotted line indicates the
© 2025 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Fig. 3. J-V curves obtained using different excitation conditions.

dependence predicted from the EQE). On the other hand, the
data for Vo in Fig. 2(b) starts to deviate from the initially
observed linear relationship in this semi-log plot when the
excitation power density exceeds 200 mW cm ~ (the dotted
line indicates a semiempirical linear line utilizing the average
f. value measured below the critical excitation power density).
We observed a similar change for a conventional silicon
photodiode (with a nominal responsivity of 0.5 A W' at
960 nm),"" but the critical excitation power density was about
2 mW cm 2, which is almost two orders of magnitude smaller
than the value observed in Fig. 2(b). To confirm the loss
mechanism in the InGaAs photodiode, we consider the
behavior of the FF, n, T, and f; data in Figs. 2(c)-2(f), which
also show characteristic changes near 200 mW cm ™2 The
observed f, of Si is one to two orders of magnitude smaller
than that of InGaAs, which is direct evidence demonstrating
the contribution of the phonon-assisted light absorption
process in indirect bandgap Si.

The dotted line in Fig. 2(e) indicates that the temperature
of the photodiode without excitation is 298 K. Since the
temperature of the photodiode was not actively controlled, T,
should increase with the excitation power density. Figure 2(e)
confirms that 7. starts to increase for excitation power
densities above 200 mW cmfz, and thus the data obtained
using excitation power densities above this value are influ-
enced by Joule heating. The conversion efficiency 7 in
Fig. 2(d) first increases with the excitation power density,
because both Jgc and V¢ increase. However, due to the
abrupt change in the FF near 200 mW cm > [Fig. 2(c)],
reaches its maximum at around 200450 mW cm 2. Before
thermal effects appear, i.e., below the critical excitation
power density, the conversion efficiency is mainly deter-
mined by transmission loss and thermal loss. Here, thermal
loss arises from excess photon energy above the bandgap,
and transmission loss depends on the absorption coefficient.
Hence, the photon energy of the excitation light against the
bandgap has a strong impact on conversion efficiency as
shown in Fig. 3 of Ref. 11. The relatively small efficiency
observed for Si rather than that of InGaAs is dominantly
caused by the relatively large transmission loss (small
absorption coefficient) near the fundamental bandgap of the
indirect bandgap Si. On the other hand, the critical excitation
power density, at which the influence of Joule heating
starts to appear, is determined by the contribution of
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Fig. 4. The excitation-power density dependence of the estimated dis-
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phonon-assisted non-radiative processes and strongly de-
pends on f.. Figure 3 shows the J-V curves obtained using
different excitation conditions. The shape of the J-V curve
depends strongly on the excitation power density P.,: it
deviates stronger from the ideal shape (with an FF close to
unity) as the excitation power density increases. An increase
in the excess carrier density increases the impact of Joule
heating, and hence 7. rises.

To clarify the details, we determined the diode quality
factor (n), the series resistance (R,), and the dark saturation
current density (Jy) as a function of the excitation power
density using a single-diode model:

J=don— dodexp| 4V IR | L VIR )
I’lkBTc Rsh

where Jp, is the photocurrent density and Ry, is the shunt
resistance. We used the probabilistic programming frame-
work Turing.jl for the Julia programming language®® to
estimate the equivalent-circuit parameters via Bayesian
inference.”” The diode quality factor indicates how close
the actual diode characteristics are to those of an ideal diode,
where the current is determined by carrier diffusion. A value
of n close to 1 means that the diffusion current is dominant,
and if it is close to 2, the generation—recombination current is
dominant. In a p—n junction, the generation—recombination
current is in general dominant at low forward-bias voltages,
and the diffusion current becomes dominant as the forward-
bias voltage is increased.

As shown in Fig. 4(a), R, is almost independent of
the excitation power density. This is consistent with the
result of Ref. 28 where the change in R, of the investigated
Ing 3Gap7As cell around room temperature was small. On
the other hand, the parameters n and Jy in Figs. 4(b)

and 4(c), respectively, exhibit a characteristic onset near
© 2025 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Fig. 5. The excitation-power density dependence of the carrier density
under open-circuit conditions.

200 mW cm ™2 like the data in Fig. 2. At low excitation
power densities, n is close to 1, and for excitation power
densities above 200 mW cmfz, it increases. A region limited
by the generation—recombination current was not observed,
and the increase is attributed to Ohm’s law with a nearly
constant series resistance. To explain the behavior of J,, we
additionally consider the excess carrier density. The carrier
density under open-circuit conditions can be estimated from
the known values of Vpoc and T, and the intrinsic carrier

density n;:*”

n=n exp( qVoc ) 3)
2kpT;

The excitation-power density dependence of the carrier
density under the open-circuit condition estimated using
Eq. (3) is shown in Fig. 5. At about 200 mW cm 2, the
carrier density exceeds 10'> cm ™ at which the mean carrier
distance is approximately 100 nm. Such carrier distance at
about 200 mW cm ? is longer than that causing carrier-
carrier scattering producing hot carriers. A higher non-
radiative recombination rate is most likely caused by a higher
inelastic electron—phonon scattering rate,>” which agrees
well with the excitation-power density dependence of f. in
Fig. 2(f). This means that non-radiative recombination
processes become remarkable above 200 mW cm 2
Furthermore, Jj is inversely proportional to the square root
of the carrier lifetime. The increase in J, due to the
temperature increase shown in Fig. 2(e) (~10 K) is estimated
to be less than one order of magnitude according to Ref. 28
while the actually observed increase is four orders of
magnitude. Therefore, Fig. 4(c) indicates that the carrier
lifetime is significantly reduced at high excitation power
densities.

4. Conclusions

We studied the excitation power dependence of the J-V
characteristics of an InGaAs photodiode used as an LPC.
While the Jsc data showed a linear dependence on the
excitation power density, there were obvious changes in the
trends of the Vo and FF data above 200 mW cm 2. We have
considered the fact that the open-circuit voltage is a function

074001-4

of the external luminescence efficiency, which in turn
depends on the non-radiative recombination rate. The en-
hanced inelastic electron—phonon scattering rate and resulting
Joule heating caused by the high excess carrier densities at
higher excitation power densities led to a reduction in the
conversion efficiency, and we observed a series-resistance
effect in the J-V characteristics.
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