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Abstract. Hot carrier solar cells are a concept of photovoltaic devices, which offers the opportunity to harvest
solar energy beyond the Shockley-Queisser limit. Unlike conventional photovoltaic devices, hot carrier solar cells
convert excess kinetic energy into useful electrical power rather than losing it through thermalisation
mechanisms. To extract the carriers while they are still “hot”, efficient energy-selective contacts must be
developed. In previous studies, the presence of the hot carrier population in a p-i-n solar cell based on a single
InGaAsP quantum well on InP substrate at room temperature has been demonstrated by means of
complementary optical and electrical measurements, leading to an operating condition for this device beyond the
limit for classical device operation. This result allows to design a new generation of devices to increase the hot
carrier conversion contribution. In this work, we study InGaAs/AllnAs type II heterojunction as a selective
contact for a future hot carrier solar cell device epitaxially grown on (001) oriented InP substrate. Two p-i-n solar
cells have been grown by molecular beam epitaxy on InP. The absorber is a 50 nm-thick InGaAs layer
surrounded by AllnAs barriers, all lattice-matched to InP. Two architectures are compared, the first with two
symmetrical AllnAs barriers and the second with a single InGaAs quantum well in the center of the n-side barrier
to allow electron tunneling across the barrier. Electrical characteristics under laser illumination with two
different wavelengths have been measured to investigate the effect of the selective contact compared to the
barrier. This preliminary study of InGaAs/AllnAs-based selective contacts show that such III-V combination is
adapted for a future hot carrier solar cell in the InP technology.

Keywords: Hot carrier solar cells / III-V quantum well / selective contact / InP

1 Introduction

Hot carrier solar cells (HCSC) are a concept of photovoltaic
devices, which offers the opportunity to harvest solar
energy beyond the limit (33%) set by the Shockley-Queisser
model [1]. Unlike conventional photovoltaic devices, in hot
carrier solar cells, the excess kinetic energy is converted
into useful electric power rather than being lost through
thermalization mechanisms The important feature of
HCSC is not only the inhibition of the carrier cooling
process [2], but also the extraction of the carriers before
their thermalization [3]. In a hot carrier solar cell, the
extraction of hot carriers occurs through contacts that
accept only a very narrow range of energies, or at least
above a sufficiently high energy barrier.

* e-mail: soline .boyer@insa-rennes.fr

Therefore, energy selective contacts (ESCs) are crucial
in preventing cold carriers in the contact from cooling the
extracted hot carriers. This minimizes the entropy increase
during carrier extraction [4,5].

Efficient ESCs can be realized by the purely quantum
phenomenon of resonant tunneling [6]. This effect exists if
electron-reflecting interfaces are closely spaced, i.e., with
separations comparable to the electron wavelengths.
Interference between different electron waves leads to
discrete transmission peaks. So, one practical implementa-
tion of the requirement for a narrow range of contact
energies is an energy selective contact based on resonant
tunneling double barrier. Several III-V quantum wells
double barrier resonant tunneling structures have been
considered to obtain ESC. For example, modelling results
have shown that, for a hot carrier cell based on an InN
absorber, the optimum configuration for ESCs is consti-
tuted by an InN/In,Ga;_,N double-barrier structure [7].
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Among III-V classical QW structures, using the AlGaAs/
GaAs system for ESC has also been studied by modelling
[8], and experimentally [9,10].

InP based samples allow to reach lower bandgaps
compared to GaAs. Hot carrier effect could be reached
under 1eV, taking advantage of the whole AM 1.5G solar
spectrum. The presence of the hot carrier population in a
p-i-n solar cell based on a single InGaAsP quantum well on
InP substrate at room temperature has been demonstrated
by means of complementary optical and electrical measure-
ments [11], leading to working condition for this device
above the limit for classical device operation. This result
allows to design a new generation of devices for enhancing
the hot carrier conversion contribution, provided that
carrier extraction is improved. It is possible to envisage
several different ESC structures within the context of this
InP technology. A preliminary theoretical investigation
was conducted by Cavassilas et al. [12], who proposed the
use of AlGaAsSb barriers with an InGaAs quantum well
lattice-matched to InP. Nevertheless, the fabrication of the
quaternary barrier AlGaAsSb with an InGaAs quantum
well for the purpose of performing an ESC is a challenging
process, as it necessitates the precise control of numerous
chemical elements to prevent mixing at the interface. To
initiate the ESC study within the InP technology, we have
elected to start with ternary alloys, with the objective of
achieving enhanced interface control.

To gain further insight, an experimental study was
conducted on AllnAs/InGaAs heterostructures lattice
matched with InP as an ESC for electrons. Such
AllnAs/InGaAs ternary system is already well studied
for the development of strain-balanced Quantum Cascade
Lasers [13,14]. The advantage of these materials is that
they contain a common V element, which facilitates the
growth by molecular beam epitaxy (MBE). The investiga-
tion of selective contacts is divided into two phases. The
initial step involves the development of a semi-selective
contact through the implementation of a type II alignment.
Subsequently, the type IT alignment is replaced by a double
barrier resonant tunneling diode, maintaining the lattice
matching of the AllnAs/GalnAs quantum well hetero-
structure with InP.

Two p-i-n solar cells have been epitaxially grown by
MBE on (001)-oriented InP substrates. The absorber layer
is a 50 nanometer-thick InGaAs layer surrounded by two
AllnAs barriers, with every layer being lattice-matched to
InP. The first sample features two symmetric AllnAs
barriers while the second sample incorporates an InGaAs
single quantum well positioned centrally within the AllnAs
barrier, facilitating electron tunneling towards the n
contact. To evaluate the ability of selective contacts based
on the AllnAs/GalnAs ternary compound system on the
further development of HCSC on InP wafers, this study
presents conventional Dark I-V and Light I-V (under
AM1.5G standard irradiance spectrum) characterization
on circular top-contact solar cells. Moreover, electrical
characterization has been conducted under two distinct
wavelength laser illuminations to investigate the impact of
a single quantum well (SQW) energy selective contact in
comparison to a selective contact made with a barrier.

2 Material and methods
2.1 Sample epitaxial structure

The active layers of the initial structure, designated as
BARRIER (Fig. 1a), are constituted by a 50-nanometer-
thick InGaAs absorber surrounded by two 30 nanometer-
thick AllnAs barriers. The upper contact layers of the
heterostructure comprise a 100-nanometer heavily p-doped
InGaAs contact layer on a p+ InGaAs layer. Accordingly,
the selective contact for electrons in this initial structure is
an AllnAs barrier, which works as a high-pass filter. The
second structure (SQW) (Fig. 1b) is identical to the first in
terms of its composition, while it includes a selective
contact for electrons. This contact is composed of a SQW
(13 nm-thick AllnAs/4 nm-thick InGaAs/13 nm-thick
AllnAs). Both samples were grown by molecular beam
epitaxy (MBE). The doping levels achieved for both the
n+ (Si) and p+ (Be) layers were 8 x 10" em ™. All the
structures were grown on a (001) n+ InP substrate. This
was done subsequently to the growth of a 300 nm-thick
InGaAs buffer layer and a 50 nm n+ InP layer. The growth
setup was a RIBER 2300 gas source MBE and the substrate
growth temperature was 480°C. The growth rates were
0.9 ML/s for InP, 0.53 ML/s for InGaAs and 1.18 ML /s for
AllnAs. Figure 1 illustrates the planned band alignment at
the n-side contact for both structures at T=0K. The
electron barrier height between AllnAsand InGaAsis0.52eV.
An electron confined level is expected at F;=0.186 eV
(calculated with an effective mass model) in the 4 nm InGaAs
quantum well.

2.2 Structural characterization

Two types of structural characterization are performed to
evaluate the epitaxial quality of the samples prior to clean
room technological steps. X-Ray diffraction (XRD) gives
access to the different lattice parameters in the structure.
XRD measurements were performed using a 5-circle
Smartlab Rigaku diffractometer with Cu Kal radiation
(A=0.1540562nm) and equipped with a HyPix-3000
detector in high resolution mode using a front 2-bounce
Ge (220) monochromator. Photoluminescence (PL) pro-
vides information about the energy levels involved in the
sample. PL was performed at room temperature on the
epitaxial samples (before technological steps) after removal
of the InGaAs p+ layer by reactive ion etching (RIE) to
avoid the electric field effect, with an excitation wavelength
of A =532nm and an integration time of 1s.

2.3 Technological process

The technological fabrication process consists of widely
used processes in the microelectronics domain. Here, four
steps are required to define and insulate the front contact
layer of the cells by mesa etching, as described in Figure 2.
The first step consists of front electrode deposition
(Ti/Au:20nm/300nm) by evaporation and patterning
through photolithography and lift-off technique. A RIE
is performed to remove the p+ heavily doped InGaAs
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Fig. 1. Simplified energy band diagrams of ESC solar cells
(a) BARRIER: with simple barriers and (b) SQW: with a QW in
the n-side barrier. Energy levels are given at T=0K.

(Ar/Hy/CH,) using the deposited electrodes as a masking
layer. The cells are then defined by a second photolitho-
graphy followed by mesa wet etching down to the substrate.
A dielectric layer (SizN,) is then deposited by PECVD to
avoid oxidation of AllnAs. This dielectric layer is patterned
by photolithography and RIE to open a window and access
the front electrode. Hence, contact pads are deposited to
thicken the front electrode and to allow on-wafer characteri-
zation. Finally, a Ti/Austack is deposited by evaporation on
the backside of the n-doped InP substrate. Figure 3
summarizes the final samples structures, and a picture of
the sample structure is presented in Figure 4.

2.4 Opto-electrical characterizations

Several types of optoelectrical measurements were per-
formed on two 75um diameter circular diodes on each
sample. New room temperature PL has been performed on
both diodes, with a laser excitation wavelength of
A=532nm, under varying power, to characterize the
electron energy levels involved in each diode. Classical
current-voltage characteristics are obtained under solar
simulator with an applied solar power density of 960 W/ m?.
Photocurrent measurements were performed with two
lasers of different wavelengths, under varying incident

power. The first laser wavelength is 1064 nm corresponding
to an energy of 1.16eV, therefore below the AllnAs
bandgap, and the second wavelength is 532 nm correspond-
ing to 2.32 eV, above the AllnAs bandgap. We demonstrate
a better carrier extraction with the SQW sample than with
the BARRIER one, especially with the 1064 nm laser. We
performed 1D Schrédinger-Poisson simulations with Sim-
Windows software [15] to model the carrier density along
the structure under laser illumination.

3 Results and discussion
3.1 Structural characterization

Figure 5 presents X-ray diffraction results on the HCSC
heterostructures. For the sample BARRIER, the main
diffraction peaks coming from the InGaAs and AllnAs
layers cannot be separated from the InP (004) substrate
diffraction peak meaning that the heterostructure is almost
lattice-matched as expected (Fig. 5a). Moreover, some
thickness fringes are also observed on the left of the
substrate peak. The slope of fringe order m as a function of
the fringe position expressed into scale of the diffraction
vector modulus S = @ yields the corresponding thick-
ness, around 45 nm-46 nm. This thickness is close to 50 nm
nominal thicknesses of both InGaAs absorber and n+ InP
layer (localized between the buffer layer and the AllnAs
barrier). Considering now the sample SQW and as shown in
Figure 5b, the InGaAs peak position has been measured at
6.80084 nm ' which corresponds to an inter-reticular
distance of 0.58816 nm. Therefore, considering the strain
on the InP substrate, the In composition is equal to 0.548
(again, close to the required 0.53 amount of In). The
thickness fringes are still present on the left of the InP (004)
diffraction peak, giving 39 nm, a thickness a little bit lower
than the nominal 50 nm-thick. A new thickness fringes
system is also present at the right of the InP (004)
diffraction peak, which gives a thickness around 14 nm. We
attribute this contribution to the 13nm nominally thick
AllnAs barriers surrounding the InGaAs SQW.

3.2 Photoluminescence measurements

Two steps of PL were performed on the samples. The
routine PL results on the epitaxial samples were so noisy
that they are not shown here. A PL peak was measured at
about 0.755eV (1650nm) from the BARRIER sample.
This corresponds to the 0.74eV bandgap energy expected
for the Ing 53Gag47As. Although the PL intensity is very
low as compared to measurements obtained on conven-
tional InGaAs/InP samples, due to the AllnAs barrier, the
PL peak position confirms the good crystal quality of
InGaAs. Under the same conditions, no PL signal was
obtained for the SQW sample, which may be due to a lower
crystal quality. Nevertheless, it was also processed as a
diode considering the XRD results.

The second PL study has been performed on the center
of the processed cells with a full etching of the InGaAs
contact layer, allowing better results from the PL
measurements. Figure 6 depicts the room temperature
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Fig. 6. Photoluminescence characteristics for (a) the BARRIER
sample and (b) the SQW sample as a function of laser power.

valence band maximum). It demonstrates the presence of
the InGaAs quantum well in the AllnAs barrier, which can
be used to extract electrons by tunnelling effect.

3.3 1V characteristics under AM1.5G solar illumination

J-V measurements have been performed under dark
condition and under solar simulator (AM1.5G without
concentration) to investigate the opto-electrical character-
istics of both diodes as shown in Figure 7. Table 1
summarizes the characteristics measured on the cells. The
BARRIER cell displays a Jsc equal to 0.88 mA /cm? while
the Jyc of the SQW cell is 0.75mA /cm?. Therefore, both
are on the same order of magnitude. The values of Vg are
respectively 0.56 V and 0.28 V for BARRIER cell and SQW
cell. Indeed, with an InGaAs absorber, low values of Vo
were expected due to a bandgap of 0.74eV. The V¢ of
BARRIER is two times larger than the Ve of SQW. The
low values of the V¢ and the poor fill factor (FF) obtained
for SQW are attributed to a low shunt resistance likely due
to defects in the structure, according to the structural
characterization. Of course, compared to the theoretical
efficiency value for InGaAs (0.74eV), which is around
22.5% according to the Shockley-Queisser limits, the
efficiency measured in both cells is rather low. However,

a 10 - : ' : .
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103 F Dark I-V .
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Fig. 7. J-Vcharacteristics with logarithmic scale under AM1.5G
illumination (a) BARRIER sample (b) SQW sample.

the presence of barriers in the structures can affect the
efficiency of such devices. Nevertheless, obtaining such
solar cells characteristics with presence of barriers in
the structure is already an important result since the aim of
the present study is focused on the development of selective
contact for the subsequent development of HCSC; hence we
performed laser photocurrent measurements to better
understand how the SQW affects the characteristics of
these cells.

3.4 Photocurrent under laser excitation

Photocurrent measurements were performed with laser
excitation at two different wavelengths: 532nm and
1064 nm, which correspond respectively to photons energy
of 2.33eV and 1.16 €V at room temperature. Figures 8b and
8c present the J-V curves obtained on the BARRIER cell
under 532nm and 1064 nm laser excitations for different
incident powers. Figures 8b and 8d display the same curves
for the SQW cell. Considering the BARRIER cell,
excitation at a 1064nm wavelength (Fig. 8c) is not
absorbed by the InGaAs absorber: a very low current is
obtained even with a strong power. However, the short
circuit current is almost increased 100 times with the
532nm laser (Fig. 8a) as compared to the Jgc obtained with
the 1064 nm laser (Fig. 8c) with the same incoming power
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Table 1. Solar cell characteristics under AM1.5G illumination.

Voc (V) Jsc FF Ppaz (mW) n Light R, Light Ry,
(mA /cm?) (Qcm?) (Qcm?)
HCSC — BARRIER 0.56 0.88 53.07% 1.15x107° 0.47% 136 2700
HCSC — SQW 0.28 0.75 32.86% 3.03x10°° 0.12% 222 543
a 100 . - ; ; : c 4 r : : ' '
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Fig. 8. J-Vcharacteristics under laser illumination for different laser powers, in linear scale. (a)(b) 532 nm laser/(c)(d) 1064 nm laser/
)

(a)(c) BARRIER Sample/(b)(d) SQW sample.

of 3mW. The opto-electrical characteristics measured on
the SQW cell are strongly different for the 1064 nm laser as
shown on Figure 8d, in comparison with the results
obtained in the BARRIER cell. At this wavelength, the
SQW cell exhibits good I-V characteristics: photogener-
ated carriers in InGaAs can be extracted and contribute to
the photocurrent, contrary to the BARRIER cell case. The
curves of Figure 8d (under 1064nm) show a S-shape
displaying two different regimes with a transition around
0.3V, while Figure 8b shows classical I-V shape for an
excitation wavelength of 532 nm. The specific shape of the
-V curve under a 1064nm (Fig. 8d) excitation can be
explained by the selective contact. Indeed, for a low
voltage, photogenerated electrons can travel across the
barrier by tunnel effect if the confined level is adapted while
the increase of voltage limits this effect and reduces the
current. A specific “S-shape” is observed which limits the
Voc obtained under a 1064 nm excitation.

Figure 9 shows that the V¢ increases as a logarithmic
function of laser power for the 532nm laser for both
samples. With a 1064 nm excitation, this tendency is only
observed for the SQW cell while it remains almost constant
for BARRIER cell (with very low corresponding Jgc). This
behavior is also observed when measuring the Vo
variation of classical solar cells as a function of light
concentration [16]. To compare the behavior of Voo with
laser power, therefore with concentration, we estimate the
laser power corresponding to the same short circuit current
as obtained under 1 sun. Jgc equals to 0.88 mA / cm? for the
BARRIER cell under AM 1.5G. The nearest Jgc value
obtained under laser illumination is 0.81mA/cm® with
532nm photoexcitation under laser power of 0.015mW.
Assuming that Jgc is proportional to light concentration,
we estimate that a laser power of 0.015 mW corresponds to
0.92 sun. Using the same relation, a laser power of 1 mW
would correspond to a concentration of 61.3 suns. Applying
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the same calculation to SQW cell, the Jsc equals to
0.75mA /cm® for the Barrier cell under AM 1.5G
corresponding to 1 sun, we can get the concentration for
Jsc (0.87mA /em?) with 532nm (laser power—0.007 mW)
photoexcitation, which is 1.16 sun, that is to say a laser
power of 1ImW is equivalent to 165.7 suns. For the SQW
cell, Vo is reduced under the 1064 nm laser illumination
compared to 532 nm laser illumination, but the two curves
remain parallel.

Considering Jsc on Figure 10, we can see that the SQW
cell displays a larger Jgc than the BARRIER cell under the
532nm wavelength excitation (SQW cell has a Jsc about
two times larger than the BARRIER cell one), suggesting
that more current flows through the single quantum well.
Jsc varies almost linearly as a function of laser power. This
behavior is the same as observed for solar cells under

0.020 —— T ——
SQW —=— 1064nm
Barrier 532nm
0015 —0—1064nm |
< —0=532nm
g
=, 0.010
£
A
0.005
0'000 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10 11 12

Laser power (mW)

Fig. 11. Maximum power under laser illumination as a function
of laser power for both samples and both wavelengths.

varying concentration [16]. Maximum electric power
follows the same trend than Jgc for each set of measure-
ment as shown in Figure 11. To compare them, we extract
conversion efficiency from the slopes of these curves. To
obtain the conversion efficiency, we need to know the
surface area of the ellipse which comes from the NA 0.22
fiber to produce the exciting light. The ellipse has
diameters of 400 pm by 200 wm, while the diode has a
diameter of only 75 pm. So, we can estimate the ratio of the
light power illuminating the diode over the output power
from the fiber, which equals to the ratio of the surface of the
diode over the area of the ellipse, that is 7%.

Therefore, for the BARRIER cell under 532nm
photoexcitation, conversion efficiency is obtained by
dividing the slope of the linear curve (0.0013) by the ratio
of the inserted light power over the output power (7%). We
obtain a conversion efficiency of 1.86% at 532nm. The
1064 nm photons are not absorbed, or only by barrier layers
and thus very low power is obtained and no efficiency is
calculated. Using the same procedure, for SQW cell under
1064 nm photoexcitation, conversion efficiency equals to
0.71%, while under 532 nm photoexcitation, the slope of the
linear curve increases to 0.003, leading to a conversion
efficiency of 4.3%. For the 532nm excitation, the
conversion efficiency obtained with the SQW cell is more
than twice the one of the BARRIER cell, showing an
important contribution of the quantum well channel even
for high energy photons.

3.5 Simulation results under laser excitation

To better understand the observations, SimWindows
(a free 1D semiconductor device simulation tool) calcu-
lations have been performed considering laser excitation at
both wavelengths. Figure 12 presents the carrier concen-
tration along the devices for both samples and both
wavelengths. Figure 12a shows the carrier concentration as
a function of laser power for the 532 nm wavelength for the
BARRIER cell. For a laser power of 10mW, the n-type
concentration reaches almost 5 x 10'” em™, about the
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same value as the one simulated under AM1.5G excitation.
When the laser power increases, the carrier concentration
decreases, showing that the carriers are easily extracted,
since the increase of the mean carrier energy with laser
power helps the carrier extraction to overcome the barrier.
Conversely, for the 1064nm laser (Fig. 12¢), one can
observe that the carrier concentration in the InGaAs
absorption layer increases with the laser power, reaching
7 x 10" cm™?. The AlInAs barrier clearly blocks electrons.
Only electrons with high enough energy can cross the
barrier, explaining the poor electrical characteristics
obtained with this sample at 1064 nm wavelength.

Figure 12b shows the carrier concentration for a 532 nm
wavelength laser. It presents the same shape as under
AM1.5G solar spectrum, for alaser power of 10 mW as well as
100 mW. The carrier concentration reaches 2 x 10" cm ™ in
the well and is maximal in the absorber layer with a value of
5 x 10'"em™®. Contrary to the case of the BARRIER cell, the
carrier concentration does not depend on the laser power:
more carriers are photogenerated with a higher laser power
but they are efficiently extracted and contribute to the
photocurrent. For 10mW laser power, the mean carrier
energy is probably lower but carriers are also extracted by the
SQW confined level. Figure 12d shows the carrier concen-
tration for a 1064 nm wavelength laser. At high laser power,
the electron concentration increases in the absorber layer

while it decreases in the SQW. The average electronic energy
is expected to be higher and does not correspond anymore to
the confined electronic level in the well, reducing the carrier
extraction efficiency. Therefore, tunneling seems to be more
efficient for a low laser power.

These simulations help to understand the photocurrent
results: tunneling fully explains the better electrical
characteristics of the SQW sample with the 1064 nm laser.
However, the simulation results for higher laser power
regime could not be reached experimentally so the expected
decrease of tunneling with laser power could not be
confirmed.

4 Conclusions

Two types of electron selective contacts have been
investigated for the extraction of carriers in an InGaAs/
InP solar cell in the framework of the development of HCSC
in the InP technology: a semi-selective AllnAs barrier and a
selective AllnAs/InGaAs single quantum well. Both
samples have been grown by gas source MBE, which
enabled the formation of abrupt interfaces with ternary
alloys epitaxially grown on (001)-oriented InP substrate.
Structural characterizations were performed using X-ray
diffraction which indicated that the heterostructures
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exhibited near lattice-matching. Subsequently, the rele-
vance of using ESC from the AllnAs/InGaAs ternary
system, using either selective or semi-selective contacts for
further HCSC development on InP substrates, was
investigated through opto-electrical characterization.
Photoluminescence measurements yielded the expected
result, confirming the presence of a quantum well confined
level in the AllnAs/InGaAs single quantum well. Despite
the poor electrical characteristics observed in both samples
under solar illumination, since the solar cells were not yet
optimized, the photocurrent results obtained under laser
excitation provide a promising validation for the AllnAs/
GalnAs ESC design. In particular, the photocurrent results
obtained using two different lasers are larger for the SQW
case, displaying higher efficiencies for both wavelengths.
While further steps are required to adapt the confined level
to hot carriers to allow higher V¢, these results pave the
way for future development of efficient HCSC on InP
substrates, with an architecture better suited to the solar
spectrum harvesting.
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