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ABSTRACT

One of the main loss mechanisms in photovoltaic solar cells is the thermalization of photogenerated hot carriers via phonon-mediated relax-
ation. By inhibiting these relaxation mechanisms and reducing thermalization losses, it may be possible to improve the power conversion effi-
ciency of solar cells beyond the single gap limit. Here, type-II InAs/AlAsSb multi-quantum well (MQW) structures are investigated to study
the impact of the phononic properties of the AIAsSb barrier material in hot carrier thermalization. Experimental and theoretical results show
that by increasing the barrier thickness (increasing the relative contribution of AIAsSb content in the superlattices), the relaxation of hot
carriers is reduced as observed in power-dependent photoluminescence and thermalization analysis. This is attributed to an increase in the
phononic bandgap of the MQW with increasing AlAsSb composition reducing the efficiency of the dominant Klemens mechanism as the

phononic properties shift toward a more AlSb-like behavior.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0052600

Designing hot carrier absorbers with long hot carrier lifetimes
would have significant impact on the realization of hot carrier solar
cell technology.' By studying the origin of hot carrier dynamics and
tailoring the properties of materials to inhibit hot carrier relaxation,
there is a potential to develop technology in which hot photogenerated
carriers contribute to the operation of a new generation of optoelec-
tronic devices. In polar semiconductors, the relaxation of hot carriers
typically occurs through interactions with longitudinal optical (LO)
phonons via Frohlich coupling.” Specifically, shortly after photo-
absorption, high energy photogenerated “hot” carriers lose their excess
kinetic energy by emitting LO-phonons, which is then followed by the
decay of these high energy optical phonons into lower energy acoustic
phonons through Klemens’ and Ridley” processes. The formation of a
long-lasting hot carrier population thus requires methods to inhibit
phonon relaxation pathways that facilitate hot carrier relaxation, there-
fore extending the lifetime of the non-equilibrium carrier population.

The reduction (or even suppression) of phonon-mediated hot carrier
thermalization may be addressed either by inhibiting Frohlich interac-
tions or through approaches to enhance the re-absorption of hot
LO-phonons back into the carrier distribution prior to heat dissipa-
tion.” This second approach requires a “phonon bottleneck,” i.., a
reduction of the optical phonon decay rate, such that a hot phonon
population can form.

Several approaches have been investigated to engineer such a
phonon bottleneck. Quantum well (QW) structures have shown the
potential to increase hot carrier lifetimes longer than that in bulk semi-
conductors.”® The origin of this effect is attributed to the suppression
of phonon-mediated relaxation channels and the creation of a non-
equilibrium phonon population (hot phonons) in the system, which
then stabilizes a hot carrier distribution.” Another technique to create
the phonon bottleneck effect is to control the Klemens and Ridley
mechanisms via manipulating the material properties.”” It has been
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shown that utilizing semiconductors with large phononic band gaps,
like AISb and InN, can inhibit the decay of high energy optical pho-
nons due to the suppression of the Klemens mechanism.'” In addition,
it may also be possible to tailor the phononic properties of materials
using QW structures.’

While hot carrier effects have already been observed in various
low dimensional systems,'' '’ type-Il InAs multi-quantum wells
(MQW) have shown potentially interesting effects for practical hot
carrier solar cell applications, such as relatively low hot carrier thresh-
old,"”"* evidence of intervalley scattering,””'* and the suppression of
the Klemens mechanism due to the presence of large phononic band
gaps.' "’ In this work, type-II InAs/AlAsSb MQW structures with
increasing AlAsSb (barrier) contributions are investigated to assess the
potential of controlling carrier thermalization via quantum confine-
ment and phononic engineering. This system, in addition to significant
carrier confinement in the conduction band, also provides a consider-
able mismatch in the phononic properties, therefore providing the
potential for decoupling of relaxation pathways by design.

The type-II InAs/AlAsg 165boss MQW structures (p-i-n diodes)
investigated here were grown by molecular beam epitaxy on p*-GaAs
substrates. Prior to the deposition of the active region, the substrate was
heated to 580 °C to remove any residual oxide. Before the growth of
the multi-quantum well structures, a 1 um thick AlAsy;6Sbyg, buffer
layer was deposited to enable relaxation of strain and defects at the
lower GaAs/AlAsSb interface, therefore improving the quality of the
nominally lattice matched InAs QWs grown above. The active region
of these three structures consisted of ten 2.1 nm QWs isolated by sym-
metric AlAsg65bggs barriers of thickness 2.1, 5.2, or 10 nm for the
three MQW structures studied. The active region was completed with a
30nm AlAsj16Sbogs barrier followed by a thin 5nm GaSb capping
layer to prevent oxidation of the high Al-containing barrier materials.
The schematic of the sample and the band energy diagram of the active
region are shown in Fig. 1(a). Full details of the growth parameters are
described elsewhere.'**

Photoluminescence (PL) measurements were recorded using a
hyperspectral imaging technique, which creates a spectrally (with 2nm
resolution) and spatially resolved (down to the micrometer scale) PL
maps across the sample. The absolute photon flux emitted by the
MQWs is determined via applying various calibration techniques (spa-
tially, spectrally, and intensity calibrations).”' The hot carrier properties
of the samples are studied at various lattice temperatures and excitation
powers under continuous wave laser excitation (532 nm). Figure 1(b)
shows the absolute photon flux emitted by the 52nm AlAsSb barrier
sample at various excitation powers at 300 K. With increasing excitation
power, the high energy tail of the emission spectrum broadens, which is
indicative of the presence of hot carriers in the steady state system.”"'
The optical and thermodynamic properties of the emitting particles in
the semiconductor are determined by fitting the PL spectrum with a gen-
eralized Planck’s law as follows:""

2 —A -
- 22 '

where A(E) is the absorptivity of the sample, “c” is the speed of light,
“h” is the Planck constant, kg is the Boltzmann constant, Au the
quasi-Fermi level splitting (assumed to be constant across all wells),
and Ip;, the emitted PL intensity.
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FIG. 1. (a) Schematic of the sample and the band energy diagram of the active
region. The red dashed lines indicate the position of the discrete energy levels
within the QW. Three MQWs with barrier thicknesses 2.1, 5.2, and 10nm are
grown. (b) PL spectra at 300 K emitted by the InAs MQW with 5.2 nm barrier at var-
ious excitation powers. (c) Spectral PL ratios of the MQW structure at 300 K. The
dashed red lines indicate the ranges of energy, where the carrier temperatures are
determined. The inset shows the reference PL spectrum emitted at the lowest exci-
tation power.

While this method has been used extensively in the hot carrier
community,”'"'*'*'>** it represents a simple analytic method to
deduce the qualitative temperature of the carriers in the system. It is
only strictly valid in bulk materials in which the exponential pre-factor

is approximately constant above the bandgap, and where effects such
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as state filling and redistribution of carriers into non-degenerate bands
in the continuum are not significant. Otherwise, a more comprehen-
sive consideration of the absorptivity must be included such as in
recent work of Gibelli et al.”” and for the specific system considered
here, by Whiteside et al.”*

To eliminate the complexities of such analysis, here a PL ratio
method is applied to determine the temperature of hot carriers in the
system.”” This method simplifies the analysis of hot carrier effects in
the PL such that the contribution and complexity of the absorptivity at
high excitation powers can be avoided by using a low power reference,
see Fig. 1(c), where the spectrum is considered at equilibrium with the
lattice, or that those carriers in the I'-valley are fully thermalized. This
reference is used to produce spectral ratios that are proportional to the
carrier temperature while removing any energy dependence of the
absorptivity related to effects, such as state filling or redistribution of
carriers in the system; this would cause the emissivity term in Eq. (1)
to become energy dependent, limiting or even invalidating hot carrier
analysis using this method.” This important consideration is often
not well considered in the literature, particularly in emerging materials
where the inhomogeneously broadened contribution of multiple tran-
sitions inhibits any real quantitative analysis of hot carriers from the
PL spectrum. The dashed red lines in Fig. 1(c) indicate the range of
energies used to extract the carrier temperatures.

Figure 2(a) shows the extracted temperature difference (AT: the
temperature difference between non-equilibrium carriers and the lat-
tice) vs thermalized power (P,) for the three MQW structures at
300K using the ratio method described above. To assess the perfor-
mance of the MQWs in suppressing phonon mediated thermalization
of hot carriers, it is required to determine the fraction of the absorbed
power density above the band edge of the semiconductor, namely the
thermalized power (P,;). The thermalized power is determined by

Ejaser — E,

Pth ~ 8 Pah57 (2)

Elaser

>

where “Eja,” and “Eg,” are the laser and the bandgap energies, respec-
tively, and “P,,,” is the absorbed power density within the active region
determined by transfer matrix methodology.”** Photo-absorption in
each device is determined by considering the total thickness of the
potential wells and the barrier materials. The refractive indices of bulk
materials are applied for the analysis. Figure 2(a) indicates that upon
increasing the excitation power, the photo-generated carriers become
“hotter,” which is consistent with the presence of an LO phonon bottle-
neck as observed in several other quantum well systems.””"'

Moreover, the MQW structure with the largest barrier thickness
(10 nm) shows the largest AT at a given absorbed power density as indi-
cated on the upper x-axis in Fig. 2(a). This larger AT is indicative of
stronger hot carrier effects in the 10 nm sample. Furthermore, the pres-
ence of a phonon bottleneck is also apparently dependent upon the bar-
rier thickness, with the 10 nm sample displaying hot carrier effects at
lower excitation densities, followed by the 5.2nm, and 2.1 nm barrier
structures, respectively. This not only suggests that the AIAsSb barriers
have a strong role in inhibiting carrier thermalization in these structures,
but that the activation or control of a phonon bottleneck can be initiated
via the incorporation of AIAsSb in the system, by design.

Interestingly, the threshold for hot carrier generation and total
excess (hot carrier) temperature induced (AT) are somewhat lower
than those typically observed in other III-V systems investigated in
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FIG. 2. (a) AT as a function of the thermalized and the absorbed power at 300 K
for the MQW structures with 2.1 nm (black), 5.2nm (red), and 10nm (blue). The
dashed lines indicate the results of the linear fit, which are inversely proportional
with the thermalization coefficient of each sample. (b) Thermalization coefficient as
a function of the lattice temperature for the MQW structures.

the literature."' '* In the case of the lower threshold, these lower exci-

tation levels have been observed previously'”'* and the presence of a
bottleneck occurs at excited carrier densities of ~10'2cm™2 [5000
suns, see Fig. 2(a)], orders of magnitude lower than typically seen in
type-I quantum wells."" While the total excess energy (AT) provided
(up to ~90K) is less than that observed elsewhere at larger excitation
fluencies, this may be associated with intervalley scattering that is
prevalent under high energy photoexcitation in these systems.'”'**’
Figure 2(a) indicates a linear dependence between the thermal-
ized power and AT. Such behavior is well described by the thermaliza-
tion of high energy hot photo-generated carriers by the emission of
LO phonons via Frohlich interactions.”' ' Therefore, the dissipation
of excess energy via the emission of heat can also be qualitatively
described by the thermalization coefficient of hot carriers (Q) in
MQW structures by applying a linear fit to the results in Fig. 2. The

Appl. Phys. Lett. 118, 213902 (2021); doi: 10.1063/5.0052600
Published under an exclusive license by AIP Publishing

118, 213902-3


https://scitation.org/journal/apl

Applied Physics Letters

slopes are inversely proportional to the thermalization coefficient, as
described by'

Py =Q-AT. (3)

The thermalization coefficient of hot carriers for the MQW struc-
tures under investigation at various lattice temperatures is plotted in
Fig. 2(b). It is observed that the thermalization coefficient of the indi-
vidual samples does not change significantly as a function of lattice
temperature, which may be a further indication that the relaxation of
hot carriers follows a more subtle relaxation pathway involving not
only LO phonons and the Klemens process, but also interactions with
intervalley phonons and carrier scattering into the higher order satel-
lites.”" However, despite the unusual temperature independence of the
samples under investigation, the MQW structure with the thickest bar-
rier (10 nm) again shows the lowest values as compared to other struc-
tures, further supporting the role of the AlAsSb in inhibiting carrier
thermalization. A small thermalization coefficient is indicative of
smaller hot carrier thermalization losses, which can lead to stronger
hot carrier effects in the system. The values of Q extracted here suggest
potential power conversion efficiencies in excess of 35% "~ for this
unoptimized single gap system.

While others have assessed the viability of phonon engineering
with different conclusions,””"” here the origin of the apparent control
of carrier thermalization through phonon engineering is attributed to
the specific and somewhat unique properties of the InAs/AlAsSb sys-
tem studied with respect to those in earlier works. First, the phononic
mismatch in this system is significant, which when coupled with the
type-II nature of the superlattice—whereby electrons (InAs) and holes
(AlAsSb) are confined in spatially separated wells—enhances the role
of the barriers in the transport, recombination, and dynamics of the
system.j"1 Furthermore, the extent of the electron and more dramati-
cally the hole wavefunctions throughout the whole InAs/AIAsSb struc-
ture has been observed previously to play a strong role in the optical
properties and thermalization effects in the system.'®**** As such, it is
once more suggested that this system, while encompassing reasonably
well established III-V systems, provides a strong test bed for hot car-
rier physics in semiconductor structures and devices, in which much
of the required physics to realize practical hot carrier solar cells and
optical devices can be probed and elucidated, as well as being transfer-
able to other systems of interest.

To further elucidate the effects of the superlattice structure on the
thermalization of hot carriers in the respective structures under inves-
tigation, the effects of the InAs/AlSb superlattice (Fig. 3) composition
on the scattering phase space of high energy phonons were determined
using density functional theory (DFT) calculations. Here, the AlSb
compound is considered for the barrier material to simplify the DFT
calculations. This is justified due to the low composition of As (16%)
in the AlAsSb barrier. It is well known that InAs has a much smaller
phonon bandgap (optical to acoustic phonon energy separation rela-
tive to AISb)."” This leads to higher optical phonon scattering rates in
InAs with respect to AlSb, due predominantly to the dominance of
Klemens channel in narrow gap InAs."” To assess if a decoupling of
the Klemens channel in the InAs QW, or a dominance of the AISb
phononic properties, can inhibit the thermalization rates in the InAs/
AlSb-based MQW:s and superlattices investigated, the effect of InAs/
AISb superlattice composition upon the phonon scattering is calcu-

lated through first-principles computations. Figure 3(a) shows the
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FIG. 3. (a) Atomistic structure of the InAs/AISb superlattice simulated. Phonon den-
sity-of-states (b), and scattering phase space (c) for superlattice structures with var-
ious InAs compositions (or AISb barrier thicknesses).

atomistic structure of a typical InAs/AISb superlattice assessed using
these techniques.

The approach involves first computing the phonon dispersions
of pure InAs, AlSb, and several InAs/AISb superlattices. As shown in
Ref. 19 the density-of-states (DOS) of superlattices cannot be esti-
mated from a simple average of DOS for the two neat compounds, but
requires a dedicated calculation.'” This is achieved by deriving the har-
monic interatomic force constants (IFCs) for InAs and AISb separately
from density-functional theory (DFT). IFCs of the superlattice are
taken to be an appropriate average of the IFCs for InAs and AlSb
(averaged according to a given composition) and combined with the
actual atomic mass distribution in the superlattice to compute super-
lattice phonon dispersion. Since the difference in average masses of
InAs and AlSb (~40%) is much larger than the difference in force-
constants (difference in the largest force constants between the two
materials is ~10%), the superlattice phonon dispersion is more
strongly impacted by mass-difference. As atomic masses are accurately
used in this work, the outlined approach leads to accurate superlattice
phonon dispersions.
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Computed dispersions are used to determine phonon scattering
phase space, which is estimated from the number of feasible scattering
channels normalized with respect to the wave-vector grid used. DFT
calculations are performed in this work using the plane wave pseudo-
potential code QUANTUM-ESPRESSO. Norm conserving pseudopo-
tentials in the local density approximation (LDA) were used with a
60 Ry plane wave cutoff. An 8 x 8 x 8 Monkhorst mesh was used to
describe the electronic properties. For InAs and AlSb, the harmonic
force constants were computed on an 8 x 8 x 8 g-grid. Acoustic sum-
rules were imposed to satisfy translational invariance.

The phonon density-of-states for three superlattices (50%, 20%,
and 10% InAs, respectively, corresponding to the MQWs with 2.1, 5.2,
and 10nm AlSb barrier thicknesses) and the AISb compound are
shown in Fig. 3(b). It is seen that the InAs/AISb superlattice with the
largest InAs composition (50%) has the smallest phonon bandgap, yet
larger than bulk InAs resulting in phonon scattering between InAs
and AISb."” It is evident that by reducing the InAs content (increasing
the AISb contribution) the phonon DOS of the superlattice approaches
the behavior of bulk AlSb, with its large phonon bandgap. Such an
effect is more evident in the superlattice with 10% InAs composition,
where the dramatic decrease in phonon DOS at the frequency range
~220cm™ ! (due to InAs compound) makes the system behave like
AlSb, whose maximum frequency for acoustic phonons is ~160 cm™".

This effect is also consistent with a drop in phonon scattering
phase space in frequency ranges between 280 and 340cm™ ' in the
superlattices, see Fig. 3(c), due to the suppression of the Klemens
mechanism by removing the phonon channels with frequencies of
~220cm™ " (shown by black arrows). The discontinuity in Fig. 3(c)
represents the phononic bandgap in the dispersions of these materials.
The x-axis of the plot is normalized with respect to ®,,,,, which is the
maximum phonon frequency for each of the superlattice composi-
tions. A large fourfold decrease in scattering phase is observed at a
scaled frequency of ~0.85. By decreasing phonon scattering through
superlattice composition engineering, it is possible to generate non-
equilibrium phonon populations (hot phonons) and create a phonon-
bottleneck effect by design, which supports the results in Fig. 2. This
suggests that such architectures may be used to establish a hot carrier
distribution in a practical quantum well solar cell.

In conclusion, the impact of the barrier thickness of type-II InAs/
AlAs) 16Sby g4 MQW structures in the thermalization of hot carriers is
studied. Tt is seen that by increasing the thickness of the barrier, the
prevalence of hot carriers in the system becomes stronger (larger AT).
This effect is consistent with the low thermalization coefficient of the
MQW with the thickest barrier (10 nm, a greater relative AISb con-
tribution). DFT calculations are carried out to investigate the ori-
gin of this effect in superlattice structures by considering various
compositions of the constituent compounds. By increasing the
contribution of the AISb barrier (reducing the InAs content in the
superlattices), the phononic band structure of the system
approaches AlSb-like behavior whose phononic properties can sig-
nificantly suppress Klemens relaxation pathways. In addition, the
DEFT calculations indicate that by eliminating the contribution of
available InAs phonon states and inhibiting Klemens channels by
increasing the thickness of the AISb barrier, the phonon scattering
time increases considerably providing a condition for the creation
of hot phonons and, consequently, a strong hot carrier distribution
in the MQW structures.
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