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Prototypes for hot-carrier solar cells based on type-II InAs/AlAs0.16Sb0.84 multiple quantum wells are
examined with ac photoconductivity as a function of lattice temperature and photoexcitation energy to
determine the photoexcited charge-carrier transport. These samples previously exhibited an excitation
energy onset of a metastable regime in their short-time charge-carrier dynamics that potentially improves
their applicability for hot-carrier photovoltaic cells. The transport results illustrate that the ac photoconduc-
tivity is larger in the regime corresponding to the metastability as a result of higher excitation photocarrier
densities. In this excitation regime, the ac photoconductivity is accompanied by slightly lower carrier
mobility, arising from the plasmalike nature of carriers scattered by Auger recombination. Outside of this
regime, higher mobility is observed as a result of a lower excitation density that is more readily achievable
by solar concentration. Additionally, at ambient temperatures, more scattering events are accompanied by
slightly lower mobility, but the excitation dependence indicates that this is accompanied by an ambipo-
lar diffusion length that is greater than half a micron. These transport properties are consistent with good
quality in-organic elemental and III-V semiconductor solar cells and far exceed those of organic and per-
ovskite materials. The transport results complement the dynamics observed in type-II InAs/AlAs0.16Sb0.84

and can guide the design of hot-carrier solar cells based on these and related materials.

DOI: 10.1103/PhysRevApplied.18.014001

I. INTRODUCTION

Hot-carrier solar cells (HCSCs) have been proposed to
overcome the traditional single-junction detailed-balanced
limit [1–4]. In conventional solar cells, broad-spectrum
light photoexcites many carriers with excess energy above
the band gap and will undergo thermalization through
cooling and relaxation [4,5]. This process converts pho-
tonic energy to thermal energy, rather than usable electri-
cal energy. In HCSC designs, excited carriers should be
extracted before they thermalize and cool, and thus over-
come thermodynamic limits by reducing the energy loss
to heat [3,6–8]. To achieve this goal, carrier recombination
should be slow. Silicon solar cells exploit indirect recombi-
nation, which can be replicated in type-II aligned multiple
quantum well (MQW) and superlattice (SL) heterostruc-
tures. These structures can also create optical resonances
to improve the desired absorption. Moreover, MQW and
SL structures can have reduced thermal conductivity that
further slows carrier cooling via phonon emission and
subsequent phonon-phonon relaxation [9–11].

*alan.bristow@mail.wvu.edu

Design of MQW and SL structures for HCSC applica-
tions requires significant electronic and phononic band-gap
engineering, which is available in heterostructures such
as InAs/AlAsx, Sb1−x [12]. These systems exhibit type-II
electronic band alignment, where conduction-band elec-
trons are predominantly confined to the InAs wells and
valence-band holes to the AlAs0.16Sb0.84 barriers. It has
been observed that they have long-lived photolumines-
cence over a wide range of lattice temperatures [12], a
phonon-bottleneck that prevents rapid carrier cooling and
even hot-carrier stabilization [10,12,13], charge-carrier
dynamics that show Auger scattering on short timescales,
and a metastable state that prolongs hot-carrier lifetimes
[13]. This metastability has an energy onset that may make
it compatible with proposals for hot-carrier extraction
through energy-selective contacts. Furthermore, devices
with applied biases have shown increased charge separa-
tion by intervalley scattering that is expected to further
slow electron-hole recombination [14–16].

Useful parameters for designing a HCSC device include
the optical absorption, hot-carrier lifetime, and excited-
state mobility. It is unknown whether the benefits observed
in the photoexcited dynamics of these type-II MQWs apply
to the excited-state charge-carrier transport, especially
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because alloy intermixing at the internal interfaces may
reduce the carrier mobility [10]. In this paper, the transport
of an InAs/AlAs0.16Sb0.84 MQW structure is evaluated by
ac photoconductivity for a range of lattice temperatures
and optical-excitation conditions. This is achieved using
femtosecond optical pump pulses and terahertz (THz)
probe pulses. This approach allows for measurements of
the heterostructure without contact effects that require
additional modeling parameters [17], offers access to the
complex conductivity of excited carriers [18–20] through
time-domain spectroscopy [21,22], and allows the trans-
port to be tracked during the subsequent decay dynamics
[10,13,19,20]. Measurements are performed in the pre-
viously observed metastable regime to determine if the
carrier transport is adversely affected by the high excita-
tion conditions. Fitting with a plasmon model yields car-
rier density and mobility. Temperature-dependent mobility
indicates ambipolar diffusion. Whereas excitation-energy
dependence suggests that transition into the metastability
regime may be associated with transition into plasmalike
transport suitable for strong Auger scattering [13].

II. EXPERIMENT

A type-II InAs/AlAs0.16Sb0.84 MQW structure is grown
using molecular beam epitaxy [23] to have 30 periods of
2.4-nm InAs wells with 10 nm of AlAs0.16Sb0.84 barri-
ers. A 2-μm-thick InAs buffer layer is grown on the GaAs
substrate to relax the strain in order to produce a strain-
relaxed heterostructure [12]. The substrate is removed
using mechanical polishing and wet etching leaving the
structure attached to a c-cut sapphire transfer substrate for
optical measurements [10]. The inset of Fig. 1(a) shows
a schematic diagram of the sample structure. This struc-
ture has an optical absorption edge (band gap) of 0.857 eV
at 4 K, which is nonmonotonic with increasing tempera-
ture as various defect states become optically inactive and
bands relax [10,12].

Figure 1(a) shows the time-resolved THz spectroscopy
setup using a 1-kHz regenerate laser amplifier to produce
100-fs pulses centered at 800 nm [13]. Output pulses from
the amplifier are split into two replicas, one for generation
and detection of THz radiation, the other for optical excita-
tion. The THz is created by optical rectification in a CdSiP2
crystal [21] and detected by electro-optic (EO) sampling in
a ZnTe crystal [24–26]. THz pulses propagate in a dry-air
purged environment through four off-axis parabolic mir-
rors with an intermediate focus where the sample resides
in a cryostat with temperature control from 4 to 300 K.
The pump photon energy is tuned in an optical parametric
amplifier (OPA) with a range from 0.775 eV (1.6 μm) to
1.03 eV (1.2 μm).

The (excited-state) ac photoconductivity spectra are
determined by the differential transmission of THz radi-
ation through the sample with and without the optical

(a)

(b)

FIG. 1. (a) Time-resolved terahertz spectroscopy setup and
sample structure inset. (b) Transient THz transmission through
the sapphire substrate, the InAs/AlAs0.16Sb0.84 MQW without
photoexcitation, and the differential transmission through the
sample with photoexcitation. The inset shows the amplitude
spectra from numerical Fourier transforms.

excitation. Both time-domain signals are acquired by vary-
ing the THz delay time (tTHz), for a fixed pump-probe
delay time (�t). A mechanical chopper is placed in the
THz generation beam for the reference spectrum (with-
out pumping) and in the optical excitation beam for the
differential measurement and in both cases the chopper’s
modulation frequency is fed into the lock-in amplifier to
read out the differential electro-optic signal. Figure 1(b)
shows examples of the THz transients from the substrate
(orange symbols), sample (black symbols), and photoex-
cited sample (red symbols), showing the main feature
around tTHz = 0 ps and a reflection in the detection crys-
tal at tTHz ∼ 10 ps. Spectra are obtained by performing a
numerical Fourier transform of the respective transients
with a window function to remove the unwanted reflection;
see inset of Fig. 1(b). The maximum optical excitation den-
sity is maintained at approximately 1013 cm−2 per well for
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all lattice temperatures (Tl), pump-probe delay times and
excitation photon energies.

Complex ac-photoconductivity spectra �σ̃(ω) are
determined from the time-domain THz transmission spec-
tra for the ground T̃(ω) and excited states �T̃(ω), given by
[19]

�σ̃(ω) = −εc(1 + ñs)

d
�T̃(ω)

T̃(ω)
, (1)

where ñs is the refractive index of the substrate—measured
as a function of temperature and consistent with
Refs. [27,28], d is the sample thickness, ε0 and c are
the vacuum permittivity and light speed. The ground-
and excited-state transmission spectra are determined
from the ratios T̃(ω) = EGS(ω)/Esub(ω) and �T̃(ω) =
�EES(ω)/Esub(ω), where EGS(ω), �EES(ω), and Esub(ω)

are the ground-state, excited-state, and substrate THz field
spectra, all measured as a function of temperature.

III. RESULTS

Figure 2(a) shows the real (solid symbols) and imagi-
nary (open symbols) parts of �σ̃(ω) = σr(ω) + iσi(ω) for
a series of pump-probe delay times with fixed excitation
at 1.03 eV and lattice temperature of 4 K. Increasing �t
reduces the excited-carrier density Nexc, because carriers
relax and recombine by various mechanisms [29,30]. Con-
ductivity is directly proportional to Nexc, so σr (and to some
extent σi) is observed to decrease with increasing �t, as
expected. However, as carrier density decreases, the mean-
free-path lf of those excited carriers will increase. The
scattering time is τ = lf /vth, where vth = √

3kBTl/m∗ is
the thermal velocity of the carrier, with kB is the Boltzmann
constant and m∗ is the effective mass. Estimated values for
lf are presented in Table I and discussed later. Neverthe-
less, the dependence of τ on lf is indirectly dependent on
Nexc, such that the conductivity �σ̃(ω) may not decrease
directly proportionally to Nexc.

Figure 2(b) shows σr and σi for 0.93 eV (red symbols)
and 1.03 eV (black symbols) excitation, for �t = 3 ps and
Tl = 4 K. Higher excitation energy has a stronger con-
ductivity, which is indicative of a higher Nexc. This is
consistent with data determined from the photon-energy-
dependent excitation dependence and dynamics reported
previously [13]. Figure 2(c) shows the transient absorp-
tion recorded at the maximum of the ground-state THz
field Ẽmax

GS [see Fig. 1(b)] and converted into excited-
carrier density by Nexc = −αd log(�Ẽ2

ES/Ẽ2
GS), where the

sample absorbance as αd ≈ 0.19(0.24) for 0.93(1.03) eV
excitation. Results confirm that at short delay times
(�t < 30 ps), Nexc is indeed higher for the 1.03 eV exci-
tation. These two photon energies straddle the onset of a
metastable response, associated with an indirect hh3 → e1
transition >0.98 eV and a higher density of states. The

(a)

(b)

(c)

FIG. 2. ac-photoconductivity spectra for the MQW sample at
a lattice temperature of 4 K for (a) a range of pump-probe delay
times with excitation of 1.03 eV, and (b) excitation of 0.93 eV
and 1.03 eV for �t = 3 ps. Results fit to a plasmon conduc-
tivity model. (c) Photocarrier density Nexc versus pump-probe
delay time measured by transient absorption of Ẽmax

GS (solid lines),
overlaid with values from the plasmon model (data points). Inset
shows the excitation schemes in a single quantum well.

dynamics in this regime have shown an increased Auger
scattering during early times that prolongs hot carriers
beyond their lifetime arising from the phonon bottleneck
due to a reduced thermal conductivity [10].

Spectra in Figs. 2(a) and 2(b) are fit to various con-
duction models [20]. Despite partial confinement of the
carriers, to match positive σr and negative σi, with both
trending toward zero at low frequency, the best fit is a
plasmon model given by

�σ̃P(ω) =
(

Nexce2

m∗

) (
τ

1 − iτ(ω − ω2
0/ω)

)
, (2)
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where e is the elementary charge, m∗ is effective mass
of InAs, and ω0 =

√
g(Nexce2/ε0m∗) with g = 0.52 is a

geometry factor [31]. It is found that ω0 changes linearly
with respect to the

√
Nexc from 0.95 to 2.55 THz. The

plasmon model describes carriers driven by the external
electromagnetic wave with a restoring force. Such a restor-
ing force leads to damping of the charge-carrier transport
and can be provided by a depletion or accumulation field in
semiconductor nanostructures. Here the model agrees well
with the measured spectra for all pump-probe delay times
and for both photoexcitation energies.

Figure 2(c) shows the extracted Nexc(�t) (data points)
overlaid on the directly measured transients. The transients
only measure variations in the maximum EGS(ω) in the
THz trace while varying �t and are insensitive to subtleties
of the full THz spectrum. On the other hand, fitting the
full THz spectrum by the plasmon model considers sam-
ple geometry and carrier-scattering mechanisms, such that
Nexc can return values that do not match that of the tran-
sient. Good agreement between the two approaches further
confirms the validity of the plasmon model and will pro-
vide confidence for determining the mobility as a function
of carrier density in later discussions.

The temperature and excitation dependence of the
excited-carrier transport in the metastable regime is
obtained using the same approach, namely by fitting the
plasmon model to the ac photoconductivity spectra for the
MQW sample with excitation at 1.03 eV. Figure 3 shows
typical results for σr and σi comparing �t = 3 ps and 90 ps
for (a) Tl = 4 K and (b) Tl = 300 K. At both temperatures
the conductivity at the earlier time is stronger and approx-
imately equal. As with the excitation energy comparison,
the excitation density deceases with increasing �t, with a
reduction in σr(@1 THz) from 3 ps to 90 ps of approxi-
mately equal to 60% at Tl = 4 K and only approximately
equal to 35% at 300 K. These reductions are consistent
with a slower carrier density decay at the higher temper-
ature as the system transition to quasi-type-II alignment
as the holes delocalize [13]. All spectra exhibit the char-
acteristics of the plasmon model, so values of Nexc can
be extracted for lattice temperature and pump-probe delay
time.

Figure 3(c) shows Nexc(�t) for 1.03 eV photoexci-
tation Tl = {4, 100, 200, and 300} K determined from the
transient absorption (solids lines) and the plasmon model
(data points). The measured and extracted Nexc agree well
for the entire temperature and delay-time parameter space.
Results are plotted on a semilog scale to accentuate the var-
ious decay regions, especially the metastability distinctly
observed as an approximately 10-ps plateau in the 4- and
100-K transient signals [13]. This plateau is less apparent
in the 200- and 300-K transients. By 300 K, the hole
bands are expected to have flattened sufficiently through-
out the Brillouin zone, partially overcoming the indirect
nature of the hh3 → e1 transition that is believed to be

(a)

(b)

(c)

FIG. 3. ac-photoconductivity spectra for the MQW sample
excited at 1.03 eV for �t = 3 ps and 90 ps at (a) 4 K and (b)
300 K. (c) Photocarrier density decays for excitation of 1.03 eV
for a range of lattice temperatures from transient absorption
(solid lines) and plasmon modeling (data points).

responsible for the metastability [14]. The higher tem-
perature data shows a slower decay due to an extended
hot-carrier density that is slow to recombine because the
charge-to-thermal energy pathway is hindered, both by
a phonon bottleneck in the decay of optical-to-acoustic
phonon scattering and a low thermal conductivity [10,11],
resulting in reabsorption of optical phonons by the carri-
ers that prevents their thermalization. Therefore, at higher
temperatures the higher conductivity persists for longer
and is not enhanced or diminished by the lack of the
metastability exhibited at lower lattice temperatures.

Scattering times (τ ) determined from the plasmon
model are related to the carrier mobility μ = eτ/m∗. Since
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τ are simultaneously found with the Nexc, μ(Nexc) can
be plotted to illustrate the effect of carrier-carrier inter-
action on the mobility for different excitation conditions.
Figure 4(a) shows μ(Nexc) for 1.03 and 0.93 eV pho-
toexcitation at Tl = 4 K. Data points are obtained from
both the transient and plasmon-model estimates of Nexc.
At both excitation energies, μ(Nexc) starts at similar val-
ues and then decreases with higher carrier concentration
in a manner that looks like the hyperbolic tangent of
a Fermi-Dirac distribution. This is consistent with the
doping-concentration dependence of mobility, empirically
identified by Caughey and Thomas as sigmoidal curves
[32] and applied in photoexcited carrier results for GaAs
[33] and Si [34] probed by time-resolved THz spec-
troscopy. The μ(Nexc) data can be empirical fit by

μ|| = μ
||
max − μ

||
min

1 + (Nexc/Nc)
β

+ μ
||
min, (3)

where μ
||
max(min) is the maximum(minimum) mobility

driven parallel to the THz electric field, and Nc
and β are the center and slope of the inflection
between the maximum and minimum values. For Nexc <

2 × 1012 cm−2, μ
||
max ≈ 2.48 × 103 cm2V−1s−1 and Nc ≈

1.04 × 1013 cm−2 for both excitations, whereas μ
||
min ≈

2.13(1.85) × 103 cm2V−1s−1 for 0.93(1.03) eV. The lower
μ

||
min for 1.03 eV excitation is due to an increased

carrier-carrier scattering that decreases the mean-free-path
between scattering events, and hence a decreased drift
velocity (vd = −μ||E). Given a maximum driving THz
field of approximately equal to 25 kVcm−1 the maxi-
mum vd is 6.2 × 107 cm s−1 for both excitation energies,
which drops to minima of 5.33(4.63) × 107 cm s−1 for
0.93(1.03) eV excitation. These values are consistent with
vd reported in two-dimensional (2D) structures [35–38].

Figure 4(b) shows μ(Nexc) as a function of Tl for 1.03 eV
photoexcitation. For Tl = 4 K the data is the same as in
Fig. 4(a), while the other temperature data are acquired
using μ from the plasmon model and Nexc from the tran-
sient absorption. Since the increase in photoexcited carrier
density can be controlled through the irradiance of the
optical pump pulse in much the same way that doping
concentration (or back-gate voltage) controls the carrier
density, all four data sets are expected to be qualitatively
consistent with the empirical Caughey-Thomas curves;
fitting values are given in Table I. For all four temper-
atures, the maximum mobility is set to μ

||
max ≈ 2.48 ×

103 cm2V−1s−1 consistent with the data from Fig 4(a),
because this value is determined from the low-excitation-
density region of the transient, where Nexc is decaying
toward zero regardless of the temperature. Note that this
value is 2 orders of magnitude larger than the ground-
state mobility (determined without the use of an optical

(a)

(b)

FIG. 4. Mobility versus carrier density for the MQW sample
at (a) 4 K, photoexcited at 0.93 and 1.03 eV, and (b) photoex-
cited at 1.03 eV for a range of lattice temperatures. Filled and
open symbols represent μ(Nexc) extracted carrier density from
the transient absorption and the plasmon model, respectively.
Data are empirically fit with the Caughey-Thomas curves.

excitation pulse) and is extremely weakly dependent on the
lattice temperature [39].

The remainder of the fitting parameters in Table I are
temperature dependent. Increasing Tl decreases μ

||
min and

Nc, and increases β. The reduction in μ
||
min may suggest

increased scattering at the early times after excitation,
even though there is little change in the carrier density.
However, unlike the photon-energy independence of the
position of Nc, its change in this case suggests carrier-
lattice interactions. The increase in β simply means that
the transition from μ

||
max to μ

||
min occurs over a narrower

range of carrier density and is not shown in Table I.

IV. DISCUSSION

Carrier mobility is related to the MQW structure and it
is known that electrodynamics properties of nanostructures
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is often excitonic, especially when length scales within
the structure are smaller than the excitonic Bohr radius
[40,41]. In this case, because the ac photoconductivity fits
to a plasmon model, excited carriers are considered as
electron-hole pairs, that are loosely bound by Coulomb
interactions and experience ambipolar diffusion. The exci-
ton Bohr radius is aX = �2ε/e2m∗

r ≈3 nm [42,43], where
ε = εrε0 and m∗

r are the permittivity and reduced effec-
tive mass estimated from values of InAs and AlSb [44],
and � is the reduced Planck constant. From the Bohr
radius, the Mott density is estimated to be NMott = 1/a2

X ≈
1.11013 cm−2 [45], which denotes the transition from a
gas to a plasma of the charge carriers, and is illustrated
as a dashed vertical line in Fig. 4(a). For comparison,
μ

||
min corresponds to early times in the transient absorp-

tion where the carrier dynamics are dominated by Auger
recombination [13], whereas Nc(4 K) ≈ NMott occurs in
the carrier-density range where radiative recombination
dominates, and μ

||
max corresponds to a carrier density dom-

inated by Shockley-Reed-Hall recombination. For low
temperature, the Mott density is slightly below the transi-
tion from dynamics dominated by radiative recombination
(Nexc > NMott) to Auger recombination Nexc < NMott. For
the low temperature, it is reasonable that Auger scatter-
ing leads to break up of electron-hole pairs and creates a
plasma of the majority carriers. At higher temperatures,
this transition to Auger recombination does not occur,
so while the dynamics offer insight into low temperature
behavior, they do not explain the mobility completely.

A drift-diffusion model can be applied to the transport
of the native and excited carriers. Shortly after excitation,
photocarriers act as mostly neutral electron-hole pairs, so
that they are only partly driven by the probe THz electric
field. Moreover, the drift contribution is weakly dependent
on temperature because the THz probe is fixed in strength.
Hence, the following analysis is limited to ambipolar
diffusion [46] determined by an Einstein model:

Dam(Tl) = kBTl

e

[
(2Nexc + P0)

((Nexc/μp) + (Nexc + N0/μn))

]
, (4)

where N0 is native carrier density estimated from ground-
state ac conductivity and photoluminescence to be approxi-
mately equal to 0.5(1.5) × 1011 cm−2 at low(high) Tl, and

μn(p) are electron(hole) mobility estimated from μ
||
min ≈

μnμp/(μn + μp) because Nexc � N0 [46].
In Table I, Dam is shown to increase as a function of

temperature, which results in an increase in the average
distance a carrier travels between excitation and recombi-
nation. This is characterized by the diffusion length LD =√

DamτR [47,48], where τR is the carrier lifetime. Table I
also shows LD values estimated with τR set as the first
decay component from fitting the transient absorption [13].
Figure 3(c) shows that τR increases with lattice tempera-
ture and leads to a larger Nexc at longer �t delays. Hence,
as Tl increases, τR and μ

||
min are inversely correlated and

μ
||
min persists to lower values of Nexc. This effect results in

a decreasing Nc with Tl.
Overall, as the carrier dynamics in the region of μ

||
min

transition from Auger to radiative recombination with
increasing temperature, Dam and LD increase, and μ

||
min

decreases as is seen in Fig. 4(b). Increased diffusion might
be expected to spread the carriers out in real space and
reduce the likelihood of Auger scattering. Additionally,
this can be related to the mean-free-path lf that is also tabu-
lated. Comparison shows that both LD and lf increase with
Tl, but the ratio LD/lf reveals that there are approximately
11(37) scattering events on average before recombination
at low(high) Tl. Figure 5(a) summarizes the photocarrier
dynamics (Auger, then radiative then Shockley-Read-Hall)
and transport through diffusion. Schematic diagrams of the
photocarrier distribution during the cooling process are
shown at (b) Tl ≈ 4 K, where strong Auger recombina-
tion initially occurs, and (c) Tl ≈ 300 K, where diffusion
quickly spreads the distribution. The increased scattering
at higher temperature is consistent with a decreased μ

||
min.

Hence, in the extremely high excitation regime, lower tem-
perature leads to both the metastable dynamics and the
better mobility.

Finally, the sample temperature affects the photocarrier
transport through interactions with the lattice. The data
shows that μ

||
max(Tl) is temperature independent and that

μ
||
min(Tl) decreases somewhat linearly by approximately

5% over the temperature range. The weakness of the lat-
ter temperature dependence does not match any individual
component of the ground-state carrier-lattice interaction,
which is determined in either THz time-domain spec-
troscopy or Hall-effect measurements [39,49]. Namely,

TABLE I. Caughey-Thomas curve fitting parameters, calculated ambipolar diffusion coefficient and mean-free-path for a range of
lattice temperatures for 1.03-eV excitation.

Tl (K) μ
||
min(103 cm2 V−1 s−1) Nc(1013 cm−2) Dam(cm2 s−1) LD(nm) lf (nm)

4 1.85 ± 0.08 1.04 ± 0.05 0.4 ± 0.03 24.5 ± 0.5 2.13 ± 0.07
100 1.80 ± 0.08 0.95 ± 0.05 10.19 ± 0.67 174.8 ± 0.9 9.92 ± 0.38
200 1.78 ± 0.08 0.75 ± 0.04 20.44 ± 1.34 391.5 ± 2.7 13.82 ± 0.54
300 1.76 ± 0.08 0.70 ± 0.04 30.74 ± 2.01 619.9 ± 3.5 16.67 ± 0.66
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(a)

(b)

(c)

Auger

Auger

Radiative

Radiative

Cooling/Dt

Cooling/Dt

FIG. 5. (a) Schematic diagram of the type-II band alignment,
photoexcitation of charge carriers into e1, hh1–3, lh1 bands, and
the interaction of carriers including diffusion (Dam), Auger scat-
tering and electron-phonon scattering (q). (ε is band energy,
�ω is the photon energy.) These interactions vary the spatial
distribution of the cooling charge carriers depending on the lat-
tice temperature and are illustrated for (b) Tl ≈ 4 K and (c)
Tl ≈ 300 K.

these are carrier mobility ∝T−0.5
l due to deformation poten-

tial scattering, ∝T1.5
l due to piezoelectric potential scat-

tering and ∝ exp(1/Tl) for polar-optical scattering. To
maintain an almost Tl-independent response, piezoelec-
tric potential scattering by acoustic phonons and polar
optical scattering limit the carrier mobility in the low-
and high-temperature regimes, respectively. While more
data is required to properly interpret the carrier-lattice
interactions, it is clear that the carrier density has a
more significant effect on the transport than the temper-
ature dependence. This suggests that temperature would
play a smaller role in limiting the operational range for
InAs/AlAsx, Sb1−x-based devices.

V. CONCLUSION

In summary, ac-photoconductivity measurements are
presented for a type-II InAs/AlAs0.16Sb0.84 heterostruc-
tures to determine the transport of photocarriers for a

range of lattice temperatures and excitation conditions.
The results complement photocarrier dynamics that previ-
ously identified the recombination mechanisms, and high-
lighted an intriguing metastability at low temperatures
and for sufficient excess excitation energy [13]. While the
photon-energy dependence shows that carrier transport in
the metastable regimes exhibits higher conductivity, the
mobility is slightly reduced compared to other excitation
regimes.

At lower excitation densities, which are within the reach
of moderate solar concentration, photocarrier transport is
temperature independent. Additionally, at warmer temper-
atures close to ambient operating conditions, hot-carrier
lifetimes remain prolonged, and ambipolar diffusion and
radiative recombination govern the transport and dynam-
ics. Moreover, mobility for low excitation density is com-
parable to elemental and III-V-based photovoltaic devices
[50–52], and exceeds that of organic [53] and hybrid-
perovskite [54] solar cells by several orders of magnitude.

Long hot-carrier lifetimes and good mobility can be
exploited in type-II InAs/AlAsx, Sb1−x device architec-
tures. Furthermore, these systems can further increase hot-
carrier lifetimes with processes like intervalley scattering
[16] that do not require excessive excitation densities.
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velocity of electrons in quantum wells in high electric
fields, Semiconductors 43, 458 (2009).

[36] A. Guen-Bouazza, C. Sayah, B. Bouazza, and N. E.
Chabane-Sari, Steady-state and transient electron transport
within bulk InAs, InP and GaAs: An updated semiclassi-
cal three-valley Monte Carlo simulation analysis, J. Mod.
Phys. 04, 616 (2013).

014001-8

https://doi.org/10.1016/j.solmat.2013.10.003
https://doi.org/10.1002/pip.2763
https://doi.org/10.1038/s41598-018-30894-9
https://doi.org/10.1063/5.0052600
https://doi.org/10.1063/1.4907630
https://doi.org/10.1038/s41598-021-89815-y
https://doi.org/10.1088/1361-6641/aae4c3
https://doi.org/10.1088/1361-6641/ab312b
https://doi.org/10.1038/s41560-020-0602-0
https://doi.org/10.1103/PhysRevMaterials.4.085404
https://doi.org/10.1063/1.119456
https://doi.org/10.1088/0268-1242/31/10/103003
https://doi.org/10.1007/s10762-012-9905-y
https://doi.org/10.1364/OE.27.016958
https://doi.org/10.1364/OE.20.016968
https://doi.org/10.1016/j.physe.2003.08.003
https://doi.org/10.1063/1.116356
https://doi.org/10.1364/JOSAB.18.000313
https://doi.org/10.1063/1.119093
https://doi.org/10.1364/JOSAB.7.002006
https://doi.org/10.1364/OE.27.014536
https://doi.org/10.1063/1.368024
https://doi.org/10.1021/jp512500g
https://doi.org/10.1103/RevModPhys.83.543
https://doi.org/10.1109/PROC.1967.6123
https://doi.org/10.1103/PhysRevB.62.15764
https://doi.org/10.1364/OE.382840
https://doi.org/10.1134/S1063782609040095
https://doi.org/10.4236/jmp.2013.45089


NONEQUILIBRIUM HOT-CARRIER. . . PHYS. REV. APPLIED 18, 014001 (2022)

[37] J. S. Blakemore, Semiconducting and other major proper-
ties of gallium arsenide, J. Appl. Phys. 53, R123 (1982).

[38] A. Šilenas, Yu Požela, K. Požela, V. Jucienė, I. S.
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