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Enhanced mobility of ternary InGaAs quantum wells through digital alloying
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High In content InGaAs quantum wells (In � 75%) are potentially useful for topological quantum computing
and spintronics applications. In high-mobility InGaAs quantum wells, alloy disorder scattering is a limiting
factor. In this paper, we demonstrate that by growing the InGaAs quantum wells as a digital alloy, or a short
period superlattice, we can reduce the alloy disorder scattering within the quantum well and increase the peak
2 K electron mobility to 545 000 cm2/Vs, which is the highest reported mobility for high-In content InGaAs
quantum wells to the best of the authors’ knowledge. Our results demonstrate that the digital alloy approach can
be used to increase the mobility of quantum wells in random alloy ternary materials.
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I. INTRODUCTION

InGaAs quantum wells with high In content (In � 75%)
have a smaller electron effective mass, smaller band gap en-
ergy, larger g factor [1], and larger spin-orbit coupling [2,3]
compared to GaAs quantum wells. These properties of In-
GaAs quantum wells make high electron mobility quantum
wells promising materials for topological quantum computing
[4,5] and spintronics [6]. While alloying the GaAs with InAs
both enables the tunability of the properties and enhances
certain properties of the quantum wells, it introduces random
alloy disorder in the material. This intrinsic random alloy
disorder leads to alloy disorder scattering of charge carriers
and is a limiting factor in high electron mobility InGaAs quan-
tum wells. The current state-of-the-art mobilities in high-In
content InGaAs quantum wells is ∼ 430 000 cm2/Vs [7] and
alloy disorder scattering is a major scattering mechanism near
the peak mobility [7,8]. Reducing this intrinsic alloy disorder
scattering poses a significant challenge towards improving the
mobilities of InGaAs quantum wells.

Digital alloys (DA) are an alternative approach to alloying
by growing the material as a short period superlattice [9]
instead of a random alloy. While the properties of digital
alloys often closely resemble that of the random alloys, prop-
erties such as the band gap [9–11] and effective mass [12]
can vary significantly. Digital alloys have been predominately
implemented in optoelectronic devices such as low excess
noise avalanche photodetectors [13] and low series resistance
distributed Bragg reflectors [14]. There have been some stud-
ies on the transport of heterostructures grown with digital
alloys, such as magnetically doped semiconductor quantum
wells [15], parabolic quantum wells [16], and coupled mul-
tiple quantum wells [17,18]. Digital alloys are potentially
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promising in improving the transport mobility of semiconduc-
tor alloys. By growing a digital alloy as an ordered structure
comprised of binary semiconductors, which intrinsically do
not posses any alloy disorder, it is expected that there is no
alloy disorder scattering within the material and the transport
mobility will increase [19,20]. However, a systematic investi-
gation in the effects of digital alloying on the alloy disorder
scattering of charge carrier transport has yet to be performed.

In this study, we compare random and digital alloy InGaAs
quantum wells grown metamorphically on InP substrates.
InAs/GaAs and InAs/InGaAs superlattices are implemented
as digital alloy quantum wells. Single sub-band transport with
vanishing magnetoresistance is observed in all of the sam-
ples, which is indicative of high-quality samples. We find
that the InAs/InGaAs DA quantum wells have an enhanced
mobility of 545 000 cm2/Vs, which is the highest reported
mobility for high-In content InGaAs quantum well to the best
of the authors’ knowledge. The mobility of the InAs/GaAs
DA quantum well is found to be reduced in comparison to the
random alloy sample. By analyzing the scattering mechanisms
of the different quantum wells, we attribute the enhancement
of the InAs/InGaAs DA mobility due to a reduction in the
alloy disorder scattering and the reduction of the InAs/GaAs
DA mobility due to increased interfacial roughness and back-
ground impurity incorporation. Our results demonstrate that
digital alloying is a promising way to improve the mobility of
III-V semiconductor alloys, however, care must be made with
the growth and design of the digital alloys in order to enhance
the mobility.

II. MBE GROWTH, DEVICE FABRICATION,
AND MEASUREMENTS

Samples were grown on epi-ready semi-insulating Fe-
doped InP (001) wafers (AXT Inc.) in a VG V80H MBE
system. The oxide was desorbed by heating the InP wafers
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FIG. 1. (a) Sample structure schematic, consisting of a 30 nm
thick InGaAs quantum well buried 120 nm from the surface. The
quantum wells were grown metamorphically on InP subsrates.
(b) Different samples in the study: a random alloy quantum well,
a 17-period InAs/GaAs digital alloy quantum well, and a four-
period InAs/InGaAs digital alloy quantum well. (c) Self-consistent
Schrödinger-Poisson simulation of the sample structure. (d) Rep-
resentative AFM micrograph of InAlAs top barrier, crosshatching
typical of metamorphic growth is observed.

under an As2 flux until the metal-rich transition to a (4 × 2)
surface reconstruction was observed by reflection high-energy
electron diffraction. This transition is used to calibrate the
pyrometer temperature to 515 ◦C. After oxide desorption,
100 nm of a nearly lattice matched superlattice of 4 nm
In0.52Al0.48As/1 nm In0.52Ga0.48As was grown at 480 ◦C.
The substrate was then cooled down to 340 ◦C, and a step
graded buffer layer was grown from In0.575Al0.425As to
In0.825Al0.175As in 50 nm thick steps, where the composition
of In would change 2.5% each step. The buffer layer is then
reverse stepped to In0.75Al0.25As in 50 nm thick steps of 2.5%
In composition changes.

After the completion of the graded buffer layer, the sub-
strate is heated to a pyrometer temperature of 470 ◦C where a
60 nm In0.75Al0.25As bottom barrier, a 30 nm In0.81Ga0.19As
quantum well, and a 120 nm In0.75Al0.25As top barrier are
grown. The layer schematic is shown in Fig. 1(a). The InGaAs
quantum well is grown as either a random alloy or a digital
alloy, shown schematically in Fig. 1(b). Two different digital
alloy quantum wells with a total thickness of 30 nm are grown:
an InAs/GaAs digital alloy quantum well consisting of 17 pe-
riods of five monolayers of InAs and one monolayer of GaAs
and an InAs/InGaAs digital alloy quantum well consisting of
four periods of 3.1 nm of InAs and 4.4 nm of In0.69Ga0.31As.
For the digital alloy samples, a 1 s growth interrupt be-
tween the layers was included to improve the ordering at
the interfaces. The GaAs layer thickness in the InAs/GaAs
digital alloy could not exceed one monolayer, growth
thicker than one monolayer resulted in the relaxation of the
GaAs layer.

The quantum wells are in electron accumulation despite
the entire heterostructure being unintentionally doped. This
result is consistent with one-dimensional (1D) Schrödinger-
Poisson calculations of the band structure, shown in Fig. 1(c),
performed using the methods described in Ref. [21] and prior
reports on the growth of undoped high-In content InGaAs
quantum wells [22,23].

The surface morphology of the InAlAs top barrier is
shown in the atomic force micrograph shown in Fig. 1(d). A
crosshatched morphology typical of metamorphic growth is
observed, with the rms roughness of the InAlAs top barrier
over a 400 µm2 area typically 1–2 nm.

Mesas for Hall bars were fabricated using wet chemical
etching with a mixture of H2SO4:H2O2:H2O (1:8:120). Fol-
lowing mesa definition, NiGeAu contacts were deposited and
subsequently annealed at 450 ◦C for 2 min to form ohmic
contacts to the quantum well. A 30 nm AlOx gate dielectric
was deposited with atomic layer deposition. Finally, a Ti/Au
top gate was deposited on the Hall bar. The ratio of the Hall
bar width to the spacing of the arms was 9.25. Magneto-
transport measurements were performed in a Quantum Design
Physical Property Measurement System at 2 K using standard
low-frequency ac lock-in measurements, with an ac current
of 0.5 µA. The two-dimensional electron gas (2DEG) carrier
density was modulated by applying a voltage to the top gate
electrode.

III. RESULTS AND DISCUSSION

A. Quantum well band structure

The band structure of the random and digital alloy quantum
wells was computed using the k · p method for heterostruc-
tures with the envelope function approximation, using the
methods described in Ref. [24]. The first four conduction
band sub-band energies and their associated probability den-
sities (|ψ |2) for the three different samples are plotted in
Fig. 2. The |ψ |2 of the random alloy and the InAs/GaAs
DA quantum wells are sinusoidal-like envelope functions over
the channel of the quantum well. However, for the |ψ |2 in
the InAs/InGaAs digital alloy, the |ψ |2 are the sinusoidal-
like envelope functions of the quantum well with peaks in
the InAs layers and troughs in the InGaAs regions. Al-
though the InAs/InGaAs digital alloy still has alloy disorder
present through the use of the InGaAs layers, the overall alloy
disorder scattering may be reduced by having the electron
preferring to reside in the InAs regions of the digital alloy.
The band parameters of the quantum wells are summarized
in Table I, which contains the predicted energy gap of the
quantum wells, the sub-band spacing between the first and
second electron sub-bands, the first sub-band effective mass
(m∗), and the nonparabolicity factor (α). α is defined with:
E (1 + αE ) = h̄2k2

2m∗ , where E is the Fermi energy and k is the
Fermi wave vector.

From the k · p calculations, it is expected that sub-bands
form in the digital alloy and random alloy quantum wells,
with the digital alloy quantum wells having a slightly smaller
sub-band spacing than the random alloy quantum wells. The
predicted effective masses and nonparabolicity of the quantum
wells is not expected to change significantly. However, it is
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FIG. 2. Plots of the conduction band edges and the |ψ |2 of the first four conduction band subbands of the: (a) random alloy, (b) InAs/GaAs
DA, and (c) InAs/InGaAs DA quantum wells calculated with the k · p method.

predicted that the InAs/GaAs DA quantum well to have a
slightly smaller effective mass compared to the InAs/InGaAs
DA and the random alloy quantum wells. The predicted re-
sults for the InAs/GaAs DA may be incorrect, as the k · p
method can be less accurate in simulation of monolayer thick
heterostructures, which is discussed in depth in Ref. [25].

B. Magnetotransport

An optical image of a Hall bar used in this study with
the schematic wiring diagram is shown in Fig. 3(a). The
Rxx and Rxy from B = 0 T to B = 14 T for the random and
digital alloy quantum wells is shown in Figs. 3(b)–3(d), with
n2DEG = 3.52 × 1011, 2.78 × 1011, and 3.60 × 1011 cm−2 for
the random alloy, InAs/GaAs DA, and InAs/InGaAs DA,
respectively. n2DEG is the sheet electron density extracted
from the Hall measurements. The integer quantum Hall effect
is observed along with vanishing magnetoresistance for all
samples. In both of the digital alloy quantum wells, single
band transport is observed and the transport does not resem-
ble the coupled multiple quantum well transport observed in
GaAs/AlAs digital alloy quantum wells [17,18]. The Hall
resistance of the InAs/GaAs and the InAs/InGaAs samples
is quantized to units of h/e2ν, where ν is the filling factor. In
multiple quantum wells, the Hall resistance is quantized into
units of h/e2ν j, where j is the number of quantum wells [26].
In both the InAs/GaAs and the InAs/InGaAs samples, the
observation of the integer quantum Hall effect without the ad-
ditional j quantization demonstrates that these samples act as
digital alloyed single quantum wells and not multiple quantum
wells. Plots of the magnetoresistance at various gate voltages
for the different samples are shown in Fig. 4. At lower (more

TABLE I. k · p results including band gap energy (Eg), sub-band
spacing (E2 − E1), first sub-band effective mass (m∗), and effective
mass nonparabolicity (α).

Eg E2 − E1 m∗

Sample (meV) (meV) (me) α

Random Alloy 573 25.7 0.0347 1.955
InAs/GaAs DA 566 24.7 0.0334 2.134
InAs/InGaAs DA 551 23.6 0.0345 2.324

negative) gate voltages, a single set of Shubnikov-de Haas
oscillations is observed in all of the quantum wells. At higher
gate voltages, the second sub-band becomes occupied and
an additional set of oscillations is observed for all of the
samples. These results demonstrate the formation of a high
quality two-dimensional electron gas devoid of parallel con-
duction in the random alloy quantum well and the digital alloy
quantum wells.

From the magnetotransport at various gate voltages, the
mobility at different carrier densities can be determined and
are shown in Fig. 5 for the different quantum wells. The
random alloy digital alloy quantum well has a peak mo-
bility of 460 000 cm2/Vs at a n2DEG of 3.13 × 1011 cm−2,
the InAs/GaAs DA quantum well has a peak mobility of
281 000 cm2/Vs at a n2DEG of 2.59 × 1011 cm−2, and the
InAs/InGaAs DA quantum well has a peak mobility of
545 000 cm2/Vs at a n2DEG of 3.37 × 1011 cm−2. At least
two different devices were fabricated from the same wafer,

(a) (b)

(c) (d)

Iac

VTG

Vxx

Vxy

Random

InAs/GaAs InAs/InGaAs 

FIG. 3. (a) Optical image of the Hall bar and schematic sample
wiring. 2 K magnetotransport of the: (b) random alloy sample at
n2DEG = 3.52 × 1011 cm−2, (c) InAs/GaAs DA sample at n2DEG =
2.78 × 1011 cm−2, (d) InAs/InGaAs DA sample at n2DEG = 3.60 ×
1011 cm−2.
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(a) (b) (c)Random InAs/GaAs InAs/InGaAs

FIG. 4. Rxx at different top-gate voltages and magnetic fields for: (a) random alloy, (b) InAs/GaAs DA, and (c) InAs/InGaAs DA.

revealing an average of 5% variation in the peak mobility.
The mobility of the random alloy quantum well is slightly
higher than the mobility of 430 000 cm2/Vs reported in the
current state-of-the-art high-In content InGaAs quantum wells
[7]. The InAs/InGaAs DA quantum well has a higher peak
mobility at a higher carrier density than the random alloy
quantum well, while the InAs/GaAs DA samples has a lower
peak mobility at a lower carrier density than the random
alloy quantum well. From the results shown in Fig. 4, the
decrease in mobility after the peak mobility in all of the
samples is likely due to inter-sub-band scattering. The elec-
tron effective mass is extracted from the thermal damping
on the Shubnikov-de Haas oscillations, and these effective
masses were used to estimate the Fermi energy at the peak
mobility and to estimate the sub-band splitting. These results
are summarized in Table II. All of the samples have smaller
effective masses than the predicted effective masses from the
k · p calculations, and in the case of the random alloy and
the InAs/GaAs DA quantum wells, they have smaller ef-
fective masses than 0.0314 me, which is the expected bulk
effective mass of InGaAs accounting for strain effects calcu-
lated using k · p [24]. This reduction in effective mass is likely
due to electron-electron correlations, and has been observed

InAs/InGaAs

Random

InAs/GaAs

FIG. 5. The dependence of mobility on sheet carrier density for
the three different samples. Carrier density was varied by modifying
the top gate voltage.

before in GaAs quantum wells [27]. The sub-band energies
estimated from the effective mass and the peak carrier density
for the random and the InAs/InGaAs DA are within ∼1 meV
of the predicted sub-band energies, and the higher carrier
density at the peak mobility for the InAs/InGaAs quantum
well is due to the larger effective mass of the InAs/InGaAs
sample. However, the InAs/GaAs DA quantum well sub-band
energy is significantly different than the predicted, and may be
due to the aforementioned potential inaccuracies of the k · p
method for monolayer heterostructures.

The transport (τt ) and quantum (τq) lifetimes of the sam-
ples at the peak mobility can be determined with the effective
mass, and are given in Table III. The transport lifetimes were
calculated from the following equation: τt = μm∗/e. The dif-
ference in transport lifetime between the different samples
reflects the differences in the mobility, with the InAs/InGaAs
DA QW having the highest lifetime and the InAs/GaAs DA
QW having the lowest lifetime. The magnetic field onset (Bon)
of the Shubnikov-de Haas oscillations is often correlated with
the quantum lifetime and is provided in the table, see the
Supplemental Material [28] for the low field Shubnikov-de
Haas oscillations. All of the samples have similar Bon, which
indicates that the quantum lifetimes are similar. The quantum
lifetime was extracted from decay of the amplitude of the
Shubnikov-de Haas oscillations [29,30]. From the extracted
quantum lifetimes of the samples, the random alloy sample
has the lowest quantum lifetime, and the two DA samples
have higher lifetimes, with the InAs/InGaAs DA having the
highest quantum lifetime. The ratio of the transport lifetimes
to the quantum lifetime is also provided in the table. The
transport lifetime is significantly higher than the quantum
lifetime, consistent with the transport lifetime being insen-
sitive to small angle scattering, while the quantum lifetime
is sensitive to all scattering events, and is generally more
sensitive to long-range scattering [31]. These results indicate
that digital alloying can improve the quantum lifetime in
quantum wells.

C. Scattering mechanisms

To understand the differences in the mobility and
the scattering mechanisms for the different samples, the
mobilities were modeled using a calculation for the elastic
scattering time of electrons in the two-dimensional electron
gas [32]. The calculations accounted for background impurity
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TABLE II. Sample parameters including the peak mobility, carrier density at the peak mobility, the effective mass from thermal damping,
the estimated Fermi energy at the peak mobility, and the carrier density a VTG = 0 V.

μmax n2DEG at μmax m∗ ε f at μmax n2DEG at VTG = 0 V
Sample (103 cm2/Vs) (1011 cm−2) (me) (meV) (1011 cm−2)

Random Alloy 460 3.13 0.030 ± 0.001 25.0 3.81
InAs/GaAs DA 281 2.59 0.030 ± 0.001 20.7 3.73
InAs/InGaAs DA 545 3.37 0.033 ± 0.002 24.5 3.89

scattering [33], interfacial roughness scattering [34,35],
remote impurity scattering [33], and alloy disorder scattering
[36]. Zero temperature was assumed and inter-sub-band
scattering was not considered. The exact details of the
calculations are given in the Appendix. The remote
impurity scattering was treated as a fixed sheet charge of
2 × 1012 cm−2 at the top surface of the quantum well, which
is an overestimate of the surface state density of InAlAs
[37–40]. However, the exact surface state density of the
remote impurities at the surface is found to be not important,
as the contribution of remote impurity scattering from the top
surface is found to have negligible effect on the mobility of
the quantum wells due to the depth of the quantum well from
the surface. The remaining parameters used for the mobility
modeling were based off previously reported values from
modeling InGaAs quantum wells [7]. These parameters were
adjusted until good agreement with the experimental data was
achieved and are given in Table IV. The transport lifetimes
due to the different scattering were calculated independently,
and the total mobility was computed using Matthiessen’s rule.

The mobilities of the samples at different carrier densities
and the calculated mobilities are shown in Fig. 6. The
calculated total mobility and the mobility for the different
scattering mechanisms are also shown. There is good
agreement between the calculated mobility and the measured
mobility for all of the samples at higher carrier densities until
the peak mobility is reached, where the measured mobility
begins to decrease due to inter-sub-band scattering between
the first and second sub-bands, which is not accounted for
with the mobility calculations. In all of the samples, two
distinct regimes can be observed, alloy disorder scattering
dominates at higher carrier densities and background impurity
scattering dominates at lower carrier densities. This behavior
is similar to what has been observed in prior studies of InGaAs
quantum wells [7,8]. The measured mobility begins to diverge
from the calculated and is lower than what the calculations
would predict at carrier densities lower than ∼1 × 1010 cm−2.
This deviation in mobility is likely a metal-insulator transition
due to localization of charge carriers. Similar metal-insulator

TABLE III. The transport lifetimes (τt ) and quantum lifetimes
(τq) of the samples at the peak mobility as well as the ratio of the two
lifetimes and the onset of Shubnikov de-Haas oscillations (Bon).

Sample τt (ps) τq (ps) τt/τq Bon (T)

Random Alloy 7.85 0.21 37.4 0.23
InAs/GaAs DA 4.79 0.27 17.7 0.23
InAs/InGaAs DA 10.23 0.31 33.0 0.22

transitions have been observed before in GaAs [41], AlAs
[42], and Si quantum wells [43].

A higher background impurity density is required to
accurately model the mobilities of the InAs/GaAs (2.4 ×
1015 cm−3) and the InAs/InGaAs (1.6 × 1015 cm−3) digital
alloy quantum wells than the random alloy quantum well
(1.5 × 1015 cm−3). The background impurity densities ex-
tracted from the modeling are similar to what has been
previously reported in InGaAs quantum wells [7,8,22]. The
InAs/GaAs DA has more interfaces, with the 17 periods of
InAs/GaAs, than the InAs/InGaAs DA, with four periods,
and has a higher estimated background impurity density than
the InAs/InGaAs DA. This trend suggests that the higher
background impurity density is due to impurity incorporation
at the interfaces of the digital alloy during growth, which has
been observed to occur at the interfaces of superlattices grown
by MBE [44,45]. The origin of these additional impurities
could be from the brief growth interrupt during the growth
of the digital alloys. From these results, it is desirable to
reduce the number of periods in the superlattice to reduce the
background impurity density and therefore the background
impurity scattering for the growth of high mobility samples.

The interfacial roughness in the random and InAs/InGaAs
digital alloy is estimated from the model to be 6 Å. This
value is smaller than the roughness measured by atomic force
microscopy of the InAlAs top barrier, which we attribute due
to the InGaAs layers being smoother than the InAlAs layers
at the growth temperature. The interfacial roughness of the
random and InAs/InGaAs DA quantum wells is comparable
to prior studies of the interfacial roughness of InGaAs quan-
tum wells [7]. However, the modeled interfacial roughness of
the InAs/GaAs is significantly higher, with a roughness of
21 Å. The increased roughness becomes a significant scatter-
ing mechanism at higher carrier densities in the InAs/GaAs
digital alloy. The increased roughness is likely due to the
growth of rougher GaAs islands as the GaAs layer in the
InAs/GaAs digital alloy. GaAs has been reported to grow as
islands on InAs layers [46]. These results demonstrate that the
optimal growth temperature of the constituent layers of the

TABLE IV. Mobility modeling parameters including alloy dis-
order potential (dV ), background impurity density (nBI), interface
roughness (�), and correlation length (�).

dV nBI � �

Sample (eV) (cm−3) (Å) (nm)

Random Alloy 0.44 1.5 × 1015 6 13
InAs/GaAs DA 0.44 2.4 × 1015 21 3
InAs/InGaAs DA 0.38 1.6 × 1015 6 13
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FIG. 6. Experimentally measured mobility and calculated mobility at various sheet carrier densities for the: (a) random alloy,
(b) InAs/GaAs DA, and (c) InAs/InGaAs quantum wells. The total mobility and the individual mobilities for the different scattering
mechanisms including: interfacial roughness scattering (IR), two-dimensional remote impurity scattering (2D), background impurity scattering
(BI), and alloy disorder scattering scattering (AD) are plotted.

digital alloy is an important consideration, and can result in
rougher growth and enhanced interfacial roughness scattering.

In order to accurately model the experimental data, the
alloy disorder potential in the random alloy quantum well is
estimated to be 0.44 eV. This value is larger than the 0.3 eV
reported previously in InGaAs quantum wells [7], but closer
to the expected value of 0.5 eV of InGaAs [47]. We find that
the same alloy disorder potential of 0.44 eV is required to
obtain a good agreement to the experimental InAs/GaAs DA
mobility curves, which we propose is due to significant in-
termixing in the InAs/GaAs layers creating alloy disorder. In
the InAs/InGaAs digital alloy, the alloy disorder potential is
estimated to be 0.38 eV from the modeling, this alloy disorder
potential is smaller than the alloy disorder of the random alloy.
The reduction in the alloy disorder potential is likely due to
the electrons preferentially residing in the InAs regions of the
digital alloy, as seen in the k · p results in Fig. 2(c), and as a
consequence the electron do not spend as much time in the
regions of the quantum well that posses alloy disorder. The
overall increase in mobility observed in the InAs/InGaAs DA
quantum well over the random alloy quantum well is due to
this reduction in alloy disorder scattering. These results as a
whole suggest that digital alloying can be used to reduce alloy
disorder scattering in quantum wells and the importance of
the heterostructure design and the interfaces in the mobility of
digital alloy quantum wells.

IV. CONCLUSIONS

In summary, we have demonstrated in high electron mo-
bility InGaAs quantum wells, digital alloys can be used as
an alternative to random alloys in semiconductor quantum
wells and increase the quantum well mobility by reducing
the alloy disorder scattering. Single sub-band transport, the
interger quantum Hall effect, and the absence of parallel
conduction are observed in the random and digital alloys.
However, increased background impurity density is observed
in the digital alloys, likely due to incorporation of impurities
at the interfaces. The results indicate the digital alloy should
be grown with as few periods as possible to improve the
mobility of the digital alloy quantum wells over that of the
random alloy. Additionally, the quality of the interfaces and

the growth conditions are important, otherwise alloy disorder
and enhanced interfacial roughness scattering can be intro-
duced into the digital alloy quantum wells and subsequently
reduce the mobility. We believe that our results should be
generally applicable to other semiconductor alloys, and can
be used to increase the mobility in other material systems.
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APPENDIX: MOBILITY MODELING

The InGaAs quantum well with InAlAs barriers envelope
wave function [φ(z)] over the InGaAs thickness L is approxi-
mated by:

φ(z) =
(

2

L

)1/2

sin
(πz

L

)
for 0 � z � L and 0 for all other z. Only the lowest occupied
sub-band is treated. The mobility is defined as: μ = eτ/m∗,
where e is the elementary charge, τ is the scattering time, and
m∗ is the effective mass.

From the treatment by Stern and Howard [32] using the
Born approximation, the scattering time for a scattering mech-
anism (i) at a given Fermi wave vector (k f ) is defined as:

h̄

τi
= 1

2πε f

∫ 2k f

0
dq

q2√
4k2

f − q2

〈|Ui(q)|2〉
ε(q)2

,

where q is the scattering vector, ε f is the Fermi energy
computed using a nonparabolic effective mass, h̄ is the re-
duced Planck constant, 〈|Ui(q)|2〉 is the averaged scattering
potential associated with the particular scattering mechanism,
and ε(q) is the dielectric function from the random phase

064601-6



ENHANCED MOBILITY OF TERNARY InGaAs QUANTUM … PHYSICAL REVIEW MATERIALS 8, 064601 (2024)

approximation. The dielectric function is defined as:

ε(q) = 1 + qTF

q
[1 − G(q)]FC (q),

where qTF is the Thomas-Fermi screening wave number qTF =
m∗e2/4πεLh̄2 with the dielectric constant εL, G(q) is the gen-
eralized form of the local field correction [48], and FC (q) is
the form factor of the Coulomb interaction of the finite width
of the quantum well, defined as:

FC (q) =
∫ +∞

−∞
dz|φ(z)|2

∫ +∞

−∞
dz′|φ(z′)|2 exp(−q|z − z′|).

The scattering potential for interface roughness is [34] of
the form:

〈|UIR(q)|2〉 = πF 2
IR�2�2exp[−(q�)2/4],

where � is the interfacial roughness, � is the correlation
length, and FIR is a function that is modified following the
treatment by Ref. [35] to include the shift of the ground state
by a electric field E :

FIR = −
(

h̄2π2

m∗L3
+ 96

(
2

3π

)6 e2m∗L3E2

h̄2

)
.

Alloy disorder within the In1−xGaxAs quantum well with
an alloy disorder potential of dV leads to a scattering
potential [36] of:

〈|UAD(q)|2〉 = x(1 − x)dV 2

√
3πa3

16

3L

2
.

Two-dimensional remote ionized impurities with an
charged impurity density of n j lead to a scattering potential
of the form [33]:

〈|U2D(q)|2〉 =
(

2πe2

εL

1

q

)2

n jF2D(q, z j )
2.

F2D(q, z j ) is the form factor accounting for the distance be-
tween the charged impurity layer and the quantum well:

F2D(q, z j ) =
∫ +∞

−∞
dz|φ(z)|2exp(−q|z − z j |).

The scattering potential of homogeneously distributed
charged background impurities [33] is:

〈|UBI(q)|2〉 =
(

2πe2

εL

1

q

)2

NBLFBI(q),

where NB is the background impurity density and FBI(q) is the
form factor for background impurities, defined as:

FBI(q) = 1

L

∫ +∞

−∞
dz jF2D(q, z j )

2.

The total scattering time was determined from the individ-
ual scattering times and applying Matthiessen’s rule:

1/τ = 1/τIR + 1/τAD + 1/τ2D + 1/τBI.
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