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ABSTRACT

We have studied the optical and electronic transport properties of n-type AlSb/GaInAsSb double barrier quantum well resonant tunneling
diodes (RTDs). The RTDs were grown by molecular beam epitaxy on GaSb substrates. Collector, quantum well, and emitter regions are com-
prised of the lattice-matched quaternary semiconductor Ga0.64In0.36As0.33Sb0.67. Photoluminescence emission spectra reveal a direct bandgap
semiconductor with a bandgap energy of Eg ≈ 0.37 eV, which corresponds to a cut-off wavelength of λ ≈ 3.3 μm. The composition-dependent
bandgap energy is found to follow Shim’s model. At room temperature, we observe resonance current densities of jres ≙ 0.143 kA cm−2 with
peak-to-valley current ratios of up to PVCR ≙ 6.2. At cryogenic temperatures T < 50 K, the peak-to-valley current ratio increases up to
PVCR ≙ 16.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0008959., s

From optical molecule and gas spectroscopy,1–3 optical
coherence tomography (OCT), and light detection and ranging
(LiDAR)4,5 to photonic quantum information technology,6,7 there
has been an increasing demand for high-performance optoelectronic
devices in themid-infrared (MIR) spectral region above wavelengths
of λ ≥ 2 μm.8 Providing a huge variety of bandgap energies and
band alignments, the so-called 6.1-Å family (InAs, GaSb, AlSb, and
compounds) has been the material system of choice for semicon-
ductor devices covering the MIR.9–14 In this regard, the quaternary
compound GaInAsSb with its widely tunable direct bandgap has
been routinely used as an optically active material. Recent exam-
ples of GaInAsSb as an optically active material include vertical
cavity surface-emitting lasers,15 as well as more-elaborate schemes,
such as interband cascade photodetectors16 or interband cascade
lasers.17,18 Besides being employed as an optically active material,
GaInAsSb brings a variety of promising properties to be applied

in electric devices. Compared to GaSb, the residual hole concentra-
tion caused by intrinsic p-type doping disappears for increasing In
concentrations.19 L-valley occupation is negligible except for high
doping concentrations exceeding n ≫ 1 × 1018 cm−3, due to the
higher Γ-L energy separation in the conduction band.20 As a result,
for similar doping concentrations, both electron density and mobil-
ity are increased in GaInAsSb,21 at significantly lower specific con-
tact resistivities.21,22 One such electronic device that could benefit
from using GaInAsSb is the double barrier quantum well (DBQW)
resonant tunneling diode (RTD).23–25 DBQW RTDs can be con-
sidered an ideal testbed to investigate quantum transport and het-
erostructure material parameters,26 e.g., to optimize more complex
structures, such as quantum cascade lasers as suggested in Ref. 27.
Here, we present a thorough study on the electronic transport prop-
erties of AlSb/GaInAsSb DBQW RTDs grown by molecular beam
epitaxy.
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Design options of AlSb double barrier quantum well res-
onant tunneling diodes comprising the quaternary semiconduc-
tor GaInAsSb as emitter, quantum well, and collector material
are shown in Fig. 1. Figures 1(a) and 1(b) provide band profile
sketches of AlSb/InAs and AlSb/GaSb DBQW RTDs, respectively.
The valence band (VB) maximum is depicted as a solid blue line, the
Γ-point conduction band (CB) minimum as a solid black line, and
the L-point CB minimum as a dashed red line. These two structures
represent the well-studied limits that can be covered by changing
the GaInAsSb composition. In particular, the low effective electron
mass in InAs in conjunction with the high AlSb CB barrier height of
Eb ≅ 2 eV enables outstanding RTD device characteristics for high-
frequency applications and oscillator circuits.28–30 On the other hand
(literally speaking in this figure), AlSb/GaSb RTDs have been mainly
studied for their peculiar transport channels originating from the
close energetic proximity of L- and Γ-point,31,32 or as photodetec-
tors for themid-infrared spectral region (enabled by the pronounced
type-I band alignment).33–35

Hence, RTDs comprising GaInAsSb could combine the excel-
lent transport properties of InAs-based devices with the optoelec-
tronic capabilities of GaSb-based RTDs. Figure 1(c) shows the evo-
lution of the conduction and valence band edge of lattice-matched
(GaSb)x(InAs0.91Sb0.09)1−x as a function of composition x after Shim
(see Ref. 36). By choosing the appropriate composition x, the optical
and electronic properties defining an RTD, such as barrier height (2
eV ≥ Eb ≥ 1 eV), bandgap energy (0.2 eV ≤ Eg ≤ 0.7 eV), and Γ-L
energy separation (0.7 eV ≥ ΔEΓL ≥ 25 meV), can be tuned across a
wide range.

The RTD layout and the fundamental optical and electronic
properties are shown in Fig. 2. A cross-sectional scanning electron
microscopy (SEM) image of the grown RTD sample is shown in
Fig. 2(a). The RTD is grown by means of molecular beam epitaxy
(MBE) on an n-type Te-doped GaSb substrate. The MBE chamber
is equipped with solid-state evaporation cells for the group-III ele-
ments and dopants. Group-V elements are provided by valved crack-
ing cells. The sample growth starts with 300 nm n-type Te-doped

GaSb with a doping concentration of n ≙ 2 × 1018 cm−3 followed by
120 nm of n-type GaSb with n ≙ 1×1018 cm−3. Subsequently, 195 nm
of lattice-matched Ga0.64In0.36As0.33Sb0.67 are grown. This material
composition is chosen due to its bandgap energy of Eg ≙ 374 meV
[see calibration series in Fig. 2(b)], which covers CH4, NO2, andNH3

absorption lines,37 and marks the optimal Interband Cascade Laser
(ICL) operation region.13 During the first 170 nm, the doping con-
centration is reduced from n ≙ 5 × 1017 cm−3 to n ≙ 1 × 1017 cm−3.
The subsequent 25 nm are intentionally left undoped. The DBQW
is comprised of two 4 nm wide AlSb barriers sandwiching a 5 nm
wide Ga0.64In0.36As0.33Sb0.67 quantum well. The following 25 nm of
Ga0.64In0.36As0.33Sb0.67 are again undoped, followed by 200 nm of
Ga0.64In0.36As0.33Sb0.67 with increasing doping concentration from
n ≙ 1 × 1017 cm−3 to n ≙ 5 × 1017 cm−3. The heterostructure is final-
ized by 170 nm of heavily n-type doped GaSb with n ≙ 1×1018 cm−3.
The doping profile is examined and confirmed by time-of-flight sec-
ondary ion mass spectroscopy (TOF-SIMS). Cross-sectional SEM
is performed to confirm crystal growth rates and heterostructure
thicknesses. Areas with dark contrast represent regions with high
Al concentration, which allows us to precisely determine the posi-
tion of the AlSb/GaInAsSbDBQW,whereas the GaInAsSb andGaSb
regions can only be distinguished by their interface.

To investigate the fundamental bandgap energy of GaInAsSb
lattice-matched to GaSb, we had measured a calibration series rang-
ing from x ≙ 0.88 up to x ≙ 0.64 via photoluminescence (PL) via
Fourier-transform infrared (FTIR) spectroscopy. The normalized
room temperature PL spectra are shown in Fig. 2(b) on a logarithmic
scale. Because the PL spectra are measured in ambient air condi-
tions, they can be subject to water absorption lines present between
435 meV up to 490 meV (see HITRAN 2016 database).37 The high-
energy side of the spectra follows Boltzmann’s distribution function
as indicated by the red dashed line [∝ exp(−hν/(kBT)), with kB
as the Boltzmann constant, T as the temperature, h as the Planck
constant, and ν as the photon frequency]. The exponential decay of
25 meV corresponds to charge carrier thermalization at room tem-
perature. The low-energy side of the PL spectra is determined by

FIG. 1. Design options of AlSb/GaInAsSb resonant tunnel-
ing diodes. (a) Band profile sketch of the AlSb/InAs double
barrier quantum well (DBQW) resonant tunneling structure.
Valence band (VB) maximum and the conduction band (CB)
minima at the Γ- and L-point are shown as blue, black, and
red dashed lines, respectively. (b) Band profile sketch of
the AlSb/GaSb DBQW RTS. (c) Conduction and valence
band edge of lattice-matched (GaSb)x(InAs0.91Sb0.09)1−x

as a function of composition x as reported in Ref. 36.
The inset illustrates the bandgap energy vs lattice con-
stant for the binary semiconductors GaSb, InAs, and InSb,
as well as their ternary alloys. The thick red line high-
lights the bandgap energies that can be covered with
(GaSb)x(InAs0.91Sb0.09)1−x.

AIP Advances 10, 055024 (2020); doi: 10.1063/5.0008959 10, 055024-2

© Author(s) 2020

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

FIG. 2. RTD device layout and fun-
damental properties. (a) Cross-sectional
scanning electron microscopy image
of the grown RTD. (b) Photolumi-
nescence spectra for lattice-matched
(GaSb)x(InAs0.91Sb0.09)1−x with different
compositions x. The orange line for
x = 0.64 is the spectrum of the
studied RTD. The gray shaded region
marks the influence of the surround-
ing GaSb. (c) Bandgap energy vs com-
position x. Experimentally determined
bandgap energies are depicted as black
spheres. The models after Vurgaftman
et al. (Ref. 42) and Shim (Ref. 36) are
shown as solid and dashed black lines,
respectively. (d) Room temperature cur-
rent density–voltage characteristic of a
diode with diameter d = 23 μm.

Urbach’s rule.38 Due to the formation of a band tail, photons with an
energy lower than the fundamental bandgap energy (hν < Eg) can be
emitted. The emission intensity is proportional to ∝ exp(hν/EU),
where EU is the Urbach parameter, a measure of the thermal and
structural disorder within a semiconductor material.38,39 For the
RTD sample (x ≙ 0.64, orange line), an Urbach parameter of EU
≙ 10 meV is determined, which is identical to the value we recently
reported for MBE-grown p-type GaInAsSb,35 and it compares well
with the values previously reported for GaInAsSb grown by liquid
phase epitaxy.40 The small EU and thermalized charge carrier distri-
bution both indicate excellent sample quality. Furthermore, the sin-
gle emission peaks show no indication of phase separation. Indeed,
it has been demonstrated that phase-separation can be suppressed
throughout themiscibility gap by choosing appropriateMBE growth
conditions.41

The bandgap energy is extracted from the PL emission spec-
tra as the low-energy side spectral position, at which the emission
intensity has dropped to half its maximum. These values coincide
well with the spectral position, at which the emission line starts
to deviate from the exponential Urbach fit function. In Fig. 2(c),
the bandgap energy is plotted as a function of the composition x.
The dashed line represents the bandgap energy reported by Shim,36

whereas experimentally obtained values are shown as black spheres.
While the exact composition of ternary semiconductors can be pre-
cisely resolved by high-resolution x-ray diffraction (HR-XRD), this
is not the case for lattice-matched quaternaries, since substrate and
quaternary diffraction peaks coincide. Instead, the exact compo-
sition is achieved by an iterative two-step process. The group-III
composition is precisely tuned via Ga and In growth rates. Lattice-
matched growth is achieved via the group-V flux ratio and con-
firmed byHR-XRD.We estimate a residual composition uncertainty
of about ±2%. Within this uncertainty, we can reproduce the values
by Shim’s model, whereas the bowing parameter suggested by Vur-
gaftman et al. seems to slightly overestimate the bandgap energy by
about ∼ 35 meV.36,42 On a closer look, Vurgaftman et al. reported
a trend toward a higher bowing parameter, which is supported by
our results. For the RTD sample (x ≙ 0.64), a bandgap energy of
Eg ≙ 0.376 eV is found (corresponding to a cut-off wavelength of
λ ≅ 3.3 μm).

After confirmation of the excellent sample quality via PL spec-
troscopy, RTD device fabrication is initiated. Circular RTD mesa
structures with diameters d ≙ 16 μm up to d ≙ 121 μm are processed
via optical lithography and reactive ion etching. The mesa diame-
ter is checked via optical microscopy. A Si3N4/SiO2 passivation is
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deposited via sputtering for sidewall leakage reduction. AuGe/Ni/Au
is deposited as bottom contact on the substrate side. On top of the
RTD mesa structure, galvanic deposition is used to form ohmic
Ti/Pt/Au ring-shaped contacts. To study the electronic transport
properties, the current–voltage [I(V)] characteristics are measured
in the dark. The corresponding current density–voltage [j(V)] char-
acteristics are obtained from the I(V) and the diode area. Figure 2(d)
shows the room temperature j(V) characteristic of an RTD with
d ≙ 23 μm plotted on a logarithmic scale. Following the symmetric
heterostructure design, we observe a symmetric RTD j(V) character-
istic with pronounced resonances confirming resonant tunneling of
electrons. For negative bias voltages (injection from the ring-contact
side), the resonance current density is found to be jres ≙ 143 A cm−2

at a voltage of Vres ≙ −2.46 V. The valley current density is jval ≙ 23
A cm−2 at V

val ≙ −2.10 V. The corresponding peak-to-valley cur-
rent ratio is PVCR ≙ 6.2, which marks a significant improvement
over previously reported values: PVCR ≙ 2.36 for AlSb/GaSb RTDs
employing ternary prewell emitter structures43 and PVCR ≙ 4.3 for
AlSb/GaSb RTD photodetectors with absorption layer charge carrier
injection.34,44 However, PVCR ≙ 11 for AlSb/InAs RTDs as reported
by Söderström et al. is not reached.30 For positive voltages (injec-
tion from the substrate side), a resonance of jres ≙ 520 A cm−2 is
found at V ≙ 3.47 V. Particularly j

val ≙ 305 A cm−2 is signifi-
cantly increased, resulting in a PVCR ≙ 1.7. For larger diameters,
the current resonance decreases and disappears completely. Hence,
we ascribe the reduced PVCR at positive voltages to inhomogeneous
current spreading caused by the ring-shaped contacts.

To investigate reproducibility and possible issues of, e.g., sur-
face leakage in our samples, the I(V) characteristics are taken for
different diodes with d ≙ 16 μm up to d ≙ 121 μm. Figure 3 shows
the diode area dependence of the electronic transport properties. In
Fig. 3(a), three exemplary j(V) characteristics for d ≙ 23 μm (black),
d ≙ 44 μm (orange), and d ≙ 51 μm (blue) are shown. For all mea-
sured I(V) characteristics, resonance current (Ires) and valley current
(I
val) are determined and shown as a function of the diode area

ARTD ≙ π ⋅ (d/2)2 in Fig. 3(b) as black and red dots, respectively.
For better comparison, the resonance and valley currents are extrap-
olated (I ≙ j ⋅ ARTD) from the best measured device (d ≙ 23 μm,
jres ≙ 143 A cm−2, j

val ≙ 23 A cm−2, and PVCR ≙ 6.2). Despite
a seemingly linear increase with the diode area, both Ires and Ival
increasingly deviate from their respective ideal lines. For increasing
ARTD, Ires falls increasingly short of its ideal value as indicated by the
dashed black line, while I

val increasingly exceeds its ideal value. As
a result, the PVCR drops from PVCR ≈ 6 for the smallest diameters
to about PVCR ≈ 3.5 measured for the diodes with the largest areas
[see Fig. 3(c)]. Typically, one would assume the PVCR to increase
with increasing diode area and approach a constant value as surface
defects and sidewall leakage become less dominant.34,45–47 Sidewall
leakage seems to be negligible, however, an in-detail area/perimeter
study (as executed, e.g., in Ref. 47, and ideally with smaller diameter
diodes) would be necessary to unambiguously make that distinction.
Instead, we assume an increasingly inhomogeneous current spread-
ing from the top ring-contact to be the mechanism reducing the
PVCR.

Figure 4 shows the temperature dependence of resonant tun-
neling in AlSb/GaInAsSb DBQW RTDs. I(V) characteristics are
measured at different temperatures between T ≙ 4.2 K and room
temperature (T ≙ 295 K). The experiment is conducted in a helium
cryostat connected to a proportional-integral-derivative (PID) tem-
perature controller. Temperature sensor and RTD are located at
slightly different positions within the cryostat. To account for tem-
perature deviations between sensor and sample, the I(V) characteris-
tics are measured for both the cooling-down and heating-up sweep.
The tested RTD has a diameter of d ≙ 23 μm. Figure 4(a) shows
the j(V) characteristics measured at room temperature (T ≙ 295 K,
orange spheres) and at T ≙ 4.2 K (blue circles). From the I(V)
characteristics, jres and j

val are extracted, averaged, and plotted vs
temperature in Fig. 4(b), as black circles and red dots, respectively.
The corresponding PVCR ≙ jres/jval is shown in Fig. 4(c) as a func-
tion of the temperature. Both jres and j

val show nearly textbook-like

FIG. 3. (a) Diode area dependence. I(V) characteristics
measured for different diode diameters d = 23 μm, d = 44
μm, and d = 51 μm. (b) Resonance current (black dots)
and valley current (red dots) measured for RTDs with differ-
ent diameters. The dashed lines represent an extrapolation
from the best measured diode. (c) Peak-to-valley current
ratio vs diode area.
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FIG. 4. Temperature dependence. (a) j(V) characteristics
taken at room temperature (T = 295 K, orange spheres)
and at cryogenic temperatures (T = 4.2 K, blue cir-
cles). (b) Resonance and valley current densities (jres, black
spheres) and (j

val, red dots) as a function of temperature.
(c) Peak-to-valley current ratio as a function of temperature.

temperature dependence.48 For temperatures below T < 50 K, reso-
nance and valley current densities remain essentially constant with
jres ≙ 161 A cm−2 and j

val ≙ 10 A cm−2, and the PVCR ≙ 16.
For further increasing temperatures up to T ≙ 295 K, the reso-
nance current density decreases by 8% to jres ≙ 149 A cm−2, whereas
the valley current density increases to j

val ≙ 28 A cm−2, and the
PVCR ≙ 5.4. The decreasing jres with increasing T can be attributed
to increasing inelastic scattering,49,50 whereas the increase in valley
current density can additionally be attributed to thermally activated
tunneling.48,49,51,52

In short, we have presented an extensive study on the optical
and electrical properties of AlSb/GaInAsSb double barrier quantum
well resonant tunneling diodes comprising the quaternary semicon-
ductor (GaSb)x(InAs0.91Sb0.09)1−x grown lattice-matched to GaSb as
emitter, quantumwell, and collector material. The optical properties
have been studied by Fourier-transform photoluminescence spec-
troscopy. The pronounced single-peak PL emission with an Urbach
parameter EU ≙ 10 meV indicates a direct bandgap semiconductor
with high crystal quality and no miscibility issues. The composition-
dependent bandgap energy suggests that Shim’s model is well suited
to describe the composition-dependent band alignments. Further-
more, we have demonstrated resonant tunneling of electrons across
a large temperature spectrum from T ≙ 4 K up to room temperature,
with peak-to-valley current ratios of up to PVCR ≙ 16 at cryogenic
temperatures and PVCR ≙ 6.2 at room temperature. Therefore,
AlSb/GaInAsSb are promising candidates for optoelectronic appli-
cations in the mid-infrared spectral region that offer great design
flexibility.
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