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Indium-antimonide (InSb) two-dimensional electron gases (2DEGs) have a unique combination of
material properties: high electron mobility, a strong spin-orbit interaction, a large Landé g factor, and
a small effective mass. This makes them an attractive platform to explore a variety of mesoscopic phe-
nomena ranging from spintronics to topological superconductivity. However, there exist limited studies
of quantum confined systems in these 2DEGs, often attributed to charge instabilities and gate drifts. We
overcome this by removing the δ-doping layer from the heterostructure and induce carriers electrostati-
cally. This allows us to perform a detailed study of stable gate-defined quantum dots in InSb 2DEGs. We
demonstrate two distinct strategies for carrier confinement and study the charge stability of the dots. The
small effective mass results in a relatively large single-particle spacing, allowing for the observation of
an even-odd variation in the addition energy. By tracking the Coulomb oscillations in a parallel magnetic
field, we determine the ground-state spin configuration and show that the large g factor (approximately
30) results in a singlet-triplet transition at magnetic fields as low as 0.3 T.
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Mesoscopic devices can be made in a two-dimensional
electron gas (2DEG) using electrical gates to confine
charge carriers, thus reducing the degrees of freedom. The
extreme case is the zero-dimensional system, a quantum
dot (QD). QDs have been used to explore a wide range of
quantum phenomena [1–3] and are emerging as a platform
for quantum computing [4–6] and quantum simulations
[7–9]. QDs in materials with a strong spin-orbit interac-
tion have important applications in the field of topological
superconductivity. They can be used to realize Majorana
zero modes in QD chains [10] and are essential elements
for the readout and manipulation of topological qubits
[11,12].

InSb is a promising material in this regard, with a high
carrier mobility, a large g factor, and a strong spin-orbit
interaction [13–16]. QDs have been extensively studied
in InSb nanowires [17–19] and, more recently, in InSb
nanoflakes [20]. However, despite the clear benefits of
scalability offered by InSb 2DEGs, experimental reports
of confined systems in these quantum wells are scarce
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[14,21,22]. Thus far, most studies of InSb 2DEGs have
been limited to heterostructures where carriers are gener-
ated in the quantum well via remote δ-doping layers. Such
doped 2DEGs are known to suffer from charge instability
and gate drifts, which are particularly detrimental to the
study of nanostructures.

Here, we show that the removal of doping layers enables
the realization of highly stable gate-defined QDs in InSb
2DEGs. We study two different QD designs on deep and
shallow undoped quantum wells. In all measured devices,
the charge-stability diagrams show well-defined Coulomb
diamonds and excited states. We find that the small effec-
tive mass of InSb results in a large separation between
single-particle levels, enabling the observation of an even-
odd periodicity in the Coulomb peak spacing. Studying
the evolution of these peaks in magnetic field allows us
to extract the g factor and determine the parity of ground
states (GSs).

The QDs are fabricated on InSb quantum wells grown
by molecular-beam epitaxy on GaAs (100) substrates.
Electronic confinement in the quantum well is obtained
with the growth of (Al,In)Sb barriers on either side
[see Fig. 1(a)]. The Supplemental Material [23] provides
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FIG. 1. (a) The layer stack of the InSb/(Al,In)Sb heterostruc-
ture. (b) A sketch of the single-layer and (d) the double-layer
types of design. A positive voltage is applied to gates A popu-
lating charge carriers, while the other gates are energized with
negative voltages and control the system as explained in the text.
(c) A false-color scanning electron micrograph of the single-layer
dot and (e) the double-layer dot prior to the second gate-layer
deposition.

further details on the growth, the layer stack, and the char-
acterization of the wafers, including their density, mobility,
and accumulation curves. The key difference here, as com-
pared to previous studies [13,14,21,22,24], is the absence
of a δ-doping layer, which is typically inserted above the
quantum well to generate carriers. Instead, we populate the
well by applying positive voltages to an accumulation gate,
an approach widely used in other semiconductor-2DEG
materials [25–27].

Figures 1(b) and 1(d) show schematics of QDs with
either a single or a double layer of gates. The fabrication
flow is similar for both types of designs (for more details,
see the Supplemental Material [23]). We first isolate litho-
graphically defined mesas using wet chemical etching with
a citric acid solution. Ti/Au ohmic contacts are made to
the buried quantum well after removal of the native oxide
via passivation in ammonium-polysulfide solution [28,29].
The entire structure is then covered by 40 nm of aluminum
oxide [30] with atomic layer deposition (ALD), followed
by the deposition of Ti/Au top gates. Figures 1(c) and 1(e)
show scanning electron micrographs at this stage for the
single- and double-layer devices, respectively. While the
fabrication of single-layer QDs ends here, the double-layer
devices require an additional layer of aluminum oxide,
followed by a global-accumulation gate (A).

The single-layer QD has a local-accumulation gate (A)
that, when energized with a positive voltage, creates a pop-
ulated 2DEG region following the shape of the gate. The
tunnel gates (T) are then used to tune the barriers and
the plunger gate (P) controls the chemical potential of the
dot. For double-layer QDs, carriers are induced via the

TABLE I. An overview of the samples studied in this work.

Device Doping QW depth (nm) Gate layers

S1 No 40 2
S2 No 10 2
S3 No 10 1
S4 Yes 40 1

global-accumulation gate. The QD confinement potential
and tunnel barriers are controlled via the fine gates labeled
left (L), right (R), and central (C) and the plunger (P)
again tunes the chemical potential. While the first design
is simpler and offers the flexibility to integrate with other
mesoscopic systems, the latter provides better control on
the dot size and occupation, with the possibility of deplet-
ing it to the few-electron regime [31]. Here, we report
results on three QDs in undoped wafers (S1, S2, and S3)
and one on a doped wafer (S4) for comparison. The rele-
vant design type and top-barrier thickness are summarized
in Table I. All measurements are performed in a refriger-
ator with a base temperature of 300 mK. We use standard
lock-in techniques with an ac excitation of 10–20 μV and
measure the differential conductance G.

We first compare the stability of QDs fabricated on
undoped (S1) and doped (S4) quantum wells. In the lat-
ter, the Si dopant layer is located 20 nm above the 2DEG.
Both devices are fabricated simultaneously, with identi-
cal gate geometries. Note that S4 does not require the
global-accumulation gate, but the design of the fine gates is
similar to that shown in Fig. 1(e). The QDs are tuned to the
Coulomb-blockade regime and we monitor the Coulomb
oscillations as a function of time. Figure 2(a) shows that S1
is extremely stable over time. On the other hand, S4 shows
a drift and jumps in the peak position, associated with
charge instabilities in the device [Fig. 2(b)]. We observe
similar characteristics in a variety of doped wafers and here
only present data from the most promising QD. In contrast,
we show here that stable QDs can be reliably fabricated in
undoped heterostructures, irrespective of the 2DEG depth
or the specific QD design.

In Fig. 3, we plot G as a function of the bias volt-
age (Vb) and the plunger gate voltage (VP) for devices
S1–S3. S1 is a double-layer QD in a deep (40 nm) 2DEG,
and S2 (S3) are double- (single-)layer QDs fabricated
on a shallow (10 nm) 2DEG. The charge-stability dia-
grams (typically acquired over several hours) are devoid of
charge jumps and show well-defined Coulomb diamonds.
Transport through excited states is visible in the form of
conductance peaks running parallel to the diamond edges.
We also observe regions with a negative differential con-
ductance (particularly clear for S1), possibly arising from
suppressed transport through specific excited states of the
QD [32]. From the size of the smallest diamond, we esti-
mate charging energies Ec of 1.23 meV (S1), 0.5 meV (S2),
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FIG. 2. (a) Top: the stability of the Coulomb oscillations as a
function of time for an undoped wafer, sample S1. Bottom: the
line cuts for t = 0 (black) and t = 60 (red) minutes. Gate set-
tings: VL = −202 mV, VR = −252 mV, VC = −145 mV, and
VA = +500 mV. (b) The same measurement for the doped wafer,
sample S4. Gate settings: VL = −1600 mV, VR = −1500 mV,
and VC = −1630 mV.

and 0.16 meV (S3). These values are in good agreement
with the designed geometries (for estimates of the QD size,
see the Supplemental Material [23]). To fully characterize
the dots, we also perform detailed gate-versus-gate mea-
surements for different combinations of gates for each of
the devices (shown in the Supplemental Material [23]). For
double-layer dots, the left and right gates couple to the QD
equally (corresponding capacitance ratios are CL/CR ≈
0.9 for S1 and CL/CR ≈ 1 for S2) and more strongly than
the plunger gate (CL/CP ≈ 3.8 for S1 and CL/CP ≈ 2.6 for
S2). For the single-layer dot S3, the tunnel gate T, with tips
only in the vicinity of the active region, has smaller cou-
pling compared to the plunger gate, CT/CP ≈ 0.6. These
coupling ratios agree with expectations from the respec-
tive QD designs, confirming the realization of well-defined
quantum confinement.

The stability diagram in Fig. 3(a) also reveals an even-
odd variation in the diamond size for S1, consistent with
the spin-dependent filling of the orbital levels [17,33,34].
The low effective mass in InSb 2DEGs [13,35] allows us
to observe this effect in relatively large QDs [36]. We con-
firm the alternating spin filling by studying the response of
Coulomb peaks to a magnetic field applied in the plane of
the 2DEG (B||). In Fig. 4(a), we show the magnetic field
evolution of five Coulomb-blockade peaks for S1 from
B|| = −0.2 T to 0.6 T. The corresponding GSs are labeled
A–D and peak positions (indicated by white dashed lines)
are determined by fitting a Gaussian function. We note
that the gate configuration here is different as compared
to Fig. 3(a). The corresponding diamonds are presented
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FIG. 3. Charge-stability diagrams for (a) S1, (b) S2, and (c) S3.
Coulomb-blockaded regions are highlighted with white dashed
lines and are used to estimate the charging energies.

in the Supplemental Material [23]. At low fields between
−0.2 and 0.2 T, successive Coulomb peaks move in oppo-
site directions. This is consistent within the noninteracting
picture, where the consecutive filling of electrons is based
on the Pauli exclusion principle. Starting with an empty
level, the first electron fills with a spin up or down and then
the second electron fills the same state with the opposite
spin. In this case, one expects two consecutive Coulomb-
blockade peaks to move apart with an increasing Zeeman
field. However, when the next electron enters the dot, it
has to occupy a higher quantum level. Therefore, for two
consecutive electrons belonging to different quantum lev-
els, the corresponding peaks move toward each other as the
field increases.

Figure 4(a) can also be represented in terms of the addi-
tion energy, defined as the difference in chemical potential
(μ) between successive GS transitions, i.e., �μ = μN+1 −
μN . This value can be extracted directly from the Coulomb
peak spacing by converting the gate voltage to energy
using the plunger lever arm (see the Supplemental Mate-
rial [23]). As shown in Fig. 4(b), a linear region is observed
with an addition energy proportional to the Zeeman term,
±gμBB, where the sign depends on the parity of the GS.
This allows us to extract the absolute value of the g factor,
which lies in the range 26–35 for the four GSs analyzed
here. At higher magnetic fields (B|| � 0.3 T), states B
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and C display an overturned behavior, corresponding to
a triplet GS with a total spin of 1, rather than a singlet
state with a total spin of zero. This singlet-to-triplet tran-
sition is expected when the Zeeman energy is comparable
to the singlet-triplet gap at the zero field [3,17,34,37]. It is
worth noting that the large g factor of InSb 2DEGs allows
for the observation of these GS transitions at significantly
lower magnetic fields than for many other material systems
[34,38–40].

In conclusion, we demonstrate the successful realization
of stable controllable QDs in InSb 2DEGs. This stability
allows us to fully characterize dots fabricated using two
distinct designs. We show that the low effective mass leads
to spin-dependent filling of the quantum levels for rela-
tively large QDs. Furthermore, we extract a large Landé g
factor (approximately 30), which results in a singlet-triplet
transition at low magnetic fields. Our studies show that
InSb quantum wells are an excellent platform for the study
of quantum confined systems and are particularly relevant
for future applications in topological superconductivity.

Datasets presented in this study are available online [41].
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