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ABSTRACT: PbTe is a semiconductor with promising properties for
topological quantum computing applications. Here, we characterize
electron quantum dots in PbTe nanowires selectively grown on InP.
Charge stability diagrams at zero magnetic field reveal large even—odd
spacing between Coulomb blockade peaks, charging energies below 140
peV and Kondo peaks in odd Coulomb diamonds. We attribute the large
even—odd spacing to the large dielectric constant and small effective
electron mass of PbTe. By studying the Zeeman-induced level and Kondo
splitting in finite magnetic fields, we extract the electron g-factor as a B SAG PbTe
function of magnetic field direction. We find the g-factor tensor to be highly

anisotropic with principal g-factors ranging from 0.9 to 22.4 and to depend

on the electronic configuration of the devices. These results indicate strong Rashba spin—orbit interaction in our PbTe quantum
dots.
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he quest for realizing topological superconductivity in material. Studying the evolution of spin excited state level

trivial semiconductors, with accompanying Majorana zero splittings and Kondo peaks in a magnetic field, we extract the
modes, would benefit from materials with strong spin—orbit three-dimensional effective g-factor tensor, that is the
interaction and large Landé g-factors." In this context, PbTe electronic g-factor as a function of magnetic field direction.
may offer advantages compared to more established platforms Our results indicate that the effective g-factor tensor is highly
such as InSb and InAs. Work on PbTe reported large and anisotropic, moreover it varies from device to device and
anisotropic g-factors, with absolute values up to 58° and strong depends on the gate configuration of each device. In the stable
spin—orbit interaction (SOI1);” both advantageous properties gate configurations we investigated, the principal g-factors
for the realization of sizable topological gaps at moderate varied from 0.9 to 22.4, with smaller values obtained for
magnetic fields.*” PbTe, which is a well-known thermoelectric magnetic fields parallel to the substrate. No relation between
material,'”'" also exhibits a direct band gap E, = 190 meV,"? effective g-factor tensor and crystal direction was found.

electron effective masses of 0.024m, — 0.24m,,"> and a large Figure 1 shows false-colored scanning electron micrographs

dielectric constant €, ~ 1350 at low temperatures'> (compared of the two quantum dot devices used in this study, together
to €, ~ 14 for InAs and InSb'*), which is expected to result in with the measurement configurations. The PbTe nanowires are
T )

colored red, the Ti/Au contacts yellow, and the Ti/Au gates
orange. Nanowires were grown in an MBE on a (111)A InP
substrate along a (110) (Device 1) and a (112) (Device 2)
crystal direction. The lithographic distance between the source
and drain contacts of both quantum dot devices is 720 nm and
the width is 80 and 100 nm for Device 1 and 2, respectively.

efficient screening of impurities and, consequently, high
electron mobilities."> Recent work demonstrated the possibility
to grow high-quality PbTe nanowires, either with vapor—
liquid—solid epitaxy'® or the selective-area-growth (SAG)
technique.” Electrical characterization also demonstrated
ambipolar characteristics, small charging energies and large g-

factors 7 Schematics of the device cross sections in Figure 1c,d shows
Here, we investigate electron quantum dots in PbTe

nanowires selectively grown on insulating InP substrates. We Received: May 13, 2022

find that charging energies are typically smaller than single- Revised:  August 15, 2022

particle excitation energies, producing a pronounced even— Published: August 23, 2022

odd spacing between Coulomb blockade peaks that is lifted by

applying modest magnetic fields. Such even—odd spacing is

consistent with the strong screening expected from the PbTe
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Figure 1. Two quantum dot devices in SAG PbTe nanowires on (111)A InP. (a,b) False-colored SEM micrographs of devices with crystal and
magnetic field directions indicated. The nanowires are red, the Ti/Au contacts are yellow, and the Ti/Au gates are orange. For Device 2, V; was
grounded. (c,d) Schematic cross sections as indicated in (a,b) by blue dashed lines. The terminating facets of the nanowires differ due to their

different crystal directions.

the InP substrate, SiN, growth mask, PbTe nanowire with
terminating facets and Ti/Au side gates. The nanowire cross-
section, obtained by TEM imaging of similar nanowires, is a
consequence of the crystal direction of the growth mask
relative to the substrate and will be discussed in more detail in
a separate work.

Measurements were carried out in a dilution refrigerator
equipped with a vector magnet at a mixing chamber base
temperature below 20 mK. A variable DC voltage bias +Vp/2
was applied to source and drain contacts, respectively,
superimposed on an AC voltage bias of 3 yV. The resulting
AC current and voltage drop were measured with lock-in
amplifiers to determine the differential conductance G of the
devices. Both devices were tuned with side gate voltages V7,
Vpg and Vg, applied pairwise to opposite facing gate
electrodes. For Device 2, the gray gate pair in Figure 1b
showed leakage to the nanowire for V; < —600 mV and was
grounded throughout the measurements. In this case, the
quantum dot was formed by setting V; and Vg to negative
voltages. Both quantum dots showed gate instabilities over
their entire gate voltage space, resulting in frequent charge
rearrangements, some of which are visible in the Figures below.
The gate configurations characterized in this paper were
selected to limit the occurrence of such events.

Our key measurement results are shown in Figures 2, 3, and
4, which we will analyze and discuss below. Figure 2a—d
depicts Coulomb blockade measurements as a function of
gates V; and Vy for Device 1 in a perpendicular magnetic field.
Charge stability diagrams at zero and finite magnetic field are
shown in Figure 2e,f, respectively, with Vpg = —1.25 V and V.
—2.4 V. The average gate lever arm of gate Vi was ap =
0.0092. The low value of ay, is consistent with large source and
drain lever arms, accounting for most of the quantum dot
capacitance. A discussion of the lever arms can be found in the
Supporting Information.

The Coulomb peak spacing in Figure 2a follows a
pronounced even—odd pattern, with the boundaries of even-
occupied states (indicated with green squares) much more
separated in gate space than those of odd-occupied states
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(indicated with blue circles). This observation indicates that
the charging energy of the quantum dot is much smaller than
the orbital energy. At increasing magnetic fields, the closely
spaced Coulomb blockade peaks move further apart, consistent
with two electrons of opposite spin filling the same orbital
level. From Figure 2a—d, we verified that the splitting is linear
up to 200 mT, at least.

The large difference between the charging energy and single-
particle excitation energy is evident in Figure 2e,f. The charge
stability diagrams of Device 1 show alternating Coulomb
diamond sizes, consistent with the large even—odd spacing in
Figure 2a,d. From the height of the odd Coulomb diamonds in
Figure 2e, we extracted an average charging energy of E; ~
110 peV using E 4q = E.,'® where E, 44 is the addition energy.
From the height of the central even Coulomb diamond, we
extracted a single-particle excitation energy of A &~ 500 ueV
using E 44 = Ec + A.'® Inelastic cotunneling19 is observed near
the tips of the even Coulomb diamond and, for the lower tip,
the onset of cotunneling coincides with a faint excited state of
an odd Coulomb diamond [see the orange arrow in Figure 2e].
In addition, conductance peaks at zero bias voltage are
observed in odd Coulomb diamonds, which split in a finite
magnetic field perpendicular to the substrate, as seen in Figure
2f. Therefore, we conclude that the peaks are manifestations of
the spin-1/2 Kondo effect.””™>’ We investigated a second
stable gate configuration for Device 1, where the charge
occupation is similar to gate configuration 1, but Vi > Vg,
opposite to gate configuration 1. Charge stability diagrams
obtained in gate configuration 2 are presented in Supporting
Information Figure S1 and show similar results.

A charge stability diagram of Device 2 is shown in Figure 3a.
As for Device 1, odd Coulomb diamonds are smaller than even
Coulomb diamonds. From the two leftmost odd Coulomb
diamonds, we extracted an average charging energy of Ec &
130 peV, and a lever arm with respect to gate Vpg of apg =
0.021, similar to that of Device 1. From the height of the
leftmost even Coulomb diamond we extracted a single-particle
excitation energy of A = 170 peV, which is significantly lower
than the value found for Device 1. All odd Coulomb diamonds
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Figure 2. Electrical characterization of quantum dot Device 1 at zero and finite magnetic fields. (a—d) Evolution of even—odd spacing between
Coulomb blockade peaks as a function of magnetic field. Vpg = —1.4 V is applied to the lower plunger gate in Figure la. Note that the rapid
changes in slope at V; = —1.9 V are due to fast gate resetting after each horizontal scan. (e,f) Charge stability diagrams showing Kondo peaks,
which split in a finite magnetic field. Vpg = —1.25 V and V} = —2.4 V. The onset of inelastic cotunneling, which coincides with an excited state, is
marked in (e) with an orange arrow and the level splitting is marked in (f) with a yellow double-arrow.

in Figure 3a feature Kondo peaks and all even Coulomb
diamonds feature inelastic cotunneling. Zoom-ins of the
Coulomb diamond marked in Figure 3a at zero and finite
magnetic field are depicted in Figure 3b,c, respectively, and
show that the Kondo peak splits in a finite magnetic field.
Figure 3d shows that the Kondo splitting at Vpg = —2.344 V is
indeed linear up to 100 mT.

In the following, we use two distinct signatures of the
Zeeman splitting at finite magnetic field to determine the g-
factor, namely Kondo splitting and level splitting between
ground and excited state of an unpaired spin at odd electron
filling [see the yellow double-arrow in Figure 2f]. Both of these
energy splittings have been widely used for the extraction of g-
factors in quantum dots.**™*! For the Kondo splitting, the
effective g-factor was extracted as’?™

|g*| = %

2puyB (1)
where g is the Bohr magneton and AVyp, is the separation of
the two maxima in G(Vgp). For the excited state level splitting,
which measures variations of energy levels with respect to only
one lead of the device, a prefactor (1 + Sa) needs to be
included in eq 1.”” The quantity da = a5 — ap is the difference
in source and drain lever arm and accounts for the asymmetric
coupling to source and drain. For further details on this see the
Supporting Information.
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The g-factor extracted from the Kondo splitting in Figure 3¢
is 3.8. Repeating the analysis for all the Kondo peaks in Figure
3a yields g-factors between 0 and 4.8. These results are shown
in Supporting Information Figure S2 and they indicate that the
g-factor strongly varies with gate voltage. Here, we focus on the
state marked with a white arrow in Figure 3a and investigate its
g-factor for different magnetic field orientations. To this end, a
magnetic field with a fixed magnitude of 100 mT was rotated
by 360° in steps of 15° along three orthogonal planes. Charge
stability diagrams such as Figure 3c were obtained for all
magnetic field orientations and the g-factor was extracted from
Kondo splittings, because level splittings could not be resolved
at all magnetic field orientations. A similar analysis was carried
out for both gate configurations of Device 1, where the out-of-
plane rotations were perpendicular and parallel to the nanowire
axis. For the latter device, a magnetic field magnitude of 200
mT was used and the g-factor was extracted from the level
splittings. Schematics of the magnetic field rotations are
depicted in Figure S3gh for Device 1 and 2, respectively,
together with definitions of the azimuthal angle ¢ and polar
angle 0, which were used to define the rotations. The set of g-
factors of each gate configuration was fit with an effective g-
factor tensor, which describes the g-factor as a function of
magnetic field direction

= 1
lg*I(B) = —./g’B} + ¢’B; + ¢’B;
g lBl\/gl 1 g2 2 g3 3 (2)
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Figure 3. Electrical characterization of quantum dot Device 2 at zero and finite magnetic field. (a) Charge stability diagram at zero magnetic field

and V7,

—3.825 V, showing Kondo peaks in odd Coulomb diamonds and inelastic cotunneling in even diamonds. (b,c) Zoom-ins of the Coulomb

diamond indicated with an arrow in (a), depicting the (split) Kondo peak at zero and finite magnetic field. (d) Evolution of the Kondo peak
splitting as a function of magnetic field. The dashed line is a guide for the eye, which shows that the splitting is linear. For (a—c), V = —3.825 V.

For (d), Vi, = —3.825 V and Vpg = —2.344 V.

where g are the principal g-factors, pointing along the principal
axes of the effective g-factor tensor, and B; are the magnetic
field components along the principal axes.””**

The results of this analysis are shown in Figure 4 with g-
factors extracted from energy level splittings (Device 1, two
gate configurations) and Kondo splittings (Device 2). Figure
4a—c depicts polar plots of the g-factors extracted for the in-
plane rotations of the magnetic field (red) and the fits of the
tensor Ig™(B) (blue). The nanowires are shown schematically
in each polar plot. The polar plots showing the g-factors for the
out-of-plane magnetic field rotations are presented in
Supporting Information Figure S3a—f. Figure 4d—f shows the
extracted g-factors for all magnetic field rotations (red, purple,
green lines) and the fits of eq 2 with the principal g-factors
from Table 1 (surface plots) for each gate configuration. The
principal g-factors are depicted as black lines. The values of the
principal g-factors, as well as their polar and azimuthal angles,
are displayed in Table 1.The g-factor is anisotropic for all
investigated stable gate configurations in Figure 4. The values
of the principal g-factors vary between 0.9 and 22.4, depending
on the magnetic field orientation. Moreover, the in-plane g-
factors are typically smaller than the out-of-plane g-factors.

The experimental results have been presented and will be
discussed in the remainder of this paper. PbTe is expected to
have an extremely large dielectric constant €, ~ 1350 at low
temperatures.'” It is therefore crucial to understand how this
value impacts the physics of our quantum dots. We
consistently found small charging energies, which might be
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Table 1. Principal g-Factors of the Effective g-Factor Tensor
from Equation 2 for All Investigated Quantum Dot Gate
Configurations

&1 & &

Device 1, gate conﬁguration 1

Value 9.3 14.1 0.9
17/ 276.5° 40.8° 159.0°
[ 53.4° 52.8° 58.1°
Device 1, gate configuration 2

Value 7.0 224 33
¢ 144.3° 149.8° 54.7°
[ 104.9° 14.9° 88.6°
Device 2

Value S.1 11.2 2.3
17/ 187.7° 142.9° 95.7°
[ 100.8° 15.0° 100.3°

due to the large dielectric constant of PbTe. Our results are
similar to the observation of vanishingly small charging
energies in vertically grown PbTe nanowires,’” which were
also interpreted as consequences of the large dielectric
constant of PbTe. However, unlike ref,'” our devices always
show finite, albeit small, charging energies. Differences in the
properties of the PbTe nanowires and in the quantum dot sizes
and geometries could explain these dissimilarities.

Due to the expected large dielectric constant, understanding
the impact of side gates is not trivial. The expansion of field

https://doi.org/10.1021/acs.nanolett.2c01943
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Figure 4. g-factor anisotropy of all investigated quantum dot gate configurations. (a—c) In-plane g-factors extracted from energy level and Kondo
peak splittings (red) and fits of the effective g-factor tensors (blue). The magnetic field was rotated in steps of 15°. The nanowires are displayed in
each polar plot. (d—f) 3D plots of the g-factors extracted from three magnetic field rotations (red, purple, green lines) and the fits of the effective g-
factor tensors (surface plots and black lines). The nanowire devices (orange), substrate planes (gray), and the magnetic field coordinate system are

depicted.

lines at the interface between a material with small €, (vacuum,
SiN, or InP) and one with large €, (PbTe) might result in a
side gate affecting the chemical potential of the nanowire over
a length much larger than the gate width. In this scenario, due
to the extraordinarily high dielectric constant of PbTe, the
quantum dots would not be defined by the side gates, but by
the length of the entire nanowire (2 ym). The gate lever arms
measured in all gate configurations were similar and
approximately equal to 0.01, indicating that the center of the
quantum dot coincides with the center of the nanowire. Since
all gate lever arms of a quantum dot need to sum to unity,”” we
deduce that ag and ap are substantially larger than the gate
lever arms. This is confirmed by the more quantitative analysis
presented in the Supporting Information, from which we find
that the source and drain tunnel barriers are most likely
induced by the side gates and formed inside the nanowire.
Moreover, the length L of the quantum dot can be estimated
from the level spacing A. We omit the smallest dimension
(height) for simplicity and consider the quantum dot as an
ellipse with an aspect ratio of 1:10, thus conserving the aspect
ratio of the nanowire region between the contacts. Using
A = (1/7)i*x*/(m™(x/4)1*/10),*" where m* is the effective
electron mass m* = 0.024m, — 0.24m,"” and A = 170—500
pueV, we find L ~ 160—860 nm. This result implies that the
quantum dots are likely defined by the side gates, and therefore
the electric field distribution along the nanowire length is not
uniform, which could indicate that the dielectric constant of
the nanowires is somewhat lower than the expected bulk
dielectric constant of PbTe. The presence of charge
fluctuations does not differentiate between these situations,
since even with perfect screening, charge rearrangements on
the surface of the nanowire or in the air gap between the gates
and the nanowire may affect the potential in the nanowire
globally, and this cannot be differentiated from a local change
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in potential. Thus, our findings imply that although the
dielectric constant of the PbTe nanowires is large, its value is
likely reduced with respect to the bulk dielectric constant. A
reduction of the dielectric constant with decreasing nanowire
diameter was already found for ZnO nanowires.”” Future
investigations of nonlocal gating and dielectric constant
reduction can give more insight into quantum dot formation
in PbTe nanowires.

The single-particle excitation energy for Device 1, 500 eV,
was significantly larger than that of Device 2, 170 peV, which
we attribute to either the different nanowire thicknesses,
resulting in a stronger confinement and thus a larger single-
particle excitation energy for Device 1, or to different effective
masses in the devices. For instance, a large dependence of the
electron effective mass on nanowire crystal direction was
predicted.’® A more systematic study of nanowire geometry
and crystal orientation is needed to exclude device to device
variability as the root cause of the observed different single-
particle excitation energies.

Using two distinct methods to extract the g-factor, namely
Kondo splitting and level splitting, we found strong g-factor
anisotropies for all investigated stable gate configurations. By
comparing the level splitting to the Kondo splitting for several
magnetic field rotations, we found that the Kondo splitting
underestimates extracted g-factors by about 20% compared to
the level splitting. This is in qualitative agreement with
expectations from theory.”” Thus, whenever the excited state
level splitting can be resolved, this method should be preferred
over Kondo splitting for extracting g-factors. The principal axes
of the effective g-factor tensors Ig*l(g) for the different gate
configurations are neither aligned, nor perpendicular to the
nanowire axes. Moreover, the g-factor anisotropy did not
present any correlation to the nanowire crystal directions. The
g-factor anisotropy varied for the two devices and for different
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gate configurations within Device 1. These observations point
to strong Rashba spin—orbit interaction and asymmetric
confinement potentials in the PbTe quantum dots.”® This is
consistent with predicted small Dresselhaus SOI in PbTe due
to its inversion-symmetric rocksalt crystalline structure®® and
large Rashba SOI, as measured in PbTe quantum wells.”
Moreover, g-factor anisotropy was predicted for [100] and
[111] PbTe quantum wells,* where the authors included the
contributions of wave function barrier penetration, confine-
ment energy shift, and interface SO interaction in their
calculations of the quantum well g-factors. Furthermore, they
found that a confining mesoscopic potential renormalizes the
g-factor through Rashba SOL

Besides the g-factor anisotropy, we observed that the g-factor
varies for neighboring electronic states in Device 2, similar to
results on quantum dots in InAs nanowires,”” where the
authors attributed this g-factor variation to random fluctuations
in the confinement potential, as well as strong Rashba SOL
Additionally, the g-factors that we found are typically lower
than the g-factors of bulk PbTe. It is known that the g-factor is
reduced in low dimensions due to quantum confinement,
which leads to quenching of the orbital angular momentum, as
observed for quantum dots in InAs nanowires.”’

In conclusion, we characterized quantum dot devices in zero
and finite magnetic fields. The SAG approach allowed
investigation of quantum dots in nanowires with different
crystal directions. Despite SAG of PbTe was only recently
achieved,"”> we could identify gate configurations with
electronic stability that allowed extensive characterization.
Charging energies and single-particle excitation energies were
extracted from charge stability diagrams. From the energy level
and Kondo peak splitting at finite magnetic fields, we extracted
the electron g-factor as a function of magnetic field direction.
The anisotropy of the g-factor was attributed to strong Rashba
SOI and quantum confinement. Therefore, PbTe in combina-
tion with a superconductor is a promising platform for
studying topological superconductivity. The large g-factor
anisotropy and the fact that small g-factors are observed for
in-plane magnetic fields should be considered in device design.

B METHODS

Device Fabrication. Nanowires were selected by imaging
with scanning electron microscopy. A double resist layer,
consisting of PMMA AR-P 669.04 and PMMA AR-P 672.02,
was spun onto the chip and patterned with e-beam lithography.
After developing the resist with MIBK/IPA (1:2), an Ar
reactive ion etch was performed to remove native oxide on the
PbTe nanowires.*” Immediately after the Ar etch, the chip was
loaded into an e-beam evaporator where S nm Ti and 50 nm
Au were deposited. Then, lift-off was carried out in acetone.
Four quantum dot devices were fabricated and all had well-
defined lithographic features. One of these devices was
insulating irrespective of applied gate voltage. Inspection
with SEM after warming up the chip revealed damages due to
electrostatic discharges during wire bonding and/or loading. A
second device was conducting, but too unstable to be tuned to
the Coulomb blockade regime. The two remaining devices are
presented here.

g-Factor Fitting. By fitting the complete set of g-factors
extracted for all magnetic field orientations with eq 2, we
determined the principal g-factors and the principal axes of the

effective g-factor tensor |g*|(1§). The magnetic field compo-

7054

nents B,, B, B, and the measured g-factors formed the set of
input parameters for the fit. The fit parameters were the
principal g-factors g, g, g3 and the Euler angles of rotation ¢,
6, w.*' With these angles, the magnetic field components were
transformed from the Cartesian coordinate system to the

coordinate system of the principal axes of |g*|(§ ). This fitting
procedure was repeated for two stable gate configurations of
Device 1 and for one stable gate configuration of Device 2.
Subsequently, with the Euler angles of rotation found by the
fits, we transformed the principal g-factors to spherical
coordinates to determine the orientation of each principal g-
factor.
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