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H
eterostructures of GaSb and InAs
show an uncommon type II-broken
gap band alignment,1 which is tun-

able by confinement,2 and of relevance to a
wide range of topics, such as tunnelling-
based devices,3�6 far-infrared detectors,7,8

and research on electron�hole hybridiza-
tion.9,10 Recently, this heterostructure has
been realized in a novel core�shell geome-
try through growth of nanowires,11 and
studied by conductance measurements.6,12

The nanowires were found to exhibit tun-
able, ambipolar conductivity, attributed to
holes in the GaSb core, and electrons in the
InAs shell.13

However, a major limitation in the devel-
opment of these structures is that many
standard methods to extract information
on carrier type, density, and mobility, such
as Hall measurements,14 cannot be applied
due to the complicated core�shell geome-
try and nearly 1D structure of nanowires.
Due to such limitations, thermoelectric mea-
surements are currently being established as
a complementary tool to electrical measure-
ments to estimate carrier mobility15,16 and

concentration,16 relaxation time,16 and Fermi-
level position17 in various nanostructures, as
well as to investigate various quantum-
transport phenomena.18�25

Characterization of ambipolar nanostruc-
tures poses additional challenges, such as
determining the relative contribution of
each carrier type to the transport as a func-
tion of Fermi-level position. For gated struc-
tures, it is also important to separately
determine the gate lever arm that describes
how the electron and hole states shift in
energy when a gate voltage is applied.
Standard conductance measurements do
not yield information regarding either of
these points.
In this work, we show that thermovoltage

measurements, due to their sensitivity to
charge carrier type,26 are a powerful tool
for the study of ambipolar transport. Apply-
ing the technique to GaSb/InAs core�shell
nanowires, we determine the dominant
carrier type in different transport regimes,
including that of single charge tunneling.
More specifically, we present conductance
(G) and thermovoltage (VTh) measurements
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ABSTRACT In semiconductor heterostructures with a type II band alignment,

such as GaSb�InAs, conduction can be tuned from electron- to hole-dominated

using an electrostatic gate. However, traditional conductance measurements give

no direct information on the carrier type, and thus limit the ability to distinguish

transport effects originating from the two materials. Here, we employ thermo-

voltage measurements to GaSb/InAs core�shell nanowires, and reliably identify

the dominant carrier type at room temperature as well as in the quantum

transport regime at 4.2 K, even in cases where the conductance measurement does

not allow for such a distinction. In addition, we show that theoretical modeling

using the conductance data as input can reproduce the measured thermovoltage under the assumption that electron and hole states shift differently in

energy with the applied gate voltage.
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at temperatures between 4.2 and 295 K as a function of
back-gate voltage Vg. A clear sign change in the
thermovoltage is observed with increasing Vg, which
supports the interpretation of a crossover in charge
transport from hole conduction in the core, to electron
conduction in the shell. Even in cases where G(Vg)
increasesmonotonically and does not show any sign of
ambipolar conduction, which is often the case at room-
temperature, complementary thermovoltage mea-
surements still show clear evidence of a hole contribu-
tion to the transport.
At 4.2 K, thermovoltagemeasurements are also used

to determine the dominant carrier type involved in
conductance resonances observed in a regime where
both core and shell are nearly depleted. We assign
these resonances to 0D states induced by potential
disorder at the nanowire surface, an interpretation that
is supported by the observation of nonlinear thermo-
voltage effects from the application of large thermal
gradients in the electron regime.
Finally, we show that the measured thermovoltage

data can be reproduced by a simple transport model
using the conductancemeasurements as input, if G(Vg)
is divided into two intervals where the transport is
dominated by electrons and holes, respectively. To
reach good qualitative agreement with the measured
VTh, we further need to assume that hole states in the
regime of hole conduction have a weaker shift with
applied gate voltage than corresponding electron
states in the electron conduction regime. Gaining
insight into the relative shift in the electron and hole
states with Vg is important for understanding transport
in ambipolar structures in general, and specifically in
recent complex bipolar heterostructure devices, such
as tunnel transistors.27

DEVICE AND THEORETICAL BACKGROUND

Device. Figure 1a displays a scanning electron mi-
croscopy (SEM) image of a representative device used
in this study. It features two electrical contacts (blue) to
the nanowire (green) and a microstrip heater line (red)
that runs on top of one contact, but is electrically
insulated from it with a thin HfO2 film. To introduce a
temperature gradientΔT across the nanowire, a heating
voltage VH is applied over the heater linewith resistance
RH inducingaheating current IH. The resulting Joule heat
Q � IH

2RH elevates the temperature at the nanowire
contact. The positioning of the heater directly on top of
the contact allows for the application of temperature
differences of several tens of Kelvinwhile not producing
any measurable temperature increase of the contact on
the cold side of the nanowire. A detailed analysis of this
heating method is reported elsewhere.28 The conduc-
tanceG= ID/VSD ismeasuredusing a constant dc source-
drain voltage VSD while measuring the drain current ID.
The highly doped Si substrate with a 100 nm SiO2 layer
was used as a back gate.

Figure 1b displays a schematic illustration of a
GaSb/InAs core�shell nanowire. The wires consist of
(1) a short axial GaAs segment involved in the nucle-
ation of the nanowire, (2) an approximately 500 nm long
GaSb/InAs core�shell segment, (3) an axial InAs seg-
ment which forms during the growth of the shell, and
(4) the gold particle responsible for the nanowire
growth. Due to an Sb memory effect in the growth
reactor, the InAs in the shell as well as in the axial
segment has a small background Sb incorporation, but
for simplicity, wewill refer to thismaterial as InAs in the
text. For this study, only the core�shell segment of the
nanowire was intentionally contacted, and charge
transport was studied along the nanowire length.

Theoretical Background. For the general interpretation
of the measurement data, we assume that the trans-
port in the core and shell occurs in two parallel, but
separate, channels. Electron�hole interaction effects
such as Coulomb drag are not considered. The con-
ductance G of the investigated core�shell segment is
then given by G = Ge þ Gh, where Ge is the conduction
due to electrons in the shell and Gh is the conductance
due to holes in the core. The combined Seebeck
coefficient S is given by,

S ¼ SeGe þ ShGh

Ge þGh
¼ GT

e þGT
h

Ge þGh
¼ � VTh

ΔT
(1)

where Se and Sh denote the Seebeck coefficients
corresponding to the two channels. GT gives the ratio
between a thermally driven current and ΔT in the
absence of an electrical bias, ITh = GTΔT. The Seebeck
coefficient for holes Sh is generally positive (negative
VTh) and Se is negative (positive VTh). A low-temperature
approximation of the relationship between S and the
conductanceG is given by theMott relation S∼ (1/G(E))

Figure 1. (a) Scanning electronmicoscope (SEM) image of a
typical device used for the thermoelectric (TE) characteriza-
tion of a single GaSb/InAs core�shell nanowire. A heater
(red) is placed directly on top of the ohmic source-drain
contacts (blue) to the nanowire (green), electrically insu-
lated by a 10 nm HfO2 layer. This allows for the application
of temperature differences of several tens of Kelvin along
the approximately 500 nm long core�shell segment of the
nanowire. (b) Schematic illustration of a GaSb/InAs core�
shell nanowire. The core�shell segment (2) of the nanowire
consists of a p-type GaSb core (approximately 70 nm in
diameter) and a 5�7 nm thick n-type InAs shell. The axially
adjacent InAs segment (3) has n-type transport character-
istics, whereas the neighboring GaAs segment (1) is elec-
trically insulating. The gold particle (4) serves as a catalyst
during the growth process.
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dG(E)/dE |E=EF, where E is energy and EF is the Fermi
energy. G(E) can roughly be described as the conduc-
tance of electrons with energy E (it is the transmission
function in the ballistic case29 and the transport dis-
tribution function in the diffusive case30,31). A more in-
depth discussion of the origin of the sign of S is
provided in the Supporting Information (S1). In low-
temperature transport studies, it is generally assumed
that E is proportional to Vg, such that S ∼ (1/G)
dG/dVg.

18,24,32 In this case, a measurement of S(Vg)
does not, in principle, reveal any additional information
not contained in G(Vg), but has the advantage of
providing a large signal in regions with a very small
conductance. However, in nanostructures with several
small intrinsic energy scales, the Mott relation may not
hold even at rather low measurement temperatures,33

and S(Vg) reveals information not contained in G(Vg),
for example about states at higher energies. In the case
of heterostructures, such as the core�shell structures
studied in this work, one cannot relate G(E) and G(Vg) if
the different conductance channels do not equally
couple to the gate.

RESULTS AND DISCUSSION

Basic Measurements and Modeling. The confinement-
induced energy shift of the electron states in the InAs
shell determines the band alignment at Vg = 0 and can

be tuned by altering the shell thickness. In the absence
of confinement, the InAs conduction band edge (CB)
lies below the GaSb valence band edge (VB) resulting
in a type II-broken band alignment. For thin InAs shells
below ≈5�7 nm, however, confinement elevates the
lowest electron subband, E1, above VB, and opens a
small effective bandgap Eeff, yielding a type II-staggered
band alignment.13 In this case (schematically illus-
trated in Figure 2), an electrostatic gate can be used
to tune between electron and hole dominated con-
duction parallel to the heterointerface. (See Figure S2
in the Supporting Information for a brief overview of
relevant band gap configurations.)

In the case of nanowire 1 (NW1), at Vg = 0, the Fermi
energy EF is positioned in the effective band gap Eeff
(Figure 2a). In this configuration both the core and
shell are pinched off. The corresponding zero-current
plateau can be observed in the conductance measure-
ment of nanowire NW1 at 4.2 K in Figure 2e. If a gate
voltage Vg is applied, the bands shift accordingly.
At sufficiently large positive gate voltages Vg

þ, the
lowest electron states in the thin InAs shell are pulled
below EF, and the shell becomes populated with
electrons, which gives an increasing conductance
with Vg (n-type regime in Figure 2c). If a large negative
gate voltages Vg

� is applied, the highest hole states of
the GaSb are instead pushed above EF, thus populating

Figure 2. (a) Schematic illustration of the bandstructure at the interface between a p-type GaSb-core and an n-type InAs-shell
segment. In the displayed configuration, the lowest electron-subband edge (E1) is elevated above the conductance band
edge of InAs in bulk (CB). In fact, E1 is located above the first hole-subband (H1) of the GaSb forming a type II-staggered band
alignmentwith an effective band gap Eeff. If the Fermi energy EF is located in the effective band gap, both core and shell of the
nanowire are pinched off and a zero-current plateau is observed in the conductance of nanowire NW1 (c). (b) Under the
application of a thermal bias, holes in the core and the electrons in the shell diffuse from the hot to the cold end of the
nanowire building up a thermovoltage VTh under open circuit conditions (d). If a gate voltageVg is applied, the subbands shift
by �eRVg. For large positive gate voltages (Vg

þ) the shell is populated with free electrons leading to an increase in
conductance with Vg and a positive thermovoltage. In the case of a large negative gate voltage (Vg

�), the shell is pinched off
and the core is populated with free holes leading to a decrease in conductance with Vg and negative thermovoltage. (e and f)
The experimental thermovoltage data can be reproduced well using modeling based on the conductance data if the ratio of
the gate lever armsRe/Rh of core and shell is chosen so that the electron states in the shell couple 4 times stronger to the gate
than the hole states in the core (orange trace). ID was measured using a source-drain bias VSD of 5 mV and the thermovoltage
with a heating power PH of 0.37 mW.
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the nanowire core with holes. Accordingly, the con-
ductance increases also for decreasing Vg (p-type
regime in Figure 2c).

If the source contact is heated, as illustrated in
Figure 2b, carriers in both channels will diffuse from
the hot to the cold side. The resulting open-circuit
thermovoltage is displayed in Figure 2d. Similar to the
conductance plot in Figure 2c, three different regimes
can be distinguished. For Vg > 2 V, the thermovoltage is
positive, consistent with electron transport (negative
charge carriers, see Supporting Information S1). As
expected, we observe fluctuations in VTh(Vg) corre-
sponding to the features in ID(Vg). This fine structure
is reproducible between gate sweeps within one cool-
down (see Supporting Information Figure S3) and is
attributed to 0D-confinement in charge puddles in the
InAs shell.18,34 The magnitude of VTh increases as the
Fermi energy approaches the lowest electron states in
InAs. The corresponding peak, therefore, distinctively
marks the lowest subband position. In the effective
band gap regime, between the p- and n-branches in
Figure 2c,d, the thermovoltage exhibits pronounced
reproducible fluctuations that reflect the small con-
ductance peaks in this gate voltage interval. Note that
the drain-current signal ID in this regime is generally
very small (of the order of pA), and features corre-
sponding to, e.g., quantum-dot resonances can be
resolved only poorly due to a small signal-to-noise
ratio. The corresponding thermovoltage signal is how-
ever very pronounced.

For Vg < �2.5 V, the thermovoltage is negative,
consistent with hole transport. Both ID and VTh are
smooth compared to the signals in the n-branch. This is
attributed to the much shorter Fermi wavelength of
the holes in GaSb compared to the electrons in the InAs
shell (a factor of approximately 20), which leads to a
suppression of confinement effects. The GaSb core is
also not directly interfacing the HfO2, which is a source
of charge traps for electron transport in the InAs shell,
there leading to nonuniform depletion and conse-
quently fluctuations in G(Vg). Nevertheless, a mono-
tonic increase ofVTh is observed, as EF approacheswhat
we interpret as the highest GaSb hole state.

Next, we calculate VTh(Vg) from themeasured G(Vg),
and compare the results with the VTh(Vg) obtained from
electrical measurements. Within a scattering descrip-
tion of transport, S is givenby S= (1/eGT)

R
dE(E� EF)G(E)

df(E)/dE, where G(E) = Gh(E) þ Ge(E), which reduces to
the Mott relation in a low-temperature limit. We next
divide the measured conductance into two regimes,
a hole-dominated and an electron-dominated, with
a separation in the middle of the depletion regime.
In the electron and hole regimes, we then extract
G(E) from Ge(E) = G(�eReVg) and Gh(E) = G(�eRhVg),
respectively. The lever arm of the gate R relates the
applied gate voltage Vg to an absolute energy scale E in
the nanowire, ΔE = �eRΔVg. Using the resulting G(E),

we can now calculate S(Vg) and compare it with the
corresponding experimental measurement, and adapt
the used ratio Re/Rh to match the measured S(Vg).
This method works reasonably well when there is a
clear depletion regime, such that the conductance can
be unambiguously divided into an electron-dominated
and a hole-dominated regime.

In Figure 2f, we show VTh = �S(Vg)ΔT for three
different ratios ofRe/Rh, and in Figure 2e, a single curve
for Re/Rh = 4, which is the value which best fits the
experiment. A reasonable fit can thus only be obtained
if we assume that an applied ΔVg has a smaller effect
on hole state energies in the hole regime than on
corresponding electron states in the electron regime.
Clearly, this method can only give a rough estimate of
Re/Rh, but it reveals important information which
could not have been extracted from a conductance
measurement alone. In our model we assume that Re

and Rh are constant and do not change with Vg, which
yields good results near the band edges where the
carrier concentration is moderate. Note that the geo-
metric capacitance based on a simple cylinder-plane
model35 is almost similar for the core and shell. We
speculate that the difference in Re and Rh originates
either from energy dependent trap states near the
interface of the InAs and the HfO2 that limit the
transconductance in the hole regime, or from a vertical
potential gradient induced by the gate voltage that
shifts shell states more strongly than core states.14 In
the regime of large Vg, ID saturates. We attribute this to
the increasing relative contribution of series resistance,
which leads to significant deviations between mod-
eled andmeasured thermovoltage. For amore detailed
discussion on the effect of series resistance please see
Supporting Information S6. Finally, we remark that S is
here calculated in linear response, meaning in the limit
of vanishing ΔT, and the average temperature is
adjusted to achieve a line shape of the same smooth-
ness as the measurement. Therefore, the overall scale
in the plots of the calculated VTh = �SΔT is arbitrary.

Transport Characterization for Mixed Electron and Hole
Transport. When the regimes of electron- and hole
transport are not clearly separated, thermovoltage
measurements help to identify the point where the
dominant charge carrier type switches. At low tem-
peratures, nanowire 2 (NW2) has an ID(Vg) behavior
(Figure 3a,b) similar to that of NW1. The conductance
trace exhibits pronounced p- and n-branches; how-
ever, the wire is not completely depleted between the
two branches. The overlap of the p- and n-branches
indicates a type II-broken band gap configuration
where electrons and holes simultaneously contribute
to the electrical transport. We attribute this to a slightly
thicker InAs shell in NW2 compared to NW1. In this
case, the confinement in the shell is not strong enough
to elevate E1 over H1.13 VTh(Vg) exhibits a distinct sign
change at approximately Vg = 5 V clearly showing that
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Ge
T < Gh

T for lower gate voltages. Despite the overlap of
the p- and n-branches, the thermovoltage trace is well
reproduced by themodeling if the separation between
the twobranches is chosen close to the zero crossing of
S at around Vg = 5 V.

Temperature Dependence and Additional Information at
Room Temperature. Figure 3d,e displays data from con-
ductance and thermovoltage measurements of NW2
that were taken at temperatures T between 4.2 and
294 K. Here, the heating voltage VH is held constant,
whereas the temperature difference ΔT is expected to
vary as a function of T. The amplitude of VTh at different
T is therefore not immediately comparable. Despite the
subsequent reduction in heating power PH due to the
decreasing heater resistance RH, we expect the tem-
perature difference to increase significantly with de-
creasing temperature due to a reduction of thermal
conductivity of the substrate. A rough estimate of the
ΔT and PH as functions of temperature based on a
previous study28 with similar devices equipped with
resistive thermometers is provided in Figure 3f,g.

While at low temperatures the general ambipolar
nature of the transport can be deduced, both from the
global minimum in ID(Vg) and the sign change in
VTh(Vg), this is not the case at room temperature.
Figure 3d shows that with increasing temperature
the minimum in the band-region is flooded with ther-
mally excited carriers. At room temperature, ID(Vg) is
fully monotonic leaving no indication of hole transport

over the entire gate-voltage range. Such large residual
conductance for negative Vg can sometimes be ob-
served for large diameter, and/or highly doped, nano-
wires where the gate fails to fully deplete the channel.
For this nanowire, however, the thermovoltage shows
a clear and sharp sign-change indicating the significant
contribution of holes to the transport. In fact, for all 6
devices in this study, thermovoltage measurements at
room temperature detected the ambipolar nature of
the transport, whereas corresponding conductance
measurements showed no indication of a p-type con-
tribution for a majority of the devices (see also Sup-
porting Information S4).

Nonlinear Thermovoltage. On the basis of transport
signatures in previous studies on bare InAs nano-
wires,18,34 we have attributed the sharp peaks in con-
ductance in the n-branch to 0D resonances caused by
nonuniform depletion. Next, we investigate nonlinear
thermovoltage response with respect to ΔT to obtain
additional information about the fine structure inG(Vg).
Here, we use the ability of the top-heating device
design28 to apply temperature differentials over a large
range of ΔT � PH of up to tens of Kelvin at a base
temperature of 4.2 K.

Figure 3h displays the VTh(Vg) for NW2 for different
heating powers at an ambient temperature of 4.2 K. As
previously noted, the p-branch has a relatively smooth
Vg dependence for all applied heating powers PH.
Despite the application of temperature differences of

Figure 3. (a) Unlike NW1, NW2 does not exhibit a zero-current plateau in the conductance trace at 4.2 K, indicating a type
II-broken band alignment. (b) The thermovoltage shows a clear sign change at around Vg = 5 V. Similar to NW1, themodeling
(c) based on G(Vg) reproduces the VTh(Vg) well using a Re/Rh ratio of 4. (d) The ambipolar characteristics of NW2 in the
conductance (globalminimum) becomeweakerwith rising temperature. However, a clear sign change can still be observed in
VTh (e) over the entire temperature range. (f) Rough estimate of the applied temperature difference ΔT across the nanowire
segment based on themeasurements in ref 28. Note thatΔT increases with decreasing temperature despite the fact that the
applied heatingpower PH is decreasing (g). (h)VTh for different heatingpowers (PH). Note that the thermopower in the smooth
region, Vg < 3 V, associated with p-type transport in the GaSb core, increases linearly with applied heating power PH� VH

2 (i),
whereas the region Vg > 3 V, dominated by conductance resonances due to a disordered potential landscape in the n-type
InAs, exhibits nonlinear thermovoltage behavior. The applied source-drain bias for (a) and (d) is VSD = 5 mV. The heating
voltage VH in (b) and (e) is 0.5 V.
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up to several tens of Kelvins, the p-branch thermo-
voltage increases linearly with the applied heating
power (see Figure 3i). In contrast, the peaks in the
n-branch do not increase linearly with the heating
power. The strong fluctuations for all applied PH in-
cluding several sign changes of VTh(Vg), e.g. around
Vg = 12.1 V, are characteristic for 0D-like states.18,36 In
fact, for the particular peak at Vg = 12.1 V, the thermo-
voltage increases rapidly with increasing PH before
peaking at approximately PH = 0.4 mW, and then
decreases. This behavior is likely related to thermal
broadening of 0D-like resonances, but may also be
caused by energy-level renormalization which has
previously been observed through thermoelectric
measurements on quantum dots.19

We now use thermovoltage measurements to ex-
tract additional information about the carrier types
involved in charge transport in the regime where the
n- and p-branchesmeet. Figure 4a,b displays data from
Nanowire 3 (NW3). Similar to NW1, we observe a pro-
nounced region (approximately between Vg = �5 V
and Vg = 5 V), for which the nanowire is nearly
depleted. We attribute the large negative peak of VTh
just below Vg =�6 V to the first hole-subband edge of
the GaSb crossing EF which is supported by the steep
drop in conductance at this gate voltage. We observe
an n-branch for Vg > 5 V signified by an overall positive
VTh, an increasing ID(Vg) and several sharp peaks that
we attribute to 0D states in the InAs shell.

A close-up of the near-depletion regime (see inset
in Figure 4a) reveals several regularly spaced conduc-
tance peaks resembling Coulomb blockade resonances.

From the VThmeasurements (Figure 4b,c) we note that,
surprisingly, VTh is negative for the whole band gap
region identified in the conductance measurements,
evidencing a strong hole contribution to the transport.

Figure 4c shows how the thermovoltage evolves
with increasing heating power. We find that for small
heating powers VTh is dominated by 0D resonances,
which in previous studies have been shown to exhibit a
high S for small ΔT at low T due to the sharp energy
filtering capacity.18,36 The larger effective mass of the
holes gives a weak confinement, but in turn leads to a
larger bulk Seebeck coefficient S. At higher heating,
their contribution to VTh therefore becomes visible and
increases linearly with applied heating power. In the
region of interest between Vg = �5 V and Vg = 5 V, we
find moderate oscillations in VTh, but more strikingly a
strong overall shift to negative values with increasing
heating power. This behavior strongly resembles that
of the p-branch and leads us to the conclusion that the
transport in this regime is dominated by holes. As for
the origin of the oscillations in VTh and ID, we propose
that charging of localized/0D states in the InAs shell
gives a modulation of the hole transport in the core
due to an electrostatic coupling.37

We note from Figure 4d that themodeling does not
reproduce the measured data in the near-depletion
regime since the conductance there cannot unam-
biguously be attributed to one carrier type. Again we
thus find that thermovoltage provides information
complementary to conductance, here with relevance
to studies of electron�hole interactions.

CONCLUSIONS

We demonstrate that thermovoltagemeasurements
can be an effective tool for characterization of ambi-
polar nanostructures, both at room temperature and
in the quantum transport regime at cryogenic tem-
peratures.
In the investigated GaSb/InAs core�shell nanowires,

we find that even in cases where a conductance
measurement does not show a clear signature of a
hole contribution, a hole dominated regime can reli-
ably be identified using the thermovoltage measure-
ment. This ability to probe the dominating carrier type
would also be useful in studies of other ambipolar
nanostructures for which standard CV measurements
may not be applicable. Examples here are topological
insulators, and semiconductor nanostructures that ex-
hibit surface inversion, such as p-type InAs nanowires38

or thick nanowires of a narrow band gap material39 for
which onset of surface inversion will screen depletion
of the interior.
In addition, we show that theoreticalmodeling using

the conductance data as input can reproduce the
measured thermovoltage under the assumption that
electron and hole states shift differently with the
applied gate voltage in the regimes of electron and

Figure 4. (a) Conductance and (b) thermovoltage measure-
ment of NW3. Similar to NW1, a pronounced zero current
plateau associated with type II-staggered band alignment
can be observed. Note that the modeling (d) does not
match the experimental data in the band gap regime for
higher heating powers for any value of Re/Rh (a ratio of
4 was used in the figure). (c) VTh in this regime shifts rapidly
to negative VTh with increased heating power PH. In this
gate voltage interval (approximately between Vg = �5 V
and Vg = 5 V), the conductance exhibits regularly spaced
peaks (inset in (a)) that may be attributed to 0D resonances
in the InAs shell. The thermovoltage signal (b), however, is
overall negative in this regime indicating a contribution of
holes in the GaSb.
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hole conduction. While this method only provides a
rough estimate of relative gate lever arms, we foresee
that it will be helpful in understanding transport data
of various 1Dambipolar devices. Itmay also be possible

to use a single gate to fine-tune the effective band gap
in a type-II heterostructurewhere the electron and hole
channels cannot be gated separately, such as in core�
shell nanowires.14,40

METHODS

Nanowire Growth. GaSb/InAs core�shell nanowires were
grown from Au aerosols on a GaAs (111)B substrate using metal
organic vapor phase epitaxy (MOVPE; Aixtron 200/4 at 10 kPa in
13 L/min hydrogen carrier). First, Au aerosol particles with a
nominal diameter of 30 or 40 nmwere dispersed onto the GaAs
substrate. After a 7min annealing step at 630 �C in arsine (AsH3;
molar fraction 1.54e-3), a short GaAs nanowire stem was first
grown for 2 min at 450 �C in order to facilitate the nucleation of
the GaSb segment, using trimethylgallium (TMGa; molar frac-
tion 3.36 � 10�5) and AsH3 (molar fraction 1.23 � 10�3). GaSb
was then grown for 20min at 530 �C using TMGa (molar fraction
3.36 � 10�5) and trimethylantimony (TMSb; molar fraction
2.01 � 10�5). Subsequently, an InAs shell was grown at a tem-
perature of 460 �C using trimethylindium (TMIn, molar fraction
4.53 � 10�6) and AsH3 (molar fraction 3.85 � 10�4) for a
duration of 8min. Previous work has shown that a small amount
of Sb is incorporated during the nominal InAs shell growth.13

For simplicity, however, we refer this material as InAs in this
work. Since the nanowires were grown from randomly dis-
persed Au particles, the axial and radial growth rates vary from
wire to wire. From SEM images, where a 10 nm HfO2 thickness
was subtracted from the nanowire radius, it is found that NW1
has a diameter of 75 nm, NW2 of 95 nm, and NW3 of 85 nm.
NW4�6 (Supporting Information S4) are thinner, with dia-
meters between 65 and 70 nm. The InAs shell thickness is
estimated to be 7 ( 3 nm. The nanowires are nominally
undoped, but carbon is known to be incorporated from the
precursors during radial overgrowth, which act as p-type im-
purity in GaSb and n-type in InAs.

Processing. For this study, only the core�shell segment of
the nanowire was contacted. The nanowires were mechanically
dry transferred to a highly doped silicon substrate coated with
100 nm of silicon oxide (SiO2). The electrical contacts to the
nanowire were defined using electron-beam lithography (EBL).
To remove the native oxide layer, the contacts were etchedwith
diluted buffered HF for 5 s, prior to the contact metal deposition
(Ni/Au, 20/120 nm). Following lift-off and a 30 s oxygen plasma
etch of polymer residues, the entire device was coated with a
10 nm thick HfO2 layer via atomic layer deposition (ALD) to
electrically insulate the heater line from the contacts to the
nanowire. In the next step, a focused ion beam (FIB) was
employed to mill through the oxide layer above the bond pads
designated for the heater line, which was subsequently created
in a second EBL step (Ti/Au, 10/140 nm).

Measurements. For the two-probe resistance measurements,
a DC source-drain voltage VSD of 5 mV was applied over the
nanowire. The resulting drain-current signal ID was enhanced
using a SR570 low noise current preamplifier (Stanford
Research). The thermocurrent ITh was measured in the same
constellation under the application of a thermal bias and
VSD = 0 mV. ITh was corrected for a small offset current
introduced by the current preamplifier. The highly doped Si
substrate with a 100 nm SiO2 layer was used as a back gate.

To induce a temperature difference across the nanowire, a
heating voltage VH was applied over the heater circuit. The
resulting heating current IH is determined by RH and a serial
resistor RS = 50Ω, IH = VH/(RH þ 50Ω). The heating power PH is
then given by PH= IH

2RH, where RH is of the order of 20Ω at 4.2 K.
The positioning of the heater on top of the electrical contact to
the nanowire allows for the application of large thermal biases.
On the basis of measurements on similar devices28 equipped
with resistive thermometers, the applied temperature differ-
ence ΔT per mW is estimated to be of the order of 60 K/mW at
4.2 K where ΔT � PH while the temperature rise of the cold

contact remains below the resolution of the applied resistive
thermometer method (please see ref 28 for a detailed study of
the heating method).

The induced thermovoltage VTh was probed using a femto
(DLPVA-100-F-D) voltage preamplifier with 1 TΩ input imped-
ance. VTh was corrected for a constant offset that was measured
at VH = 0 mV to ensure all contributions of voltage buildups in
the system and instrument offsets were eliminated. All mea-
surements where performed in a helium dewar with a sample
holder that was equipped with a LakeShore Si diode tempera-
ture sensor.
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