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ABSTRACT

We report the rational synthesis of dopant-free GaN/AlN/AlGaN radial nanowire heterostructures and their implementation as high electron
mobility transistors (HEMTs). The radial nanowire heterostructures were prepared by sequential shell growth immediately following nanowire
elongation using metal −organic chemical vapor deposition (MOCVD). Transmission electron microscopy (TEM) studies reveal that the GaN/
AlN/AlGaN radial nanowire heterostructures are dislocation-free single crystals. In addition, the thicknesses and compositions of the individua l
AlN and AlGaN shells were unambiguously identified using cross-sectional high-angle annular darkfield scanning transmission electron
microscopy (HAADF-STEM). Transport measurements carried out on GaN/AlN/AlGaN and GaN nanowires prepared using similar conditions
demonstrate the existence of electron gas in the undoped GaN/AlN/AlGaN nanowire heterostructures and also yield an intrinsic electron
mobility of 3100 cm 2/Vs and 21 000 cm 2/Vs at room temperature and 5 K, respectively, for the heterostructure. Field-effect transistors fabricated
with ZrO 2 dielectrics and metal top gates showed excellent gate coupling with near ideal subthreshold slopes of 68 mV/dec, an on/off current
ratio of 10 7, and scaled on-current and transconductance values of 500 mA/mm and 420 mS/mm. The ability to control synthetically the
electronic properties of nanowires using band structure design in III-nitride radial nanowire heterostructures opens up new opportunities for
nanoelectronics and provides a new platform to study the physics of low-dimensional electron gases.

Semiconductor nanowires1,2 are attractive building blocks for
nanoscale electronic devices, including field-effect transistors
(FETs),3-5 inverters,6 logic circuits,7 and decoders,8 because
of the intrinsic small size and promise of enhanced mobility
from 1D confinement effects. Yet, continued progress toward
integrated nanoelectronic circuits will require advances in
our ability to better control the electronic properties of these
building blocks and to assemble them into increasingly com-
plex structures. Considerable efforts have been placed on
doping in Si,4,6,8bGe,5 and GaN9,10nanowires to control their
electrical properties. Despite this progress, doping of nano-
structures remains a challenge11 as a result of both funda-
mental synthetic issues and statistical fluctuations that are
intrinsic to homogeneous doping of small structures. More-
over, charged dopant centers can limit mobilites and the
corresponding performance of semiconductor materials in
general.12

To overcome these issues, we have been exploring the
potential of band structure engineering by creating radial

nanowire heterostructures.13-15 This work has been motivated
by studies of undoped and delta-doped planar heterostructures
that have been shown to form two-dimensional electron and
hole gases, which have served as key platforms for both
fundamental studies and high-speed electronic applications.12

Such heterostructures can exhibit high carrier mobility due
to a reduction or elimination of impurity scattering by
separating the dopants and surface potential fluctuations from
the conduction channel. We have recently demonstrated a
one-dimensional (1D) hole gas in undoped Ge/Si core/shell
radial nanowire heterostructures14,15 and, moreover, shown
that these nanowires have potential as high-performance
p-type FETs.15 It is important to understand the potential
generality of this approach for creating nanowire carrier gases
because both electron and hole gases are needed (i) to enable
high-performance complementary nanoelectronics, which can
increase switching speeds with low power consumption
versus unipolar devices, and (ii) to explore and compare the
fundamental properties of both 1D electron and hole gases.
Here we report a rational synthesis of undoped GaN/AlN/
AlGaN radial nanowire heterostructures showing spontaneous
formation of an electron gas and the application of these
nanowire heterostrctures as HEMTs.
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Our designed nanowire structure consists of an intrinsic,
high-purity GaN core and sequentially deposited undoped
AlN and AlGaN shells. In this structure, the GaN conduction
band lies below that of AlGaN, and because of the large
internal electric field across the radial heterojunction between
the GaN core and AlN/AlGaN shells, which is due to strong
spontaneous and piezoelectric polarization,16 an electron gas
can form in the GaN. A thin epitaxial AlN interlayer (2 nm)
was used in our design to reduce alloy scattering from the
AlGaN outer shell17 and to provide a larger conduction band
discontinuity for better confinement of electrons. The thick-
ness of the AlN layer is critical and must be below the
estimated critical thickness obtained in the AlN planar
structure (∼3 nm)18 to prevent the introduction of dislocations
or other defects that could lead to substantial carrier
scattering. Previous studies reported that a GaN/AlGaN radial
nanowire structure could be formed spontaneously during
MOCVD growth with Ga and Al precursors;19 although the
required precise control of both the shell thickness and
composition for our designed heterostructure precludes the
use of such spontaneous processes.

To enable full control of the composition of the GaN
nanowire core and compositions and thicknesses of the AlN/

AlGaN shells during synthesis of the target GaN/AlN/AlGaN
radial nanowire heterostructures, we extended MOCVD
methods described recently for the growth of GaN/InGaN
core/multishell light-emitting diodes.9,10,20A scanning elec-
tron microscopy (SEM) image (Figure 1a) of as-prepared
GaN/AlN/AlGaN nanowires shows that the wires are uniform
in diameter with typical nanowire lengths, which depend on
the initial GaN core growth time, of 10-20 µm. Conven-
tional TEM analysis of these nanowires revealed that they
are single-crystal structures with a〈11-20〉 growth direction.
A representative low-resolution TEM image (Figure 1b)
demonstrates that the nanowire is dislocation-free, as ob-
served in all of the nanowires in our study. Dislocations are
electron-trapping centers that could limit electron mobility;21

therefore, the absence of dislocations in these nanowires is
important to our goal of making high-mobility electron gases.
We note that the absence of dislocations is an advantage of
our nanowire system; that is, contrary to planar growth,
nanowire synthesis is effectively substrate-free, which pre-
vents the formation of dislocations due to lattice mismatch
between GaN and typical growth substrates.

In addition, cross-sectional TEM studies22 were carried
out to visualize directly and to quantify the thickness and

Figure 1. (a) SEM image of GaN/AlN/AlGaN nanowires on a substrate. Scale bar is 5µm. (b) Bright-field low-resolution TEM image of
a GaN/AlN/AlGaN nanowire. Scale bar is 500 nm. (c) HAADF-STEM image of a GaN/AlN/AlGaN nanowire cross section. Scale bar is
50 nm. (d) Lattice-resolved HAADF-STEM image recorded at the (0001) facet of the nanowire. Dashed lines highlight the heterointerfaces
between layers. Scale bar is 2 nm. Inset: electron diffraction pattern indexed for the [11-20] zone axis. (e) Bright-field STEM image and
the corresponding EDX elemental mapping of the same nanowire, indicating spatial distribution of Ga (blue), Al (red), and N (green),
recorded on a GaN/AlN/AlGaN nanowire cross section. Scale bar is 50 nm.
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chemical composition of the individual shells in GaN/AlN/
AlGaN nanowire heterostructures. A cross-sectional HAADF-
STEM image (Figure 1c) of a representative GaN/AlN/
AlGaN nanowire taken along the [11-20] zone axis shows
that the nanowire has a triangular cross section that consists
of a (0001) facet and two crystallographically identical
{-110-1} planes, which is in agreement with our previous
studies.9,10,23The HAADF-STEM image shows strong con-
trast that is sensitive to the atomic number of the imaged
materials.24 The dark contrast region refers to the material
with the smaller atomic number that gives less elastically
scattered electrons, and in our case, is an AlN middle layer.
Consequently, the outer shell and inner core could be
assigned to be AlGaN and GaN, respectively, consistent with
our targeted structure. A lattice-resolved HAADF-STEM
image (Figure 1d) reveals that the heterointerfaces between
the GaN core and the AlN/AlGaN shells are atomically sharp,
without boundary defects. This confirms the epitaxial deposi-
tion of AlN/AlGaN shells and the absence of strain relaxation
and suggests that scattering due to surface roughness should
be reduced in these nanowire heterostructures. On the basis
of the clear contrast, the thicknesses of the AlN and AlGaN
layers are estimated to be 1.8 and 10.2 nm, respectively.
STEM energy-dispersive X-ray spectroscopy (EDX) elemen-
tal mapping (Figure 1e) of the GaN/AlN/AlGaN nanowire
cross section reveals clearly the spatial distribution of Ga,
Al, and N in the structure, confirming that the contrasts in
Figure 1c and d originate from the variation of chemical
composition. On the basis of the EDX data recorded at the
nanowire edge, the Al composition in the AlGaN layer is
estimated to be 25( 1.5%, consistent with the growth
conditions. Taken together, the HAADF-STEM and EDX
studies confirm the successful growth of a GaN/AlN/Al0.25-
Ga0.75N nanowire with a well-defined thickness and com-
position.

Systematic transport measurements25 were carried out to
evaluate the electrical properties of FETs fabricated from
the GaN/AlN/Al0.25Ga0.75N nanowires. Figure 2a shows the
current (Ids) versus drain-source voltage (Vds) data recorded
on a representative GaN/AlN/Al0.25Ga0.75N nanowire with a
diameter of 100 nm (blue line). The nanowire device exhibits
substantial current at zero gate voltage (Vgs), and the current
first rises and then begins to saturate at more positive values
of Vds similar to an n-type metal oxide semiconductor field-
effect transistor (MOSFET).12 In addition, theIds - Vgs data
(Figure 2b, blue line) recorded on the same nanowire reveal
that the nanowire current increases asVgs becomes more
positive, with a large peak transconductance (gm) of ca. 2.4
µS atVds ) 1 V. These data demonstrate that the nanowire
device behaves as n-type depletion mode FET12 and confirm
the accumulation of electron carriers. Control experiments
were also carried out on undoped GaN nanowires prepared
using the same growth conditions and having diameters
similar to those of the GaN core in the heterostructures.
Contrary to the substantialIds obtained from the nanowire
heterostructures, theIds - Vds data recorded on undoped GaN
nanowire FETs with the same channel length (Lg) (Figure
2a, red line) shows that the nanowire is highly resistive at

Vgs ) 0 V, with the total resistance of ca. 8 MΩ. The Ids -
Vgs data (Figure 2b, red line) further shows that undoped
GaN nanowire devices have 50 times smaller conductance
and gm values compared to the GaN/AlN/Al0.25Ga0.75N
heterostructures. Because both the GaN/AlN/Al0.25Ga0.75N
nanowire heterostructures and the GaN nanowires are un-
doped, we attribute the large differences in transport proper-
ties to the formation of a confined electron gas in the radial
nanowire heterostructure through band structure engineering.

Temperature-dependent conductance (G) versusVgs data
(Figure 3a) shows that both the on-stateG and gm of the
nanowire FET increases as the temperature decreases. This
contrasts with the typical behavior in Si-doped n-type GaN
nanowire FETs26 as well as that generally observed in doped
semiconductors, which show a significant decrease in device
on current (Ion) at low temperature because charge carriers
that come from dopants would freeze-out with decreasing

Figure 2. (a) Ids - Vds characteristics recorded on 100-nm-diameter
GaN/AlN/Al0.25Ga0.75N (blue) and GaN (red) nanowires with
source-drain separationLg ) 4 µm atVgs ) 0 V. Insets: schematics
of the GaN and GaN/AlN/AlGaN nanowires. (b)Ids - Vgs transfer
characteristics of the same GaN/AlN/Al0.25Ga0.75N (blue) and GaN
(red) nanowires forVds ) 1 V.
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temperature. The increase in conductance is, however,
consistent with and provides strong evidence for an electron
gas in these undoped nanowire heterostructures.

In addition, the values ofgm were determined from the
analysis ofG - Vgs curves at different temperatures (Figure
3a) and then used to estimate the peak electron mobility (µ)
using the charge control model,27 dI/dVg ) gm ) µ(Cg/Lg

2)-
Vds, whereCg is the gate capacitance28 andLg ) 4 µm is the
channel length. The calculated temperature-dependent elec-
tron mobility data of the GaN/AlN/Al0.25Ga0.75N nanowire
is depicted in Figure 3b. Electron mobilities determined from
the raw data first increase drastically as the temperature
decreases from room temperature to 100 K, and then begin
to saturate at lower temperature. The electron mobility at
room-temperature reaches 2300 cm2/Vs, approaching the best
reported electron mobility (2500 cm2/Vs) in planar GaN/
Al0.1Ga0.9N heterostructures grown on bulk GaN substrates,29

and is several times higher than the best value (650 cm2/Vs)
reported in n-type GaN nanowire nanodevices.3 At room
temperature, phonon scattering30 is expected to dominate in
the single-crystal nanowire heterostructures. As the temper-
ature is decreased from room temperature to 100 K, phonon
scattering is reduced significantly, thus explaining the sharp
increase in electron mobility. Mobility then starts to saturate
at lower temperature due to the suppression of phonon
scattering as observed in planar HEMT structures.29,30

To determine the intrinsic mobility of GaN/AlN/Al0.25-
Ga0.75N nanowires, four-probe transport measurements were
also carried out to determine the contact resistance as a
function of temperature (Figure S1). The specific source/
drain contact resistance determined from these measurements,
2.3 × 10-5 Ωcm2, is comparable to the value obtained in
GaN/AlGaN planar structures31 and is temperature-indepen-
dent. This source/drain contact resistance is subtracted from
the raw device data to obtain the intrinsic transconductance
(gin) of the nanowire devices4,12 as well as the temperature-
dependent intrinsic electron mobility shown in Figure 3b (red
symbols). Significantly, this analysis yields a peak nanowire
electron mobility of 21 000 cm2/Vs at 5 K, which is the best
value reported in any semiconductor nanowire system.
Although this value is still low compared to the record value
of 160 000 cm2/Vs obtained on the GaN/Al0.06Ga0.94N planar
heterostructures at 300 mK,32 we believe that the result is
quite promising given that this represents the first study of
these nanowire heterostructures. In addition, we note that
the scaled sheet carrier density for our nanowire heterostruc-
tures, 1× 1012 cm-2, is comparable to the value obtained in
GaN/AlGaN planar heterostructures with similar mobili-
ties.29,30 This value was obtained by assuming a uniform
distribution of the electron gas on the three facets.33

We have also explored the potential of GaN/AlN/Al0.25-
Ga0.75N nanowire heterostructures as high-performance FETs
by fabricating devices incorporating a 6-nm-thick high-k
ZrO2 gate dielectric and metal top-gate electrodes (Figure
4a).34 The Ids - Vds characteristics recorded on a representa-
tive GaN/AlN/Al0.25Ga0.75N nanowire top-gated device (Fig-
ure 4b) show typical n-type MOSFET behavior,12 with
current saturation at more positiveVds values. TheIds - Vgs

transfer curve recorded forVds ) 1.5 V (inset, Figure 4c)
shows that the nanowire device has a maximumIon andgm

of 50 µA and 42µS, respectively. To compare these results
with planar heterostructure FET devices, we calculated the
scaled values ofIon andgm using the total nanowire diameter
as the device width. The scaledIon value for a GaN/AlN/
Al0.25Ga0.75N nanowire FET is 500 mA/mm, while the scaled
gm is 420 mS/mm, comparable to the best reported value of
450 mS/mm observed in planar GaN/AlGaN heterostruc-
tures.35

In addition, logarithmic plots of theIds - Vgs data recorded
at differentVds values(Figure 4c) show that the current drops
exponentially below the threshold voltage. The rate of this
drop, characterized by the subthreshold slope (S), is 68 mV/
dec, which is close to the ideal value ofS ) (kBT/e) ln(10)
≈ 60 mV/dec at room temperature. This result represents a
significant improvement in subthreshold slope compare to

Figure 3. (a) G - Vgs curves recorded at different temperatures
for a 100-nm-diameter GaN/AlN/Al0.25Ga0.75N nanowire withLg

) 4 µm. G - Vgs curves are slightly offset for clarity. (b) Measured
(black symbols) and intrinsic (red symbols) electron mobility of
GaN/AlN/Al0.25Ga0.75N nanowire at different temperatures, where
the intrinsic values were obtained after the correction for contact
resistance.
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the best values of 100 mV/dec reported previously in top-
gated p-type Ge/Si core/shell nanowire heterostructure
FETs15 and wrap-gated n-type InAs36 nanowire FETs, and
demonstrates the excellent gate coupling and near perfect
interface between the GaN/AlN/Al0.25Ga0.75N nanowire het-
erostructure and ZrO2 dielectric layer. The large maximum
on state current, transconductance, and small subthreshold
slope also lead to a large on/off current ratio of 107. These
results demonstrate the excellent performance of GaN/AlN/
Al0.25Ga0.75N nanowire heterostructures.

In summary, we have synthesized dislocation-free single-
crystal GaN/AlN/Al0.25Ga0.75N nanowire heterostructures with
well-controlled radial modulation of composition and thick-
ness. Transport measurements on FETs fabricated from
undoped GaN/AlN/Al0.25Ga0.75N nanowire heterostructures
demonstrate the formation of a confined electron gas with
high electron mobility and excellent overall device perfor-
mance. Further improvement of the electrical properties of
these new nanowire radial heterostructures might be achieved
by optimizing the thickness and composition of AlGaN shell.
These GaN/AlN/Al0.25Ga0.75N nanowire HEMTs offer sub-
stantial promise as reliable building blocks for nanoscale
integrated CMOS electronic circuits, represent a versatile
platform for investigating fundamental physics of low-
dimensional electron gas systems, and moreover, the chemi-
cally inert and robust GaN-based nanowire HEMT devices,
which have large surface area and gate sensitivity, could lead
to high-sensitivity chemical and biological detectors.37
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