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Hollow InAs nanowires are produced from GaAs/InAs core/shell nanowires by wet chemical
etching of the GaAs core. At room temperature, the resistivity of several nanowires is measured
before and after removal of the GaAs core. The observed change in resistivity is explained by
simulating the electronic states in both structures. At cryogenic temperatures, quantum transport in
hollow InAs nanowires is studied. Flux periodic conductance oscillations are observed when the
magnetic field is oriented parallel to the nanowire axis. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4896286]

Semiconductor nanowires have been proven to be very
versatile elements for various applications in nanoscience.
This includes novel concepts in nano- and optoelectronics,
as well as in photovoltaics.lf3 Above that, semiconductor
nanowires can also be employed in circuits related to quan-
tum information technology.® Initially, starting from bulk
nanowires considerable progress has been made in recent
years towards more complex objects, such as radial or axial
heterostructure nanowires as well as doped structures.>>°
Using radial heterostructures, tubular conductors have been
realized by covering a highly resistive GaAs core nanowire
by a conductive InAs shell.” Due to the tubular topology of
the conductive channel a magnetic field oriented parallel to
the nanowire axis causes flux periodic (Aharonov-Bohm
type) conductance oscillations.®'¢

Apart from compact nanowires it is also possible to fab-
ricate hollow nanowires either grown directly by epitaxy''
or by removing the core of a radial heterostructure nanowire
by selective wet chemical etching.'”'* We use the latter
approach to fabricate hollow InAs nanowires on the basis of
GaAs/InAs core/shell (cs) nanowires. The interesting ques-
tion is, if electron transport or even quantum transport phe-
nomena can be maintained in these structures even under
conditions where the electrons in the InAs tube are exposed
to an outer and inner surfaces. Furthermore, it needs to be
clarified to which extent the band alignment at the inner sur-
face affects the electron occupation. For this purpose, we
measure the conductivity and simulate the electron concen-
tration at room temperature before and after removal of the
GaAs core. Afterwards we study transport at low tempera-
tures to find out if quantum transport effects, such as the
aforementioned flux-periodic conductance oscillations, can
be maintained.

GaAs/InAs core/shell nanowires are grown by molecular
beam epitaxy on (111)-oriented substrates (GaAs or Si) cov-
ered by a thin SiO, layer. Two sets of nanowires with differ-
ent geometric dimensions are investigated in this study. The
GaAs core is grown at a temperature of 600 °C (630 °C) with
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aGarate of 0.1 um h™' (0.2 um h™") and an As, beam equiv-
alent pressure of 1x 10 °Torr (1.2 x 10>Torr)."> The
growth time of the core is 120 min (20 min). The core diame-
ter . is about 125 nm (50 nm). After the core growth, the cat-
alyzing Ga droplet is consumed by As. Subsequently, for the
growth of the InAs shell the temperature is lowered to
490 °C and the In flux corresponding to 0.1 um h™' is intro-
duced to enable a vapor solid overgrowth of the GaAs core
with InAs.”'* The Ass beam equivalent pressure is set to
1 x 10~®Torr. The shell thickness #, of about 25 nm (15 nm)
is obtained after 20 min (15 min). The lattice mismatch of
around 7% between GaAs and InAs is accommodated by the
introduction of misfit dislocation at the interface.

After growth, the nanowires are mechanically trans-
ferred to a highly n-doped Si(100) substrate covered with a
200 nm thick SiO, layer. The Si substrate can be used as a
back-gate in field-effect transistor measurements. Using
electron beam lithography contact fingers are defined. To
achieve low-resistance ohmic contacts, Ar" sputtering is
employed to remove the native oxide on the nanowire sur-
face. Subsequently, a Ti/Au layer is evaporated as the con-
tact material. In Fig. 1(a), a core/shell nanowire partially
covered by a contact finger is shown.

After electrical characterization of the GaAs/InAs core/
shell nanowires at room temperature, the GaAs core is

e

FIG. 1. (a) Scanning electron micrograph of a GaAs/InAs core/shell nano-
wire contacted with Ti/Au electrodes. In the front section, the core and shell
are colored for clarity. (b) Schematic illustration: Selective etching with
NH4OH:H,0,:H,0 removes the GaAs core. (c) Scanning electron micro-
graph of a contacted hollow InAs nanowire after the etching process.

© 2014 AIP Publishing LLC
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removed employing selective wet chemical etching, as
illustrated in  Fig. 1(b).'"* Using a solution of
NH;(aq)(25%):H,0,(30%):H,0O (1:1:30 in volume), a very
high selectivity is obtained.'® Figure 1(c) shows a contacted
hollow InAs nanowire (hn).

The magnetotransport measurements are performed in a
variable-temperature-insert at temperatures between 1.8 and
30K using standard lock-in technique with 50 uV ac-bias
voltage at 17.3 Hz and measuring current through the sam-
ple. The magnetic field is oriented along the nanowire axis.
The samples are measured in a two-terminal configuration.

At room temperature, current-voltage (I-V) curves are
taken for each GaAs/InAs core/shell nanowire. It is found that
each curve is linear thus allowing for easy determination of
the sample resistivity. Previous studies have shown contact
resistances of InAs nanowires and GaAs/InAs core/shell nano-
wires to be small, when Ar" sputtering is employed,”'”'®
which is why in the following we neglect the contact resist-
ance. Figure 2 shows a map of the resistivity of the InAs shell
before and after wet chemical etching of the two sets of nano-
wires. The range of measured resistivities before etching is in
agreement with previous results.” In that study, it has
been found that for core/shell nanowires with shell thick-
nesses f; > 12nm the resistivity only weakly depends on
which is confirmed here. A certain spread of resistivities
between individual samples has been observed before for
InAs nanowires grown by molecular beam epitaxy, c.f. Ref. 7.

As can be inferred from Fig. 2, after removal of the
nanowire core the resistivity of the samples decreases. This
is indicated by the fact that most dots are located below the
diagonal line. Again, all I-V curves are linear. For #,=15
and 25 nm the resistivity decreased on average by a factor of
roughly 2.8 and 2.3, respectively. For some nanowires, the
opposite behavior is observed. It is possible that these sam-
ples were damaged during the etching process, which might
increase the resistivity.

To explain the change in resistivity a simulation of the
electronic states is carried out for a core/shell nanowire as
well as for a hollow nanowire of the same dimensions using
a self-consistent Schrodinger—Poisson solver. Here, the hex-
agonal cross-section of the nanowires was approximated by
a circular one. Figure 3(a) shows the conduction band profile
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FIG. 2. Map of the resistivity before p s and after etching pyp, for several
samples for shell thicknesses of 7, =15 nm and 25 nm, respectively.
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FIG. 3. Simulation of conduction band profile E. and electronic states (a) of
a GaAs/InAs core/shell nanowire and (b) of a hollow InAs nanowire with
shell thickness 7= 13.7 nm and core diameter 7. = 22.7 nm. Probability den-
sities |7, ,(r)| as a function of radial position in the nanowire are shown for
the first to subbands n =1, 2 and the lowest angular momentum states /. The
radial probability densities are offset to represent their respective energy rel-
ative to the Fermi energy Er = 0. On the surfaces, the Fermi level is assumed
to be pinned at 160 meV above the conduction band, leading to band bend-
ing. This causes more levels to be located below the Fermi level for the hol-
low InAs nanowire, as two surfaces are present.

E. and the radial electron probability densities X,T.,(r)|2 for
subbands n=1, 2 and several angular momentum quantum
numbers / for a structure comparable to the investigated set
of nanowires with ;= 15nm and 7. =25 nm."” Owing to the
very high density of surface states at the InAs surface we
assumed a pinning of the Fermi level at 160 meV above the
conduction band edge.zo’21 In the present simulation, four
angular momentum states of the first subband n=1 are
below the Fermi energy Er and therefore populated. Please
note that at zero magnetic field the energy levels are double
and fourfold degenerate, for /=0 and |/| > 0, respectively.
The second subband » =2 has a much higher energy and is
therefore not occupied. The electron density in the shell can
be calculated from the position of the electronic states and is
found to be 1y s =4.95 X 107 cm ™.

The simulation is repeated for a hollow InAs nanowire
with the same dimensions [cf. Fig. 3(b)]. Here, instead of the
interface between GaAs and InAs, another InAs surface is
present where the Fermi level is pinned. Due to the addi-
tional bending of the conduction band now two more
fourfold-degenerate angular momentum states are below the
Fermi level. This increases the electron density calculated
for this structure to neppn = 6.27 X 10" cm ™. The increased
electron density after removal of the GaAs core is the most
probable explanation for the measured decrease in
resistivity.

The simulation has also been carried out for structures
corresponding to the second set of nanowires (f,=25nm),
where similar results have been found. For this structure, the
electron concentration in the shell increases from
Nepes=3.36 X 107 em ™ t0 ngpn=6.11 x 10" cm ™. The
conductivity increase by a factor of 2.3 as found in the
experiment is in rough agreement.

In the following, low temperature quantum transport in
a hollow InAs nanowire with shell thickness 7, =25 nm and
inner diameter 7, = 125 nm is discussed. Similar to the previ-
ous studies on GaAs/InAs core/shell nanowires”'” and on
InAs/InAlAs core/shell nanowires,” the magnetic field is
aligned along the nanowire axis [c.f. Fig. 4(c), inset]. These
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FIG. 4. (a) Magnetoconductance G in units of ¢*/h with the magnetic field
oriented in parallel to the nanowire axis for different temperatures. A back-
gate voltage of Vi, =19.8 V has been applied. (b) FFT of the magnetocon-
ductance measurements after subtraction of a broad background. The fre-
quencies shaded in gray correspond to the expected frequency range based
on the nanowire dimensions. (c) FFT peak intensity after summation over
the shaded frequency range in (b) as a function of temperature. The blue line
is a fit to the data according to T~ “. The inset illustrates the magnetic field
orientation with respect to the nanowire axis.

studies have shown that in such tubular conductors the mag-
netoconductance G is periodic with the magnetic field period
®y/A. Here, @y = e/h is the magnetic flux quantum with e the
electron charge and % the Planck constant and A is the area
that is penetrated by the flux. Due to a small misalignment of
the sample in the chip carrier, the nanowire axis is slightly
tilted by about 11° with respect to the magnetic field. In
order to obtain a linear current-voltage characteristics, a
back-gate voltage of V,,=19.8V was applied to increase
the carrier concentration.

In Fig. 4(a), the magnetoconductance is shown for differ-
ent temperatures between 2 and 30 K. The conductance fluc-
tuates as a function of magnetic field, while the oscillation
amplitude decreases with increasing temperature. Periodicity
of the recorded data is not instantly apparent. For that pur-
pose, the fast Fourier transform (FFT) of each curve has been
calculated [cf. Fig. 4(b)]. Prior to that, a broad background is
subtracted. The frequency range shaded in gray corresponds
to the allowed frequency range for flux quantum periodicity,
as given by the nanotube dimensions. The upper frequency
corresponds to the area enclosed by the outer surface of the
hollow InAs nanowire, while the lower frequency corre-
sponds to the area enclosed by the inner surface. For all tem-
peratures up to 20K, a peak in the shaded region indicates
the occurrence of flux periodic conductance oscillations.

At significantly lower frequencies an additional contri-
bution due to conductance fluctuations is also visible in the
FFT spectrum, probably a remainder of the imperfect
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subtraction of the background signal. In a recent theoretical
calculation, it has been shown that these low frequency con-
ductance fluctuations can originate from phase coherent
transport in a disordered conductor.?? The disorder might be
due to impurities or due to potential fluctuations on the inner
and outer surfaces. While the remaining background can be
clearly separated from the flux periodic oscillations for tem-
peratures larger than 4K, the same is impossible for 2K.
We assume that for temperatures in the region of 2K the
highest contributing frequency of the fluctuations is in the
range of the flux periodic frequencies due to the enhanced
phase coherence length. As can be inferred from Fig. 4(b),
when the temperature is increased, the highest frequency of
the background fluctuations decreases, while the frequency
of the flux periodic oscillations remains constant. Therefore,
for temperatures of 4 K and higher, the two contributions can
be clearly separated in the FFT spectrum.

For further analysis, the FFT magnitude has been
summed over the region marked in gray for each tempera-
ture, as a measure for how the amplitude of the flux periodic
oscillations develops as a function of temperature, c.f. Figure
4(c). For temperatures where the flux periodic contributions
can be clearly separated from the background, a decay
according to o< T~ “ is observed, as indicated by the blue line
in Fig. 4(c). The calculated exponent is a=1.04 = 0.05.
Possibly, this decay can be attributed to a loss of phase co-
herence,” i.e., by electron-electron scattering.

To investigate the dependence of the flux-periodic con-
ductance oscillations on the electrostatic potential, the mea-
surement is carried out at 1.8K for several backgate
voltages. Typical results are shown in Fig. 5(a). It is apparent
that a change in backgate voltage alters the shape of the mag-
netoconductance curves. To investigate the influence on the
flux periodic oscillations, the FFT of the data is calculated,
as shown in Fig. 5(b). Again, contributions inside the
expected frequency range (shaded region) are visible.
Interestingly, their heights and shapes do not resemble.
While a sharp peak is found for 19.4V, the contributions to
the flux periodic conductance oscillations are rather broadly
distributed for 19.2V. We assume that the potential land-
scape along the nanowire is non-uniform because of defects
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FIG. 5. (a) Magnetoconductance at 7=1.8 K with the magnetic field ori-
ented parallel to the nanowire axis for different backgate voltages. Data are
offset by 0.25 e¢*/h. The gray lines indicate the broad background that is sub-
tracted from the data prior to calculation of the FFT. (b) FFT of the magne-
toconductance measurements after subtraction of a broad background. The
frequencies shaded in gray correspond to the expected frequency range
based on the nanowire dimensions.
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on the substrate and the nanowire surface. Therefore, a
change in backgate voltage can drastically alter the local
electrostatic potential, which in turn seems to modify the
shape of the flux periodic conductance oscillations.

In summary, hollow InAs nanowires were produced
from molecular beam epitaxy grown GaAs/InAs core/shell
nanowires by removing the GaAs core using wet chemical
etching. The resistance of the hollow InAs nanowires is
lower when compared to the GaAs/InAs core/shell nano-
wires before etching. This is explained with the help of a
simulation of the electronic states in both structures. Studies
at cryogenic temperatures reveal that flux periodic conduct-
ance oscillations can be observed in a hollow InAs nanowire,
indicating that phase coherent transport is possible in such
structures.

The authors are grateful to S. Trellenkamp for electron
beam writing, S. Heedt and A. Manolescu for fruitful
discussions, and H. Kertz and Ch. Krause for technical
assistance.
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