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Abstract
A variable range hopping (VRH) transport mechanism can be induced in molecular beam
epitaxial, n-type doped InSb wafers with focussed Ga+ ion beam damage. This technique
allows areas of wafer to be selectively damaged and then subsequently processed into gated
metal–insulator–semiconductor (MIS) devices where a disordered, two-dimensional (2D)
device can be established. At high levels of damage (dose >1016 Ga+ ions cm−2) amorphous
crystalline behavior results with activated conductivity characteristic of a three-dimensional
system with VRH below 150 K. At lower doses (1014–1016 Ga+ ions cm−2) a thermally
activated conductivity is induced at ∼0.9 K, characteristic of Mott phonon-assisted VRH. At
1 K the devices either conduct with conductivity >∼(e2/h) where e is the fundamental charge
and h is Planck’s constant, or are thermally activated depending on the dose level. The lightly
damaged devices show weak antilocalization signals with conductivity characteristic of a 2D
electronic system. As the Ga+ dose increases, the measured phase coherence length reduces
from ∼500 nm to ∼100 nm. This provides a region of VRH transport where phase-coherent
transport processes can be studied in the hopping regime with the dimensionality controlled by a
gate voltage in an MIS-device.
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(Some figures may appear in colour only in the online journal)

Disordered semiconductors can exhibit magnetoresistance
properties that are characteristic of phase-coherent behavior
even when the charge transport mechanism is by variable
range hopping (VRH) [1] that is a characteristic of localized
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behavior. In a disordered PbTe network for example, an
oscillatory magnetoresistance corresponding to an Altshuler-
Aronov-Spivak oscillation of flux period h/2e was observed
[2] with a measured resistance as high as ∼2.8 × 1011 Ω.
The underlying transport mechanism was that of Mott VRH
[3] with a temperature (T) dependent resistance given by:
R = Ro × exp(To/T)0.3±0.1 where To is the character-
istic temperature. In InSb-based structures phase coherent
effects in fabricated antidot lattices have been observed in
the high mobility devices [4] but not in the VRH transport
regime.
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A VRH effect can be induced in InSb with a magnetic
field when the three-dimensional (3D) carrier density is close
to a metal–insulator-transition and this has been extensively
studied, see [5–11]. The onset of this behavior is determined
by the Mott criterion [12] for the metal–insulator transition:
N1/3 × ao = δ where ao is the Bohr radius (65 nm in n-InSb)
and N is the 3D bulk carrier density. If δ > 0.26 the system is
metallic and if δ < 0.26 the system is insulating [13]. This puts
the critical density (Nc) at ∼6 × 1013 cm−3 in zero magnetic
field. At carrier densities higher than 6 × 1013 cm−3 a crit-
ical magnetic field (Bc) for insulating behavior can be estim-
ated from the criterion: N × ao × ℏ/(e × Bc) ≈ δ3, where
e is the unit charge and ℏ is the reduced Planck’s constant.
With the unintentionally high background doping, typical of
InSb grown bymolecular beam epitaxy (MBE) [14] largemag-
netic fields are needed to see the localization transition. For
example, at a moderate doping level of ∼2 × 1016 cm−3 the
critical field is >18 T, see [9].

Epitaxial InSb can also support a surface two-dimensional
(2D) layer in a field effect transistor device. This is studied
here where a 2D–3D transition can be controlled with gate
voltage, albeit with a parallel conducting, doped 3D region. In
this paper we induce a Mott VRH effect by introducing con-
trollable disorder from Ga+ ion beam damage. This damage
is controlled by the ion dose and a cross over from diffusive
transport to VRH transport is clearly observed.

Ion beam damage of InSb has been used for several differ-
ent reasons. In [15]. Ar+ with a low beam energy of 0.5 keV
were used to prepare epi-ready surfaces. An accumulation of
surface charge due to preferential loss of Sb was identified
by electron energy loss spectroscopy that could act as a para-
sitic, conducting 2D region to any subsequent device grown on
the InSb. Raman spectroscopy was used [16] to identify this
enhanced electron concentration present with a Ga+ ion beam
energy of 0.5 keV. Structural defects were also induced in the
near surface region.

Higher Ar+ beam energies, 4 keV used in [17–19] res-
ulted in metallic indium on the surface, identified by struc-
tural measurements such as atomic force microscopy (AFM)
and energy dispersive x-ray spectroscopy. Recent work, see
[20–22] using a range of ion systems: Ar+, Kr+, Xe+ and
Ga+ at 5 keV resulted in nano-pillar growth. This was
identified using structural measurements including in-situ
AFM, secondary electron microscopy (SEM) and transmis-
sion electron microscopy. The irradiated flux levels were
5 × 1016 ions cm−2–2.8 × 1017 ions cm−2. At this dose level
with Ga+ ions at 30 keV in the present work, 100 nm thick
InSb layers become amorphous with insulating behavior from
∼150 K. This is discussed further in this letter.

The wafers were grown on semi-insulating GaAs (001) in
a Prevac MBE chamber. The n-type layer was ∼100 nm thick
with delta-doped Mn (a p-type dopant) used to introduce high
levels of compensated disorder. The measured carrier density
from the Hall effect was 7.2 × 1017 cm−3 n-type with the Mn
delta-doped layer 50 nm from the surface. The background
carrier density is due to Te impurities in the MBE chamber
that act as shallow n-type donors. The mobility (µ) at 1.5 K
in an undamaged device with no gate voltage applied was

790 cm2 V−1 s−1. µ is determined from σ × RH where σ is
the measured conductivity and RH is the measured Hall con-
stant from the Hall effect. A large range of temperatures were
used for electrical measurements from 300 K to 30 mK in a
combination of three cryostat systems.

Standard Hall bars (with width 80 µm) were etched using
citric acid H2O2 mixture at 30 ◦C, see [23]. Ohmic con-
tacts were then formed by evaporated Ti/Au, no annealing
was needed to form a low resistance contact. In fact there
is an electrically measured Schottky barrier of ∼50 meV for
Au on n-InSb [24] but this energy barrier is overcome with
the high background doping levels observed in the devices
reported in this letter. The Hall bars were damaged in a FEI
Helios NanoLab dual beam 650 focussed ion beam (FIB)-
SEM system. The final processing steps were Al2O3 dielectric
deposition using atomic layer deposition (ALD) followed by
Ti–Au, patterned gate metal evaporation. The gates tended to
leak at high levels of damage due to the indium rich surface
[18]. However the full gate range (V tg) on lower dose devices
was −20 to +25 V without significant leakage. As the dam-
age is focussed, undamaged regions of the device were left
for comparison of the electrical properties. In figure 1(a) the
device conductivity is shown as a function of gate voltage at
1.5 K. The Ga+ dose reduces the conductivity due to a reduc-
tion in the mobility. For dose levels >∼4 × 1013 ions cm−2

the 2D surface layer has a similar conductivity to the bulk,
see figure 1(b). In the undamaged layer a device resistiv-
ity of 1 kΩ sqr−1 corresponding to ∼24 × (e2/h) × sqr
conductance was observed at V tg = 0 V. In forward bias
a 2D surface density of 2.7 × 1012 cm−2 could be stabil-
ized. The Ga+ ion dose levels were in the range 9 × 1012

to 1 × 1017 ions cm−2, based on ion beam current, expos-
ure time and the focus area. The electron beam in the SEM,
(operating at 4 keV) can also cause damage but significantly
higher doses are needed to see any reduction in conductivity. A
total of 32 Hall bar devices were processed, FIB damaged and
measured.

The devices were Ga+ ion beam damaged in an area
80 × 80 µm in the middle of the Hall bar structure. The num-
ber of resistivity squares (sqr) is 1 for the damaged devices. A
relatively high level dose: ∼1016–1017 ions cm−2 is compar-
able to the dose where metallic indium can form in thin InSb
layers [21, 22]. The measured conductivity (σ) with temperat-
ure (T) in the highly damaged layers (dose >1016 ions cm−2)
fits to Mott 3D VRH (below 150 K), according to equation (1)
irrespective of the dose level:

σ (T) = σoe
−( ToT )

1/4

. (1)

σo and To are characteristic parameters for the high temper-
ature intercept and activation temperature respectively. There
is no evidence of metallic indium complicating this measure-
ment. The best fit of equation (1) to the measured conduct-
ivity in the highly damaged layers (dose >1016 ions cm−2) is
σo = 600 × (e2/h) and To = 2 × 105 K from 150 to 30 K
then with a weaker temperature dependence down to 1.5 K,
independent of dose. The ALD-gates on this set of devices
leaked due to the high indium content at the damaged surface.
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Figure 1. (a) The conductivity as a function of top gate voltage at 1.5 K with Ga+ ion dose up to 3.8 × 1014 ions cm−2. The conductivity
from the device with a dose of 3.7 × 1013 ions cm−2 is truncated as the gate has started to leak at +12 V. (b) The 1.5 K conductivity at
V tg = 0 V (3D behavior) and at V tg = 12 V (2D behavior with 2.3 × 1012 cm−2 surface carrier density) as a function of Ga+ ion dose.

Figure 2. (a) The device conductivity as a function of (1/T)1/4 at V tg = 0 V. For finite conductivity at low temperature σ > ∼(e2/h) × sqr;
conductivity less than this value tends to 0 at low temperature. (b) The device conductivity as a function of (To/T)1/4 at V tg = 0 V for the
damage levels that show a VRH below ∼0.9 K. The predicted behavior for To = 7.0 × 105 K is shown by the dotted line. The range of To

values for the Ga+ ion dose levels showing a VRH conductivity is 5.5–7.7 × 105 K. Multiple data sets are shown at several dose levels to
demonstrate the reproducibility.

This ‘high temperature’, Mott VRH is behavior characteristic
of amorphous InSb [25] that was grown before high quality
epitaxial layers were generally available.

At lower doses <2 × 1015 ions cm−2 a low temperat-
ure VRH behavior is observed. Figure 2(a) shows the con-
ductivity as a function of inverse temperature (1/T)1/4 from
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Figure 3. (a) The conductance decrease with magnetic field at
300 mK in an undamaged device with a fit to the HLN model of
WAL [25]. (b) Summary of WAL data parameters as a function of
Ga+ ion dose level at 300 mK. There is no clear WAL signal for a
Ga+ ion dose higher than ∼3.7 × 1013 ions cm−2.
(c) Magnetoresistance at 300 mK with V tg = +25 V with a
Shubnikov–deHaas effect from the surface layer corresponding to
N2D = 2.7 × 1012 cm−2. Landau level filling factor (υ) = 16 is
shown for reference. (d) The surface carrier density as a function of
V tg at 300 mK. For N2D < 1.5 × 1012 cm−2 the Shubnikov–deHaas
oscillations are too weak to observe. The top gate is hysteretic and
the arrows indicate the direction of gate sweep.

the undamaged device to a dose of 2.0 × 1015 cm−2, all
at V tg = 0 V, representing 3D behavior. A VRH given by
equation (1) develops below 0.9 K with clear 3D Mott VRH
behavior. At higher temperatures the devices with this level of
damage have a weak temperature dependence. Aminimum ion
dose between 3 and 7 × 1013 ions cm−2 is needed to induce
localization and a To of∼7× 105 K results in the VRH regime
irrespective of the damage level, see figure 2(b). The conduct-
ivity is activated over two orders of magnitude. The conduct-
ivity in the undamaged parts of the device has no temperature
dependence, see figure 2(a). Figure 3(a) shows the low mag-
netic field conductivity change (∆σ) from the conductivity at
zero magnetic field in the undamaged device. The weak anti
localization (WAL) signal of the order e2/h can be fit to the 2D
model of hikami-larkin-nagaoka (HLN), see [26]. The WAL
signal disappears with ion dose and by 3.7 × 1013 ions cm−2

it is not clear in the conductivity. Figure 3(b) shows the length
scales Lϕ (phase coherence length) and LSO (spin–orbit coup-
ling length) that can be obtained from the fitting proced-
ure. The fits are marginally better with +V tg gate voltages
that reflects the conductivity behavior of a 2D system. Lϕ
is ∼500 nm at 300 mK and is limited by Johnson–Nyquist

noise with Lϕ ∼ T−0.3 and not by phonon scattering. Increas-
ing the Ga+ ion dose reduces both Lϕ and the character-
istic spin–orbit coupling length, see figure 3(b). The domin-
ant spin dephasing mechanism in InSb is a combination of
Elliot–Yafet and D’yakonov–Perel’ [27] and as the disorder
is reducing the characteristic spin–orbit length (stronger spin
dephasing) it is likely that the Elliot–Yafet mechanism dom-
inates at 1.5 K in this disordered InSb with a spin scattering
rate that is proportional to the elastic scattering rate. At a dose
of >3.7 × 1013 ions cm−2 the WAL signal is completely sup-
pressed.

Figure 3(c) shows the magnetoresistance in the undamaged
region of the device up to 8 T at 300 mK. The positive mag-
netoresistance due to the WAL is clear at low field and then
a Shubnikov–deHaas oscillation develops due to the 2D sur-
face charge region with +25 V on the top gate. The mobil-
ity is 1650 cm2 V−1 s−1 (measured in parallel with the 3D
region) with a 2D quantum mobility ∼2000 cm2 V−1 s−1 as
the magnetoresistance oscillations start at ∼5 T. In the dam-
aged regions the Shubnikov–deHaas effect is lost with Ga+

ion dose >3.7× 1013 ions cm−2. With an applied gate voltage
the 2D surface carrier density saturates at 2.7 × 1012 cm−2,
see figure 3(d) with the gate dependence of N2D showing hys-
teretic behavior. This is not detrimental here as transport meas-
urements are made at fixed V tg values.

In several devices with Ga+ ion dose levels
>4× 1014 ions cm−2 random telegraph signals (RTSs) became
apparent in the conductivity where two distinct levels are
observed with stochastic switching between them on a time
scale of ∼1 s. This does not influence the outcome of this
study, particularly the on-set of VRH with Ga+ ion dose for
example but is a general characteristic of mesoscopic ion-
beam damaged devices. Figure 4 summarizes the regions of
behavior in this device with Ga+ ion dose. For dose levels
>1016 ions cm−2 amorphous behavior results whereas in
the dose region of 1014–1016 ions cm−2 a VRH effect can
be induced that is characteristic of a Mott 3D insulator. In
the region of 1013–1014 ions cm−2 WAL and VRH can be
observed with the possibility of phase coherent processes in
the hopping transport regime available for device applications,
particularly in InSb with an intrinsically long phase coherence
length.

A VRH mechanism can be induced in doped InSb by Ga+

ion beam damage at 30 keV although the carrier density is
≫Nc. The behavior is characterized by a Mott 3D temperat-
ure dependence (To/T)1/4 to the measured conductivity below
a temperature of ∼0.9 K, with the characteristic temperature-
To independent of Ga+ ion dose. There is no magnetic field
induced localization, as the Mott criterion for this process is
always on the metallic side of the transition, i.e. N1/3 × ao ∼ 6
with the transition at 0.25 even with induced damage in the
device from the Ga+ ion beam. The applied gate voltage can
induce a surface charge density of up to 2.7 × 1012 cm−2

although it is experimentally difficult to separate a 3D VRH
from that due to the surface layer. Lower background dop-
ing levels would lead to a stronger contribution in the metal–
insulator–semiconductor device from the surface layer with
2D transport behavior and a (1/T)1/3 temperature dependence
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Figure 4. The dose level summary. WAL is observed at low dose, VRH (below∼1 K) at intermediate dose, RTS and amorphous behavior at
high dose. Nano-pillar formation results from dose levels of 2 × 1017 cm−2, see [21, 22].

expected for the conductivity of a 2D system. The prevalence
of spin-related coherence effects is also possible in these InSb-
based devices.
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