Observation of coherent electron transport in self-catalysed InAs and InAs;_,Sb,
nanowires grown on silicon

M.J.L. Sourribes, I. Isakov, M. Panfilova, P.A. Warburton
London Centre for Nanotechnology, UCL, London, UK

We report the observation of phase coherent transport in catalyst-free InAs and InAs;_,Sb,

nanowires grown by molecular beam epitaxy on silicon (111) substrates.

We investigate three

different methods to gain information on the phase coherence length of the nanowires: first through
the study of universal conductance fluctuations as a function of both magnetic field and gate voltage
and then through localisation effects. The analysis of these different quantum effects gave consistent
results and a phase-coherence length in the hundred nanometre range was extracted for all nanowires
below 10 K. This demonstrates the potential of catalyst-free nanowires as building blocks for future
quantum electronics devices directly integrated with silicon circuits.

I. INTRODUCTION

Semiconductor nanowires have received a consider-
able interest over the past two decades as prime can-
didate for a new range of nanoscale building blocks
with applications in electronics, photonics, quantum
information technology and research in fundamental
physics. Nanowires possess major advantages over
convential thin film based structures. They can be
grown by bottom up self-assembly to ensure a low
cost production of high crystal quality devices. In
addition, the radial strain relaxation in nanowires al-
lows the growth of heterostructures whose constituent
compounds are relatively lattice mismatched, hence
providing a distinctive flexibility in terms of material
composition. More recently, the growth of semicon-
ductor nanowires without the use of heterocatalytic
nanoparticle seeds has been the subject of intense re-
search [IH7], motivated by the potential of direct in-
tegration of nanowire devices with the established sil-
icon CMOS technology.

In this context, arsenide and antimonide com-
pounds such as InAs and InSb nanowires are of par-
ticular interest owing to their outstanding proper-
ties including a very high mobility [8HI0], small ef-
fective mass, high spin-orbit coupling [11] and large
g-factor [12], 13] which make them suitable for spin-
related applications such as quantum computation
or observation of Majorana fermions in semiconduc-
tor/superconductor hybrid systems [14]. However, the
absence of a heterocatalyst results in the nanowires
displaying a large number of defects, as well as poly-
typism, i.e. uncontrolled axial modulation of the crys-
tal structure between the zinc-blende (cubic) and the
wurtzite (hexagonal) polytypes [2] [6], which in turn
leads to a reduction of the electron mobility [I5]. In a
previous work, we investigated an approach to reduce
the defect density in catalyst-free InAs nanowires via
the incorporation of antimony during the growth [I6].
The antimony incorporation suppresses the hexago-
nal phase and reduces the stacking fault density by
up to one order of magnitude, resulting in a large in-
crease in the electron mobility above that of pure InAs
nanowires. For the development of future quantum
electronic devices based on catalyst-free nanowires, it

is of major importance to ensure that phase-coherent
transport can be maintained over the length of the
devices. Therefore, here we investigate the presence
of phase coherent transport in catalyst-free InAs and
InAs;_,Sb, nanowires and estimate the phase coher-
ence length in these nanowires.

At cryogenic temperatures, the transport proper-
ties of nanostructures become affected by quantum
electron interference effects such as universal conduc-
tance fluctuations and localisation effects. Phase co-
herent transport can be observed when the dimen-
sions of the structure are comparable to the phase co-
herence length lg over which the phase coherence of
the electrons is maintained. Owing to their small di-
mensions, semiconductor nanowires therefore consti-
tute appropriate systems for the observation of fun-
damental quantum effects. In phase-coherent meso-
scopic devices presenting a large number of electron
channels, the conductance exhibits oscillations as a
function of external parameters such as magnetic field
or gate voltage. When travelling through the device,
an electron is scattered many times and can acquire
various phases corresponding to the different possible
paths. The interference of the possible electron waves
leads to a correction of the conductance. By vary-
ing the interference conditions, e.g. via the magnetic
field or gate voltage as described below, it is possible
to tune this correction therefore giving rise to uni-
versal conductance fluctuations (UCFs). UCFs have
been observed in carbon nanotubes [I7] and in various
types of semiconductor nanowires including InAs [I8-
20], InN [21H23], InSb [24] 25], GaN [26] and indium
tin oxide [27]. Another type of electron interference
phenomenon is localisation. Weak localisation (WL)
is due to the contribution of time-reversed electron
paths to the quantum backscattering amplitude, giv-
ing rise to constructive interference and to a decrease
of the conductance. In the presence of a magnetic
field, electron waves following time-reversed paths ac-
quire different phase shifts leading to a suppression
of the conductance correction. A characteristic signa-
ture of the WL effect is therefore a positive differential
magnetoconductance. Conversely, in the presence of
strong spin-orbit coupling, the interference is destruc-
tive at zero field which leads to an increase of the



conductance known as weak anti-localisation (WAL)
effect.

Here, we investigate whether phase-coherent trans-
port can be maintained in catalyst-free InAs and
InAs;_,Sb, nanowires and compare three different
techniques to obtain information on the phase coher-
ence length lg from the study of electron interfer-
ence effects at low temperature. We analyse aperiodic
universal conductance fluctuations observed first by
varying the magnetic field and then by changing the
Fermi energy via the modulation of a back-gate volt-
age. Finally, we study the weak anti-localisation effect
which can be clearly distinguished from the conduc-
tance fluctuations by averaging the magnetoconduc-
tance at different gate voltages. A phase coherence
length in the hundred nanometre range is observed
for all nanowires below 10K. This is similar to the
value obtained for Au-catalysed InAs nanowires. This
demonstrates the potential of catalyst-free nanowires
for future quantum electronic devices.

II. EXPERIMENTAL DETAILS

The study of coherent electron transport was per-
formed on InAs and InAsg g5Sbg.15 nanowires grown
by molecular beam epitaxy via a catalyst-free pro-
cess, as described in a previous work [16]. Table []
shows the average dimensions and electrical character-
istics (extracted from field-effect measurements [16])
of the studied groups of nanowires. The mobility
of the InAsg.g55bg.15 nanowires is significantly higher
than that of the InAs nanowires. Conversely, the InAs
nanowires present a higher carrier concentration. The
distribution of polytypes and defects in the nanowires
was quantified through high-resolution TEM [16]. The
InAs nanowires exhibit a mixture of wurtzite and zinc-
blende structures with a dominant wurtzite polytype
(83% of wurtzite polytype on average) and a high den-
sity of stacking faults (SF): 360 SF per micrometer. In
contrast, the InAsy g5Sbg.15 nanowires display an al-
most pure zinc-blende phase (~99%) and a density
of stacking faults reduced by one order of magnitude
(35 SF per micrometer).

Electron beam lithography was used to attach
metallic contacts (a bilayer of 3nm Nb and 100 nm
Au) on the nanowires. The separation between the
two contacts varied from 200 to 600nm. All con-
tacts had a fixed width of 250 nm. Before the depo-
sition of the contacts by sputtering, the contact area
of the InAs and InAsg g5Sbg.15 nanowires was argon
milled to remove the native oxide layer and ensure
transparent contacts [28]. Figure [lk shows a typical
nanowire device. Electrical characterisations were car-
ried out by using a Keithley 4200-SCS semiconductor
characterisation system. The drain-source voltage Vys
was fixed to 100 1V for all nanowires. Low temper-
ature magnetoconductance measurements were per-
formed in a Physical Properties Measurement System
(PPMS) manufactured by Quantum Design, allowing

the control of magnetic fields up to £13 T and a tem-
perature range of 0.5—400K. Measurements of the
conductance were typically taken every 10 to 20mT.
The contribution of the noise due to the measurement
system was estimated to correspond to an uncertainty
of less than 5% in the determination of the phase co-
herence length /.

III. CONDUCTANCE FLUCTUATIONS:
MAGNETIC FIELD

Information on the electron phase coherence length
can be gained from the study of universal conduc-
tance fluctuations as a function of magnetic field or
back-gate voltage. At low temperature, we find that
the resistance R of a nanowire in a magnetic field ap-
plied perpendicular to its axis fluctuates upon varia-
tion of the magnetic field value. The extraction of the
magnetoconductance Gp = 1/R shows that the am-
plitude of the fluctuations is on the order of €?/h, as
seen in Figure [lp. The magnetoconductance is typi-
cally symmetric upon field reversal for two-point mea-
surements [29] [30]. The conductance fluctuations are

Conductance Gg (e?/h)

Fgs(AB)/Fg(0)

FIG. 1: (a) Typical plot of the normalised
conductance Gy for an InAs nanowire as a function
of magnetic field, first for a forward sweep (solid
line) and then a backward sweep (dashed line) at
T =2K. The magnetic field is perpendicular to the
nanowire axis. (b) Corresponding autocorrelation
functions showing the determination of B.. (¢) SEM
image of an InAs nanowire connected by two Nb/Au
contacts with 300 nm separation.

clearly distinguishable from noise by the fact that they
are reproducible when the measurement is repeated
on the same sample, as shown in Figure |l Here the
fluctuations are measured for a single InAs nanowire,
first for a forward sweep of the magnetic field from -4
to 4T and then for a backward sweep. While UCFs



TABLE I: Average dimensions and electrical properties of the two groups of nanowires investigated. Mobility
and carrier concentration are given at room-temperature (usook, ns00k) and at 10K (u10k, n10K)-

Polytype Diameter SF densityﬂ Resistivity 1300 K N300 K H10K N10K
Material (nm) (/pm) (Q.cm)  (ecm?/Vs)  (em™?)  (em?/Vs)  (em™?)
InAs Waurtzite (83%)  90-160 360 0.006 350 2.2 x 10" 1480 5.0 x 10%7
InAso.s5Sbo.1s  Zinc-blende (99%)  95-120 35 0.01 1570  3.7x 10" 3750 1.6 x 10'7

@ Stacking fault density.

are reproducible on a given sample, two macroscop-
ically identical samples (i.e. of the same dimensions
and material) will not give the same fluctuation pat-
tern as the correction to the conductance depends on
the precise arrangement of the scattering centres in
the sample which determine the possible paths for the
electrons.

The relative amplitude of the fluctuations can be
studied by calculating the root mean square of the
conductance: rms(Gg) = +/var(Gp) where the vari-
ance is defined by var(z) = ((z — (x))?) and (...) is an
average over the magnetic field. The electron phase
coherence length lg can be extracted from the corre-
lation field B, which quantifies the field scale above
which the phase of the electrons has been randomised.
B, corresponds to the magnetic field at the half max-
imum of the autocorrelation function F' of the mag-
netoconductance: F(AB) = (Gg(B + AB)Gg(B))
with AB a lag parameter in the magnetic field [31].
Figure [Ip shows normalised autocorrelation functions
from which is extracted B.. Following a semi-classical
approach, the correlation field B, is inversely propor-
tional to the maximum phase-coherently enclosed area
A perpendicular to the field:

P
where &y = h/e is the magnetic flux quantum and ~
is a coefficient of order 1 which is estimated experi-
mentally. For sufficiently low temperatures, the phase
coherence length can exceed the contact separation L.
In this case, for a magnetic field applied perpendicu-
larly to the nanowire axis, we have A = Ld where
d is the nanowire diameter. B, reaches a saturation
point B sax With respect to temperature, allowing the
extraction of the vy coefficient: v = Bg gat Ld/®¢. Oth-
erwise, if d < lp < L, we have A = l¢d and the phase
coherence length [ is extracted by using

00
B.=~v—. 2
1od (2)

To get an estimation of 7, the temperature-
dependence of conductance fluctuations was studied
on a nanowire with a short contact separation. Fig-
ure presents magnetoconductance measurements
performed on an InAs nanowire with contacts sep-
arated by 235nm for temperatures ranging between
0.5 and 25K. As seen in Figure 2p, the amplitude of
the fluctuations remains approximately constant for

temperatures up to 1.5K before following a 7025
decrease. Figure shows the correlation field B,
as a function of temperature. Following a trend
similar to rms(Gp), B, exhibits a constant value of
B sat ~ 0.14T up to a temperature of 2K and then
follows a 7022 increase. The presence of both the con-
stant rms(Gp) and B. demonstrates that the phase
coherence length exceeds the contact separation be-
low 2 K. This gives a value of 1.1 for the v coefficient
which will be used in the following to estimate the
phase coherence length of the nanowires. This value
is consistent with the 0.95—2.0 range reported in the
literature for InAs nanowires [32-34].

The phase coherence length was extracted for a se-
ries of InAs and InAsg.g55bg.15 nanowires. The results
corresponding to some of the studied nanowires are
summarised in Table [l At 2K, B, varies from 0.12
to 0.28 T from one sample to another. This corre-
sponds to phase coherence lengths in the 240300 nm
range for the InAs nanowires and in the 135—210 nm
range for the InAsg g5Sbg.15 nanowires, which is sim-
ilar to typical values reported in the literature for
III-V semiconductor nanowires [24, [35] and for Au-
catalysed InAs nanowires [I8]. We note that despite
their major structural differences, the phase coher-
ence length is of the same order for both InAs and
InAsg g55bg.15 nanowires. This can be explained by
the fact that rigid scatterers do not contribute to
the loss of phase coherence [36]. In semiconductor
nanowires at low temperature the decoherence mainly
originates from electron-electron interactions. The
phase coherence length is therefore expected to in-
crease with the carrier density due to an increasing
screening of the Coulomb interaction at higher car-
rier concentrations [37]. As seen in Table [I, the car-
rier concentration is higher for InAs nanowires than
for InAsg.g5Sbg.15 nanowires, which may explain the
slightly longer coherence length measured in the InAs
nanowires.

IV. CONDUCTANCE FLUCTUATIONS:
GATE VOLTAGE

Gate voltage-dependent measurements constitute
an alternative way to observe universal conductance
fluctuations. A change in gate voltage V; leads to a
variation of the electron Fermi energy which is equiv-
alent to a re-arrangement in energy of the scattering
centres. This causes electrons to travel through differ-
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FIG. 2: (a) Fluctuating magnetoconductance of an
InAs nanowire (sample A) at various temperatures.
(b) The same fluctuations, vertically shifted for
clarity. (c) Root-mean-square and (d) correlation
field B. of the magnetoconductance as a function of
temperature. The error bars for B, correspond to
the spacing in magnetic field between two
consecutive measurement points.

(e) Temperature-dependence of the phase-coherence
length. The magnetic field was applied perpendicular
to the nanowire axis. Dots are experimental data
points. Solid lines represent power law fits.

TABLE II: Dimensions and characteristics of the
InAs and InAsg g5Sbg.15 nanowires investigated. The
values of B., rms(Gg) and lg are given at a
temperature of 2 K. L is the contact separation and
d the nanowire diameter. The magnetic field was
oriented perpendicular to the nanowire axis.

Sample Material L d B. tms(Gg) s
(nm) (nm)| (T)  (e*/h)  (nm)
A InAs 235 135 | 0.14 0.48 235
B InAs 396 114 | 0.13 0.40 300
C InAs 480 160 | 0.12 0.50 240
D InAs 525 120 | 0.15 0.34 255
E InAs 570 110 | 0.17 0.49 240
F InAsSh?* 530 120 | 0.28 0.70 135
G InAsS 523 95 0.23 0.49 210

& InAso.855bo.15

ent transport channels and to acquire a different phase
shift, hence the fluctuation of the conductance. Con-
trary to magnetoconductance fluctuations which are
symmetric upon field reversal, gate voltage induced
fluctuations are not expected to be symmetric with
respect to V5. Typical conductance fluctuation pat-
terns obtained for a gate voltage sweep at zero mag-
netic field on an InAsg g5Sbg 15 nanowire (sample G)
are presented in Figure for a range of tempera-
tures. Following the general n-type semiconductor be-
haviour, the average conductance increased as a func-
tion of gate voltage due to the change in electron con-
centration. To isolate the conductance fluctuations
from this macroscopic effect, the slowly varying back-
ground was estimated by a second-order polynomial
fit [18] and then subtracted from the raw data to ob-
tain the conductance oscillations §G (V) presented in
Figure . As a comparison, conductance fluctuations
obtained for a magnetic field sweep (perpendicular ori-
entation) on the same nanowire at zero gate voltage
are displayed in Figure Bp. In both cases, the ampli-
tude of the fluctuations is on the order of e?/h and
decreases with increasing temperature as illustrated
in Figure . The decrease of rms(G'p) and rms(Gy,)
is proportional to T79-% and T—°49 respectively.

Similarly to the magnetoconductance measure-
ments, the electron phase coherence length can be de-
termined from the correlation voltage V, which quan-
tifies the voltage scale above which the change of the
Fermi energy is large enough to give rise to an uncor-
related value of the conductance [31]. V. is the voltage
obtained at the half maximum of the autocorrelation
function of the conductance §G(Vy). An estimation
for lg as a function of the correlation voltage V. was
developed by Petersen et al. [22] for InN nanowires
presenting a two-dimensional accumulation layer at
the surface. By adapting this estimation to InAs and
InAs;_,Sb, nanowires presenting three-dimensional
transport, we obtain:

4mm*D
B(32nsa)?/3 [(1 = $ )2/ —1]

lo =

3)

Here h is the reduced Planck constant, m* is the elec-
tron effective mass, D is the diffusion length, nsq is
the carrier concentration of the nanowire and Vi, is
the threshold voltage, extracted from field-effect mea-
surements. When V, <« Vjy,, this simplifies into:

Lo — [hVinp
[ e‘/c )

where p is the electron mobility, also extracted from
field-effect measurements. As seen in Figure B, both
the correlation field B, and the correlation voltage
V. increase as a function of temperature which corre-
sponds to a decrease of the phase coherence length [g.
It should be noted that the temperature-dependent
decays of lg obtained by either magnetic field mea-
surements or gate voltage measurements are very
similar, as shown in Figure . At 2K, we obtain

(4)



lp g =210nm for the B sweep and lgy, =170nm
for the V; sweep. These values are in relatively good
agreement given the uncertainty in the determination
of both lg g (due to the estimation of the v coefficient)
and gy, (due to the relatively short separation be-
tween the contacts to the nanowire which could lead
to an underestimation of the electron mobility [38]).
Magnetic field measurements and gate voltage mea-
surements therefore appear to be two consistent ap-
proaches for the extraction of the phase coherence

length.
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FIG. 3: Conductance in units of €?/h as a function
of: (a) gate voltage at B =0T and (b) magnetic field
(perpendicular orientation) for a fixed V; = 0V. The

measurements were performed on an InAsg g55bg.15
nanowire (sample G) for temperatures ranging from

2 to 30K. (c¢) Root-mean-square of the conductance
fluctuations obtained for both B and V, sweeps as a
function of temperature. (d) Correlation field B, and

correlation voltage V, as a function of temperature.

(e) Temperature-dependence of the phase coherence

length lg for both B and Vg sweeps. Dashed and
solid lines represent fits to the experimental data.

V. LOCALISATION EFFECTS

The analysis of localisation effects, such as weak
localisation (WL) or weak anti-localisation (WAL),
represents an additional approach to gain information
on the phase coherence length. However, the pres-
ence of universal conductance fluctuations in single

nanowires may prevent the observation of these ef-
fects. Two different methods to reveal distinguish-
able localisation features in semiconductor nanowires
have been reported. The first one is to connect sev-
eral nanowires in parallel in order to attenuate the
conductance fluctuation amplitude [19, 2I]. The sec-
ond one, investigated here, consists of smoothing the
fluctuations by averaging the magnetoconductance of
a single nanowire measured at different fixed back-
gate voltages [2I]. This method requires that lg be
independent of V.

A set of magnetoconductance measurements
was performed on single InAs and InAsggsSbg.15
nanowires for fixed back-gate voltages between 0 and
30V. Figure 4p shows the magnetoconductance mea-
surements for an InAs nanowire at a temperature of
2K for a selection of gate voltages. The magnetocon-
ductance correction AG, as seen in Figure [p, is ob-
tained after averaging all the single magnetoconduc-
tance traces taken at different gate voltages. By com-
parison with the single magnetoconductance traces,
AG exhibits a considerable damping of the fluctua-
tions with a decrease of the amplitude by a factor 2.5.
However, the fluctuation amplitude of AG remains ap-
proximately three times higher than the noise level of
the measurement system (not shown here). AG fea-
tures a small distinguishable peak at zero magnetic
field which represents a possible signature of weak
anti-localisation due to the presence of spin-orbit cou-
pling, as investigated below. The correlation field was
extracted for each magnetoconductance trace to study
the dependence of the phase coherence length on the
gate voltage V. As illustrated in Figure[d, I remains
stable over the whole range of measurements and ap-
pears to be independent (to within the accuracy of
measurement) of the applied gate voltage. This exper-
iment was repeated on several InAs and InAsg g5Sbg.15
nanowire devices. For each nanowire, the value of lg
was found to be independent of V.

From the average mobility and carrier concentration
given in Table[[] we estimate the elastic mean free path
I of the nanowires to be in the range 20—-50nm at
the investigated temperature of 2 K. The diameter d of
all studied nanowires being larger than 95 nm, we can
consider that the nanowire samples are in the “dirty”
limit of the diffusive regime (i.e. I, < d). The aver-
aged magnetoconductance correction should therefore
follow [39H4T]:

1
2% |3 (1 4 1y * 11 1Y\
AGp =Go—— |2 & = -z =+5
S YD |:2<l§,+3150+l%> 2(z§b+z]’§>

(5)
where Gy is the value of the magnetoconductance
at zero magnetic field, [, is the spin-orbit scatter-
ing length and Ip is the magnetic relaxation length,
the expression for which depends on the orientation of
the magnetic field with respect to the nanowire axis:
Ig = h/3/(eBd) for a perpendicular magnetic field
and Ig = hv/27/(eBd) for a parallel magnetic field.
This expression is only valid when the magnetic length
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FIG. 4: (a) Magnetoconductance G for an InAs nanowire (sample E) measured at 2K for gate voltages V,
ranging from 0 to 30 V. (b) Magnetoconductance correction AG averaged over the different gate voltages.
The magnetoconductance correction is offset to zero at zero magnetic field. (¢) Correlation field B, and phase
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obtained after averaging over the gate voltage for
an InAs nanowire (Figure ) and an InAsg g5Sbg.15
nanowire (Figure [5b). The nanowires have a diam-
eter of 110nm and 95 nm respectively. Therefore in
order to satisfy the condition Iy > d, the fitting of
the experimental data points to Equation [5| was re-
stricted to small magnetic fields with |B| < 0.05T
for the InAs nanowire (sample E) and |B| < 0.07T
for the InAsg g5Sbg.15 nanowire (sample G). At zero
magnetic field, we observe a clear conductance peak
due to weak anti-localisation effects. By fitting the
experimental data to Equation |5} it is possible to es-
timate the values of both Iy and l,,. We extract a
phase coherence length I of 195 and 170 nm for the
InAs and InAsg.g5Sbg.15 nanowires respectively. As
a comparison, the values of l4 obtained via the cor-
relation field from the observation of UCFs were re-
spectively 240 and 210nm for the same nanowires.
Both the WAL model and UCF model describe the
phase coherence length reasonably, with a difference
of less than 20% between the two models. Although
spin-orbit interactions are not the main focus of this
analysis, we can also extract spin-relaxation lengths
lso of 80nm and 70nm for the InAs nanowire and
InAsg g5Sbg.15 nanowire respectively. They are in
close agreement with values previously reported for
InAs nanowires [32, [42].

£ 1 L 1 L k| n 1 n L n 1 L
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Magnetic field (T) Magnetic field (T)
(a) (b)

FIG. 5: Magnetoconductance fluctuations averaged
over the gate voltage for two different nanowires: (a)
an InAs nanowire (sample E) in perpendicular
magnetic field and (b) and an InAsg g5Sbg.15
nanowire (sample G) in parallel magnetic field. The
magnetoconductance is offset to e?/h at zero
magnetic field. Symbols are experimental data. Lines
represent fits to Equation [5| restricted to |B| < 0.05T
for Figure (a) and |B| < 0.07T for Figure (b). The
extracted values of lg and [y, are indicated in the
figures. The measurements were performed at 2 K.

VI. CONCLUSION

We have studied three different quantum inter-
ference effects to assess phase-coherent transport in
catalyst-free nanowires at cryogenic temperatures and
to gain information on the electron phase coherence
length lg of our InAs and InAs;_,Sb, nanowires.
We first investigated universal conductance fluctua-
tions obtained by varying either the magnetic field



or the back-gate voltage. We then observed anti-
localisation effects obtained by averaging the magne-
toconductance of single nanowires measured at differ-
ent back-gate voltages. The analysis of these three
electron interference effects gave very consistent re-
sults with a variation of less than 20% between the
models. Despite the relatively high number of de-
fects in the catalyst-free InAs nanowires, we estimated
a phase-coherence length in the hundred nanome-
tre range for both InAs and InAs;_,Sb, nanowires
at 2K which is similar to values obtained for Au-
catalysed nanowires. The observation of phase co-

herent transport in catalyst-free nanowires unlocks
new possibilities to exploit coherent phenomena in fu-
ture nanowire-based quantum electronics directly in-
tegrated with silicon CMOS technology.
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