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We present the monolithic integration and electrical characterization of InAs nanowires (NWs) with

the well-defined geometries and positions on Si as a platform for quantum transport studies. Hereby,

one-dimensional (1D) ballistic transport with step-like 1D conductance quantization in units of

2e2/h is demonstrated for NWs with the widths between 28 nm and 58 nm and a height of 40 nm.

The electric field control of up to four individual modes is achieved. Furthermore, the sub-band

structure of the nanowires is investigated using bias spectroscopy. The splitting between the first and

the second sub-band increases as the width of the NWs is reduced, whereas the degeneracy of the

second sub-band can be tuned by the symmetry of the NW cross section, in accordance with a

“particle in a box” model. The length-dependent studies reveal ballistic transport for up to 300 nm

and quasi-ballistic transport with a mean free path of 470 nm for longer InAs NW channels at 30K.

We anticipate that the ballistic 1D transport in monolithically integrated InAs NWs presented here

will form the basis for sophisticated quantum wire devices for the future integrated circuits with

additional functionalities. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4977031]

The III–V semiconductor nanowires (NWs) are very

attractive prospects for the continued downscaling of com-

plementary metal-oxide-semiconductor (CMOS) circuits

because of their high bulk carrier mobilities and saturation

velocities. Furthermore, they promise to provide value-added

functionalities on integrated circuits, such as spintronic com-

ponents,1–4 nonlinear circuit elements5,6 and topological

quantum devices,7–12 which are increasingly important for

meeting the demand for ever more powerful computational

systems. Key premises for this are that ballistic electron

transport can be achieved and that basic one-dimensional

(1D) quantum confinement theory translates into the NW

channels. In a ballistic 1D system, the motion of confined

electrons is restricted to discrete energy bands according to

Landauer’s formalism, and the spacing of these energy bands

is determined by the size and symmetry of the channel cross

section. As routinely observed in the gate-defined quantum

point contacts on two-dimensional systems,13,14 the hallmark

of ballistic 1D transport in experiments is a step-wise

increase in the electrical conductance G in units of 2e2/h,
where each step corresponds to the (de-)population of an

individual 1D sub-band (e is the elementary charge and h is

Planck’s constant). The pre-factor 2 accounts for spin degen-

eracy. The signatures of 1D ballistic transport have also been

observed in individual InAs,15–20 InSb,21,22 GaAs23,24 and

InxGax�1As
25 NW devices. However, despite the significant

recent progress in the III–V NW epitaxial growth techniques,

a systematic experimental study of how the geometrical

parameters affect the electronic band structure and the

positioning of the NW in a working environment remain

challenging,26 because the precise control of the geometry,

materials, and interfaces on the nanoscale is very difficult to

achieve. Furthermore, low-cost and large-scale integration of

III–V semiconductor NW quantum devices on the standard

Si CMOS substrates, i.e., Si (100), is key for NWs to become

a viable and competitive alternative to the state-of-the art

Si-based technologies. In this regard, the main challenges to

resolve are the defects due to the large lattice- and thermal

expansion mismatch and the anti-phase boundaries originat-

ing from the semi-ionic nature of III–V crystals.

We have used the recently developed template-assisted

selective epitaxy (TASE)27–31 method and present a system-

atic study on 1D quantum transport in a series of InAs NWs

with tailored cross-sectional size and symmetry. TASE pro-

vides high-quality III–V nanostructures for monolithic inte-

gration on Si with low defect densities and surface roughness

and allows very good control of the position, orientation and

dimensions of NWs. The InAs NWs investigated are epitaxi-

ally grown, single-crystalline and free of threading disloca-

tions. Contacted by two metal electrodes, the NW forms a

1D electron-conducting channel whose Fermi level can be

controlled using the Si substrate as gate electrode. At room

temperature, the NWs grown exhibit a field-effect mobility

of up to 1700 cm2 V�1 s�1, illustrating the high quality of

the material (see supplementary material for details). We

start by characterizing quantum transport in the NW devices

using the field-effect measurements at constant voltage bias

and temperatures as low as 30K. In the second set of experi-

ments, we investigate the 1D sub-band structure of the NWs

via bias spectroscopy and test Landauer’s formalism within a

“particle in a box” picture. Finally, the temperature and bal-

listic length limits of the 1D NW devices are explored.

The NWs have been grown using the TASE process.27

The pre-defined SiO2 nanotube templates are used to control
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the length, cross section, position and axial direction of the

NW devices. The templates are filled with InAs from trime-

thylindium and tertiarybutylarsine precursors via metal

organic vapor deposition at 550 �C. The process parameters

are adjusted such that the NW axis corresponds to the (110)

axis of the InAs crystal. For electrical transport experiments,

two metal electrodes are attached at the ends of each NW by

means of standard e-beam lithography, sulfur passivation,

evaporation of Ni/Au (30 nm/50 nm) and a lift-off process.

The template oxide is removed selectively only in the con-

tact area. This is a specific advantage of TASE. Thanks to

the remaining template oxide on the transport channel – the

NW surface is protected in-situ and not exposed to air or

any other chemical during the preparation processes. The

two-terminal configuration is used to measure the current

I through the devices in response to an applied DC bias volt-

age Vbias. A schematic measurement layout and a typical

measurement platform are shown in Figs. 1(a) and 1(b),

respectively. To control the Fermi energy EF, all samples are

equipped with a global back-gate. We have measured 34

InAs NW devices with the widths of a¼ 28, 38, 48 and

58 nm and a height of b¼ 40 nm. Tuning the width a (with

the height b being constant) enables the simultaneous inves-

tigation of the size and symmetry effects. The linear current-

voltage curves reveal ohmic contacts (see SM Fig. 2). The

length of the NW channels is defined by the source-drain

contact distance and is varied from l¼ 100 nm to 1200 nm to

cover both ballistic and quasi-ballistic regimes.

In the first set of experiments, we measure the conduc-

tance G of the NWs at 30K and sweep the gate voltage Vgate

with a rate of 15 mV/s at a fixed DC voltage bias of

Vbias¼ 5mV applied. The electrical conductance G¼ I/Vbias

of the device is then calculated directly from the measure-

ment current I. To obtain only the NW channel resistance, a

series resistance Rseries has been subtracted from all G(Vgate)

measurement data shown (Fig. 1(c)) to account for the

contact and the lead resistance of the device. Following the

procedure of van Weperen et al.,22 Rseries is determined for

each device individually at 30K in such a way that the con-

ductance of the nth plateau is n�2e2/h. This method provides

fairly accurate results as there are 3–4 conductance plateaus

per G-Vgate curve that have to be fitted with only one parame-

ter. Series resistances of around 56 2 kX are obtained

in accordance with the transmission-line experiments.32

We have measured 30 NW devices with channel lengths

from 100 nm to 300 nm, randomly distributed over the

2 cm� 2 cm chip. Of the 30 NW devices with l� 300 nm

investigated, 28 show well-defined conductance plateaus at

integer multiples at G0, demonstrating ballistic 1D quantum

transport (> 90% yield). Fig. 1(d) exemplarily shows the

recorded traces of the 28-nm-wide structures. For better

comparison, the curves are shifted on the x-axis. To gain

more insight into the ballistic 1D transport mechanism, we

FIG. 1. Ballistic one-dimensional transport in InAs nanowires (NWs). (a) Schematic and (b) false-colored SEM image of a typical NW device. InAs NWs

(green) are integrated on Si using template-assisted selective epitaxy (TASE). All NWs have a height of 40 nm. Two-terminal Ni/Au (30 nm/50 nm) contacts

allow the current I to be measured in response to an applied bias voltage Vbias. A 140-nm-thick SiO2 layer serves as dielectric to apply a global back-gate volt-

age Vgate. (c) Subtraction of the contact resistance. Resistance R¼ 1/G as a function of the gate voltage Vgate (dotted line: raw measurement data; solid line:

with the contact resistance subtracted). The numbers on the right axis are in units of 1/(2e2/h). (d) Electrical conductance G¼ I/Vbias as a function of Vgate for

five exemplarily 28-nm-wide NWs, measured at 30K with a constant Vbias¼ 5mV. The individual traces are corrected for the contact resistance and, for clarity

reasons, shifted by #• 1.5V on the x-axis. All NWs with lengths below 300 nm (device #1: 300 nm, #2: 300 nm, #3: 200 nm, #4: 100 nm, #5: 100 nm) exhibit

quantized 1D conductance plateaus.

FIG. 2. Comparison of experimental data with the infinite potential-well

model. (a) Calculated electrical conductance for the four NW diameters exper-

imentally investigated at 30K using Landauer’s theory. (b) Corresponding

measurement data.
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have also compared the experimental features observed with

theory.

Within the Landauer formalism,17 the electrical conduc-

tance G at temperature T for infinitely small bias voltages is

given by

G Tð Þ ¼ 2e2

h

X
n;m

ð1
�n;m

df E;EF; Tð Þ
dE

T Eð ÞdE: (1)

Approaching a simple infinite square-well model, the eigene-

nergies of the system are given by

�n;m ¼ �h2p2

2m�
n2

a2
þ m2

b2

� �
; (2)

where n and m are integer quantum numbers (n, m¼ 1, 2, 3,

4,…), �h ¼ h=2p denotes the reduced Planck’s constant,

f ðE;EF; TÞ is the Fermi distribution and m*¼ 0.023m0 is the

effective electron mass of InAs. Fig. 2(a) shows G(EF) at

30K, calculated using Eqs. (1) and (2) in the case of perfect

mode transmission (T(E)¼ 1) for all NW cross sections

investigated. Because of the finite temperature and the

increasing sub-band spacing with decreasing width, the con-

ductance plateaus in general appear more pronounced, as the

width of the potential well is reduced. For the most symmet-

ric (38 nm� 40 nm) well, the second plateau is not visible,

whereas it is clearly visible for wider and thinner wells. As

observed in the cylindrical NWs,16–18,21 rotational symmetry

can give rise to additional degeneracies in the second sub-

band (�1;2 ¼ �2;1). At finite temperatures, sub-bands that are

close in energy or fully degenerated by symmetry will be pop-

ulated at similar values of EF, leading to a double step of 2G0.

Fig. 2(b) shows the results of the corresponding transport

experiments for four representative NWs with the widths of

28, 38, 48, and 58 nm and a channel length of 300 nm. As pre-

dicted by theory, the 1D quantum features get weaker as the

NW width increases and the second plateau of the near-

symmetric cross-sectional wire almost disappears. Other fea-

tures, such as the third plateau, seem even more pronounced

than expected from the calculations, and the plateaus exhibit

an additional substructure. Differences between the numerical

simulations and the experimental data indicate a modification

of the sub-bands under electrostatic gating21 as well as high-

order terms in the Fermi velocity.19 Moreover, we observe an

additional 0.5 G0 conductance plateau for the 28-nm, 38-nm

and 48-nm-wide NWs, which is not covered by Eq. (1). Such

half-integer features indicate a spin splitting of the first pla-

teau,23,24,33–35 which may originate from a strong spin-orbit

coupling combined with an asymmetric confinement poten-

tial, electron-electron interaction, or spin-selective injection

from the ferromagnetic Ni contacts.

For a more quantitative analysis of the sub-band struc-

ture, we have performed bias spectroscopy15,21 on NWs of

all four widths. The differential conductance G¼ dI/dVbias

is measured as a function of Vgate and Vbias, and the series

resistance is subtracted. The data for the 28-nm- and the

58-nm-wide NWs are shown exemplarily in Figs. 3(a) and

3(b), respectively. In all devices, we observe a second fea-

ture of 1D quantum transport.15 As most clearly apparent in

the derivative of the conductance with respect to the gate

voltage g¼ dG/dVbias (see Figs. 3(c) and 3(d)), the diamond-

like structures in the nonlinear conductance are formed by

the plateaus of multiple integers of G0 around zero Vbias.

Furthermore, the so-called half-plateaus of intermediate val-

ues of the zero-bias conductance steps appear at high Vbias.

Such half-plateaus are caused by the occupation of different

sub-bands. The conductance will only be quantized in the

integer multiples of G0 if the same single 1D state lies

between the chemical potentials of source and drain.

Consequently, when correcting for the voltage drop across

the series resistance, the tip of the corresponding diamonds

(Vbias,tip) will reflect the spacing between sub-bands i and j:
D�i,j¼ eVbias,tip. Fig. 3(e) shows the extracted sub-band spac-

ing and compares it with the theoretical sub-band spacing of

an infinite square well (Eqs. (1) and (2)). Both size and sym-

metry effects are clearly visible in the experimental data,

as expected from the simple “particle in a box” model.

FIG. 3. Bias spectroscopy of the 1D

sub-band structure at 30K. (a) Bias-

corrected differential conductance G
¼ dI/dVbias, exemplarily shown for a 28-

nm and (b) a 58-nm-wide NW. Plateaus

of multiple integer of G0 around zero

Vbias and half-plateaus of intermediate

values at high Vbias are observed (data

of a 38-nm and a 48-nm-wide NW are

given in the SM). (c) and (d) The corre-

sponding derivative of the conductance

with respect to the gate voltage g¼ dG/
dVgate reveals diamond-like structures

whose width directly reflects the dis-

tance between the individual sub-bands.

(e) Comparison of the experimentally

extracted sub-band spacing and the infi-

nite potential-well model. The shaded

area reflects the error of the experimen-

tal data, estimated from the average of

the negative and the positive bias.
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Whereas D�1,2 is not affected by the symmetry effects and

increases as the NW width decreases owing to enhanced

confinement, D�2,3, in contrast, is sensitive to the degenera-

tion of the second and the third sub-band and approaches a

minimum at the NW cross section of highest symmetry

(38 nm� 40 nm). The spin-splitting D�0.5,1 increases with

decreasing NW width. These results demonstrate very good

control over the quantum confinement conditions in InAs

NWs fabricated using TASE. Exploiting the ability to sys-

tematically tune the NW cross section allowed us to show

that the quantum confinement is well described by basic

transport theory.

Finally, we explore the length and temperature limits of

the ballistic 1D transport in our 28-nm-wide devices. To deter-

mine the ballistic length of 28-nm-wide NWs at 30K,

G(Vgate) is measured for devices with channel lengths between

100 nm and 1200 nm, all on the same chip (Fig. 4(a)). Vgate

is swept between 0 and 6V, and a fixed voltage bias of

Vbias¼ 5mV is applied. On all traces, a contact resistance of

5 kX has been subtracted. For a qualitative analysis, the cen-

ter of the conductance plateaus is identified by the minima of

the corresponding derivative of the conductance with respect

to Vgate (Fig. 4(b)). In this way, the height of the individual

sub-band plateaus can be compared (see Fig. 4(c)). We find

that up to a channel length of 300 nm the height of the

plateaus remains at integer multiples of G0, indicating the

ballistic transport. However, for the 800-nm, 900-nm and

1200-nm-long devices, we observe signatures for the onset of

scattering, as the conductance decreases monotonically with

increasing length l. Within the Landauer picture,17 the con-

ductance in this quasi-ballistic regime can be expressed as

G¼G0
�1(1þ l/k)�1, where k is the mean free path of the sys-

tem. Fitting our measurement data, we obtain a mean free

path of k¼ (4736 81) nm for the first, k¼ (2426 41) nm for

the second and k¼ (1566 27) nm for the third sub-band. The

decreasing mean free path with increasing sub-band index

indicates energy-dependent scattering, in agreement with a

modification of the sub-bands under electrostatic gating.21

To investigate the temperature limit in our devices fur-

ther, G(Vgate) measurements at a constant Vbias¼ 5mV have

been carried out between 30K and 200K on NWs with a

channel length of 300 nm. The data are shown in Fig. 4(d).

For the 28-nm-wide NWs, the quantum features remain visi-

ble up to 70K but degrade at elevated temperatures. The

temperature broadening of the Fermi distribution is about

DEF¼ 4 kBT, posing a theoretical temperature limit for dis-

tinguishing the individual sub-bands. At 80K, the broaden-

ing factor is DEF¼ 28meV, which compares well with the

sub-band spacing of the NW devices investigated, as shown

in Fig. 3(e). Note that in diffusive systems, inelastic scatter-

ing by, e.g., phonons, is expected to increase with increasing

temperature, leading to an additional widening of the energy

states and thus to a decreased temperature window for

observing the 1D features. We therefore conclude that our

28-nm-wide and 300 nm-long NW devices remain ballistic at

least up to 70K. Smaller and thinner wires may allow room-

temperature ballistic quantum transport and are in principle

achievable with TASE.

In conclusion, we have demonstrated the monolithic

integration of ballistic 1D InAs NW quantum devices on Si.

The TASE process applied is CMOS-compatible, with an

excellent control of the NW position and size confinement.

A series of NWs with 40 nm height, widths between 28 nm

and 58 nm and channel lengths from 100 nm to 1200 nm

have been fabricated, enabling the systematic study of quan-

tization in NWs. Conductance quantization in the steps of

integer multiples of 2e2/h has been observed up to 70K in

more than 90% of the devices with a channel length below

300 nm, indicating the ballistic transport. The quasi-ballistic

transport is obtained for channel lengths of up to 1200 nm,

revealing a mean free path of 473 nm. The quantum confine-

ment in rectangular InAs NWs seems to be well reflected

by a simple “particle in a box” model. The future experi-

ments involving magneto-transport studies to investigate the

g-factor of these 1D materials are anticipated. In depth

understanding of the device electrostatics36 including the

quantum capacitance37 is very desirable to predict its perfor-

mance limits. Also, the exact nature of the 0.5 G0 feature,

attributed to a spin nondegeneracy, should be further inves-

tigated. We believe that TASE provides a versatile platform

for developing sophisticated quantum wire devices for use

in the fields of quantum computing,7–12 spintronics1–4 and

nonlinear electronics.5,6

FIG. 4. Length and temperature limits of the ballistic 1D transport. (a)

Electrical conductance G as a function of Vgate for individual 28-nm-wide

NW devices with various lengths. (b) Corresponding derivative of the conduc-

tance with respect to Vgate. (c) Experimental plateau conductance (symbols) as

a function of channel length l. The values are obtained by averaging the data

in (a), over the full width at half maximum of the minima marked in (b). The

error of the data in (c) reflects the standard deviation across the plateau. Up to

300-nm channel length, the NWs remain ballistic. Mean free paths of

k¼ (4736 81) for the first, k ¼ (2426 41) nm for the second and k ¼ (156

6 27) nm for the third sub-band are obtained from fits in the quasi-ballistic

regime (lines) of G¼G0
�1(1þ l/k)�1. (d) Temperature dependence. G(Vgate)

of a 300-nm-long device at temperatures from 30K to 80K, in 10K steps.
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See supplementary material for the room-temperature

field-effect analysis, current-voltage characteristics, addi-

tional bias-spectroscopies and a transmission electron micro-

graph of a nanowire cross section.
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