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Large scale fabrication using Complementary Metal Oxide Semiconductor compatible technology

of semiconductor nanostructures that operate on the principles of quantum transport is an exciting

possibility now due to the recent development of ultra-high mobility hole gases in epitaxial germa-

nium grown on standard silicon substrates. We present here a ballistic transport study of patterned

surface gates on strained Ge quantum wells with SiGe barriers, which confirms the quantum char-

acteristics of the Ge heavy hole valence band structure in 1-dimension. Quantised conductance at

multiples of 2e2/h is a universal feature of hole transport in Ge up to 10 � (2e2/h). The behaviour

of ballistic plateaus with finite source-drain bias and applied magnetic field is elucidated. In addi-

tion, a reordering of the ground state is observed. Published by AIP Publishing.
https://doi.org/10.1063/1.5008969

CMOS (Complementary Metal Oxide Semiconductor)

compatible nanostructures in germanium have developed

rapidly1 but without the observation of ballistic effects that

are characterised by quantisation of the electrical conduc-

tance.2,3 This has been partly due to material quality; how-

ever, recent improvements in SiGe growth technology4,5

with reduced background impurity levels and the introduc-

tion of thin Ge quantum well layers into SiGe barriers have

achieved hole mobilities (l) of �4500 cm2/V s at ambient

temperature and �106 cm2/V s at low temperature. Earlier

mobilities in this material were orders of magnitude smaller.6

The improvement in mobility has led to the clear ballistic

conductance quantisation reported here in narrow quantum

wells of p-type Ge. The International Technology Roadmap
for Semiconductors (ITRS)7 has identified p-Ge as a candi-

date for the channel replacement material in p-MOS, and

the ballistic transport presented here not only strengthens

the case for Ge inclusion in the ITRS but also demonstrates

that p-Ge has device potential for nanoelectronic and quan-

tum computing applications. Recent publications have also

outlined the application of p-Ge for Majorana fermion

studies.8,9

The nominally undoped Ge system with Si0.3Ge0.7 bar-

riers studied in this work is a very low defect, epitaxial

material. This feature limits the influence of dopants and

defects on the electrostatics of the quantum confinement,

provides low leakage surface gating with dielectric layers of

SiO2, and gives a long mean free path in the Ge channel suf-

ficient for largely defect-free, ballistic conductance features

to be quantified. In general, quantised conductance in a bal-

listic patterned gate device is observed in the differential

conductance (G) at values gvgsNe2/h, where gs is the spin

degeneracy, gv is the valley degeneracy, N is the (integer)

quantum number of one-dimensional channels2,3 defined

between the gates, and e and h are the unit of charge and

Planck’s constant, respectively.

In n-type strained Si/SiGe etched narrow channels and

quantum point contacts, a valley degeneracy (gv) of 2 was

observed10,11 with quantised conductance plateaus separated

by 2 G0, with G0¼ 2e2/h. This valley degeneracy could be

removed by strong in-plane confinement12 with plateaus then

separated by G0. The valley splitting can be engineered to be

greater than the spin splitting.13 In contrast to the conduction

band, the heavy hole (HH) valence band in Ge has only a sin-

gle valley at the C point with gv¼ 1. In self-assembled p-Ge

core, Si-cladding nanowires, a weak ballistic feature was

identified among classical Coulomb Blockade features, and

with suppressed back scattering in this particular device,

ballistic effects were observed at high temperatures.14

Although there has been no experimental report of quantised

conductance in p-Ge/SiGe wafers, the conductance of the

one-dimensional hole gas has been predicted to be partially

quantised depending on the energy D, light, and heavy hole

splitting.15 This model predicts a modified ballistic conduc-

tance staircase dependent on the exchange interaction being

either ferromagnetic or anti-ferromagnetic with just a single

plateau at 0.5 G0 for large D (>10 meV), irrespective of the

sign of the exchange interaction. This is the experimental situ-

ation investigated here where D is calculated to be �94 meV.

The band structure of the 11 nm thick Ge is modified

from bulk Ge by the compressive biaxial strain with the

Si0.3Ge0.7 barrier cladding, see Fig. 1(d). The ground state

wavefunction of the two dimensional hole gas (2DHG) is

from the heavy hole (HH) band, with total angular momentum

(J) 3/2 aligned along the out-of-plane strain axis with compo-

nents (Jz) 63/2 and a carrier effective mass (m*)� 0.065 me,
a)Electronic mail: y.gul@ucl.ac.uk
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where me is the free electron mass.16,17 The light hole (LH)

states (J¼ 3/2 and Jz ¼61/2) in the Ge valence band are

higher in energy by �94 meV from the heavy hole state, so

any applied current is only carried by heavy hole states, irre-

spective of the measurement temperature or applied gate vol-

tages. The hole gas is confined to the Ge quantum well region

as shown in Fig. 1(d), where a self-consistent wavefunction

W*W and potential is plotted. The compressive strain is fun-

damentally important in the p-Ge system as it provides the

quantisation axis for J along the growth direction perpendicu-

lar to the conducting plane. In these devices, there is no

Rashba-type spin splitting in the two dimensional contact

regions as J�kjj ¼ 0 and DERashba � (J � kjj)�Ez� 0, where

Ez is the electric field in the growth direction and kjj is the lin-

ear momentum vector in the plane of the 2DHG contact

regions (with components kx and ky). In the 2DHG, only a

Zeeman spin splitting is observed18 for large D. A cubic (kjj
3)

dependent Rashba effect has been previously identified19–21

in p-Ge, but this effect is too small to be observed in the

wafers measured here due to the low carrier density and large

compressive strain. The patterned gates (g1 and g2) control

the width of the 1-D channel and the global top gate (g3) con-

trols the carrier density in the channel, see Fig. 1(a). Figure

1(b) shows a scanning electron microscopy (SEM) image of

the surface gating arrangement. A persistent photoconductiv-

ity effect is used to generate �1� 1011 cm�2 holes in the

device.

The experimental dependence of the ballistic transport

in p-Ge with top gate voltage (Vg3), in-plane magnetic field,

differential channel definition voltage (where Vg1 6¼Vg2),

and finite source-drain dc voltage is reported in this work.

Three different sets of devices (A, B, and C) were fabricated

and measured with the transport data on device set C pre-

sented here. Devices B and C had a global top gate to allow

the carrier density to be changed in the 1-D channel, and this

is shown schematically in Fig. 1(a). The differential conduc-

tance as a function of patterned gate voltage at 20 mK in

device C is shown in Fig. 2(a). The top gate is stepped from

0 V on the right hand side of the figure (where p� 1� 1011

cm�2) to þ1 V (depletion with p� 0 in the channel).

Reproducible and clearly defined conductance plateaus are

seen at up to 7 G0, in the depletion mode with Vg3> 0. The

plateau separation is consistent with spin degenerate, single

valley conduction as expected. At conductance<G0, a shoul-

der at �0.7 G0 is seen in p-Ge. This feature is characteristic

of ballistic 1-dimensional channels22,23 and eventually weak-

ens here at higher top gate voltages. The disorder is evident

as peaks or shoulders in the depletion mode just before the

channel pinches-off. Re-illuminating the device can remove

this structure, indicating that the origin is in disorder.

The in-plane g-factor for the p-Ge heavy hole gas is �0

as the angular momentum J is pinned in the growth direction

(out of plane) as discussed above [see Ref. 24]. However, a

large enough in-plane magnetic field (B) can remove this

degeneracy in the angular momentum Jz¼63/2 states, and

at �2 T, the half-plateaus start to appear from 0.5 to 4.5 G0,

see Fig. 2(b), which shows in-plane fields to 6 T. This is fur-

ther evidence that the plateaus are ballistic with the hole gas

showing gv¼ 1 and gs¼ 1 in Fig. 2(b) under those condi-

tions. The half-plateaus appear due to a Zeeman splitting,

albeit with a small g-factor, rather than due to a spin-orbit

coupling effect that has been seen in InGaAs based materi-

als.25–28 We note from Fig. 2(a) that at a low carrier concen-

tration, small plateaus appear at low values of conductance,

and these will be discussed elsewhere.

FIG. 1. (a) The overall device scheme. The patterned gates g1 and g2 define

the 1-dimensional channel, and the global top gate g3 controls the carrier

density in the channel. (b) An SEM image of a patterned gate region show-

ing the pmma electron beam resist, top gate dielectric underneath the g3

metallisation. (c) A cross-section of the Ge quantum well and barrier layers

used for the device sets A, B, and C. (d) A self-consistent calculation of the

confining potential and the charge distribution. D is the light hole to heavy

hole energy splitting.

FIG. 2. (a) The differential conductance as a function of patterned gate volt-

age at 20 mK. The global top gate voltage is stepped in þ5 mV increments

from 0 to 1 V (on the extreme left). (b) The differential conductance as a

function of patterned gate voltage with B in-plane from 0 to 6 T in steps of

0.1 T. The top gate voltage Vg3 was at 0 V.
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Figure 3(a) shows device C in the enhancement mode, a

negative voltage on the global gate g3. The top gate voltage

is stepped from 0 V on the left hand side to �0.2 V on the

right hand side in increments of �10 mV. In the enhance-

ment mode, conductance plateaus up to 10 G0 can be

resolved, demonstrating that a clean ballistic channel has

been fabricated.

At Vg3¼ 0, the left hand trace of Fig. 3(a), an asymmet-

ric bias (DV¼Vg1�Vg3) to gates g1 and g2 was applied

and is shown in Fig. 3(b). This has the effect of laterally

shifting the 1-dimensional channel between the surface gates

g1 and g2. As Fig. 3(b) shows, the integer conductance pla-

teaus are robust and insensitive to the lateral shift. However,

additional features do occur such as the 0.7 G0 structure as

discussed earlier. For some combinations of Vg1 and Vg2,

double jumps can be seen in the conductance. This could be

a manifestation of a re-ordering of the ground state into dou-

ble rows of charge29 with G appearing as 2 G. This scenario

is likely to be observed in high mobility structures and is a

further good indication of the quality of the p-Ge hole gases

reported in this work. This is the first such observation of the

strong many body interactions in hole gases and is being

investigated further. A lateral spin-orbit coupling effect26,27

is not observed for asymmetric biasing of gates g1 and g2.

Applying a dc voltage bias between the source and drain

contacts of the device removes the momentum degeneracy

for the two physical directions of current flow along the

channel. Figures 4(a) and 4(b) show the conductance of

device C as a function of the patterned gate voltages Vg1 and

Vg2 with an additional dc voltage that is incremented from

0 to �5 mV and þ5 mV, respectively. The two figures are

symmetric with dc voltage as expected from the starting

point (on the left hand side of the figures) showing integer

plateaus up 7 G0. The integer plateaus have gone by

�60.7 mV, the 1-dimensional subband separation, and are

replaced by 1=2-integer plateaus. At G<G0, clear plateaus

have developed at 0.5 G0 and 0.25 G0 with finite source drain

voltage. The plateau at 0.5 G0 is the spin resolved plateau

where the spin-degeneracy has been removed without an

applied magnetic field. The 0.25 G0 plateau has been seen in

a GaAs channels and has been identified30 as a fully spin-

polarised uni-directional current. A slight difference in the

value of the final plateau with the direction of voltage indi-

cates a slight asymmetry in the voltage drop at the ends of

the device as the average value is 0.25.

The observation of heavy hole spin splitting in the bal-

listic conductance of p-Ge was predicted in Ref. 15 and is

confirmed here up to 10 G0. This letter has laid the ground

work for understanding the heavy hole spin splitting in p-Ge

in 1-dimension considering that the angular momentum vec-

tor J is confined along the growth direction. Applied source-

drain voltages and asymmetric gating of the channel have

uncovered plateaus at half integer values as well as a ballistic

structure down to 0.25 G0. The quality of epitaxial germa-

nium is now sufficiently high that it can compete with

GaAs-based devices that operate on the principles of ballistic

transport. This system can be further studied, and the role

FIG. 3. (a) The differential conductance as a function of pattered gate volt-

age at 20 mK in the enhancement mode. The global top gate voltage is

stepped in �10 mV increments from 0 to �0.2 V (extreme right trace). (b)

Asymmetric bias (with Vg1 6¼Vg2) to the patterned gates up to Vg1-Vg2

(labelled as DV)¼6 1 V at 20 mK in increments of DV¼ 10 mV. For all

traces, Vg3¼0 V. The thick line pinching off at 1.54 V is the case for

DV¼ 0.

FIG. 4. The differential conductance as a function of patterned gate voltage

at 20 mK with Vg3¼ 0 V. In (a), a dc source-drain bias is added from 0 to

�5 mV in steps of �50 lV. In (b), a dc source-drain bias is added from 0 to

5 mV in steps ofþ50 lV.
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played by the compressive strain and control of the light hole

contribution can be understood in Ge for p-MOS, fundamen-

tal spintronic devices, and Majorana fermion studies.
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