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Abstract

®

CrossMark

Localization behaviour is a characteristic feature of the p-type GeSn quantum well (QW)
system in a metal-insulator—semiconductor device. The transition to strongly localized
behaviour is abrupt with thermally activated conductivity and a high temperature intercept of
0.12 x €* h~! at a hole carrier density 1.55 x 10'! cm~2. The activation energy for the
conductivity in the localized state is 0.40 £ 0.05 meV compared to an activation energy of

~0.1 meV for conductivity activation to a mobility edge at carrier densities >1.55 x 10'! cm~2.

2

Insulating behaviour can occur from a system that behaves as though it is in a minimum metallic
state, albeit at high temperature, or from a conductivity greater than a minimum metallic state
behaviour showing that local disorder conditions with local differences in the density of states
are important for the onset of localization. In the presence of a high magnetic field, thermally
activated conductivity is present down to Landau level filling factor <1/2 but without a
magnetic-field-dependent carrier density or a variable range hopping (VRH) transport behaviour
developing even with conductivity <e? h~!. In the localized transport regime in p-type doped
Ge.92Sng 0 QWs the VRH mechanism is suppressed at temperatures >100 mK and this makes
this two-dimensional system ideal for future many body localization studies in disordered hole
gases that can be thermally isolated from a temperature reservoir.

Keywords: localization, Ge—Sn alloys, electrical transport, high magnetic fields

(Some figures may appear in colour only in the online journal)

1. Introduction

In the development of understanding electron transport in dis-
ordered systems an early proposal from Mott [1] was that there
was a mobility edge which separated localized and extended
states for spatial dimensions >2. When the Fermi energy (EF),
was at the mobility edge (E¢) the conductivity had a definite
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value termed the minimum metallic conductivity (o) and
when the Fermi energy was below the mobility edge the con-
ductivity dropped discontinuously to zero at low temperat-
ure. The sequence of events was that as the disorder at Ep
increased so the scattering increased and the system passed
from a Drude conductivity description into the Ioffe-Regel
[2] regime where the crystal momentum (k) was no longer
a good quantum number as Ak ~ k in the strong scattering
regime. Further increase of disorder resulted in the onset of
the Anderson criterion [3] for localization where Er was at
the mobility edge with conductivity o,;,. According to Mott
omin had a value which depended on the Anderson criterion
but was near 0.1 x ¢* i~ x a in three dimensions (3D) with
a the separation of the localized states in real space, e the

© 2022 The Author(s). Published by IOP Publishing Ltd
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electronic charge and 7 the reduced Planck’s constant. In a
two-dimensional (2D) system o, was constant with value
0.1 x ¢* h~!. Early experiments with considerable localiz-
ation were in agreement with this prediction, particularly in
2D and a small temperature dependence in conductance was
observed above op,i,. An important aspect of the work when
states at Eg were localized was the conduction mechanism (s).
When conduction was by thermal excitation to extended states
at temperature (7'), the conductivity o is given by equation (1)
with the power index g = 1,

~ls

o (T) = gpe ()’ (1)
where o, is the high temperature conductivity intercept and
kgT, is the thermal activation energy, with kg Boltzmann’s
constant and kg T, = Ec — Ep in the case of g = 1 for thermally
activated transport. At lower temperatures conduction was
either by variable range hopping (VRH) of Mott [4], ¢ = 1/3
or Efros—Shklovskii type [5] where ¢ = 1/2. As a result of
subsequent theory and experiment it is now known that o i,
only exists as a concept and all states in 2D are localized [6] by
quantum backscattering but as the localization length becomes
macroscopically long so inelastic scattering will break it up
and give the appearance of extended state behaviour. Mott’s
initial treatment assumed that the phase coherence length (L)
of a wavefunction varied randomly from site to site and there-
fore quantized backscattering could not occur as the scattering
length (I;) was equal to L. However as L at very low tem-
peratures was due to electron—electron scattering the factor a
in the 3D expression increased, reducing o, towards zero.

In 2D quantum backscattering reduced the conductivity
towards zero but at accessible temperatures produced a log-
arithmic correction [7]. If the disorder was very weak then
it is possible for /. > L at accessible temperatures so giv-
ing the appearance of an absence of localization and a true
metal-insulator—transition. However if Ly > /. but a temperat-
ure dependent screening caused the resistivity to decrease with
decreasing temperature, the existence of both the quantum
back-scattering and the Altshuler—Aronov corrections could
be observed in the low field magneto-resistance and the Hall
effect. This implied that if temperatures much closer to zero
could be obtained then the true localization of all states would
be observed.

In this work we investigate the hole transport properties
of p-type doped GepgrSnggg quantum wells (QWs) in an
metal—insulator—semiconductor device where characteristics
of strong localization are observed including a conductivity
close to o, and thermally activated conductivity. We label
the experimental conductivity intercept as oy, in this paper
to avoid confusion with o, discussed above. The layout of
this paper is in the following sections. In section 2 we provide
details of device fabrication and subsequent electrical trans-
port measurements in section 3. In section 4 we present exper-
imental data from four different cryostat systems where a set of
three devices were measured, each device in at least two of the
cryostats. Section 5 is a discussion of the experimental results

and implications for the strong localization in this material sys-
tem and section 6 contains the conclusions of this work.

2. Fabrication of GeSn devices

Details of the material considerations [8] and the device poten-
tial have been reviewed [9] for Si-based GeSn structures. A
schematic of the device measured in this publication is shown
in figure 1(a) with the composition of the wafer structure indic-
ated. The Geg9,Sng g part of the device is a strained QW for
holes with Ge barriers, modulation doped with boron accept-
ors. Three previous [10-12] have described the growth and
properties of Ge_,Sn, wafers from the same reduced pressure
chemical vapour deposition growth reactor. The QW composi-
tion, Geg 9o Sng g was confirmed ex-sifu by secondary ion mass
spectroscopy (SIMS). The boron modulation doping is in the
inverted configuration and low levels of segregation into the
QW occur, although SIMS indicates <3 x 10'® cm~3 residual
boron dopant in the QW albeit close to the SIMS sensitivity
limit. Gul ef al [11] discusses the influence of potential dis-
order on the transport properties of GeSn QWs in the metallic
regime with hole density (p) ~4 x 10'' cm~2.

The Ti—Au top gate was insulated by 65 nm of Al,O3
dielectric grown at 150 °C with no gate leakage current from
V, (gate voltage) —0.5 to +1.5 V. The device capacitance was
typically ~2.5-3.0 x 10" ecm™ x V,~!, with a threshold
voltage in the range of 0.7-2.1 V depending on the device cool-
ing conditions and levels of in-situ illumination at low tem-
perature, see figure 1(b). Ohmic contacts were formed from
sputtered, high purity Pt. Seven gated devices were fabricated
in total and the experimental data presented in this paper is
from three devices (1) to (3) with several cooling and meas-
uring sets of data (1) up to (4) on the same device. In addi-
tion back-gated devices were fabricated and measured but they
were more susceptible to random noise levels particularly in
the localized transport regime and not discussed further here.

3. Measurement details

The devices were first measured at 1.5 K to determine the car-
rier density using the Hall effect up to 5 T. There is a per-
sistent increase in carrier density in these devices with brief
illumination at 1.5 K. Illumination also reduces the contact res-
istance to the device, ensuring relatively noise-free electrical
measurements. Figure 1(b) shows the hole density with mod-
erate and full illumination as a function of gate voltage. At
lower temperatures the carrier density can be determined from
the applied gate voltage calibration. Devices (1) and (2) were
measured down to 100 mK in an Oxford Instruments Triton
dilution refrigerator and with an Oxford Instruments Zeslat-
ron He3 system down to 270 mK. Device (3) was measured
up to 30 T in a polyhelix magnet at 100 mK in the LNCMI,
Grenoble. Constant AC currents were used, 90 pA—1 nA at 4—
33 Hz. The measured voltage was ideally less than 1 zV gm ™!
of channel length between ohmic contacts. Measuring resistive
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Figure 1. (a) A schematic of the device structure showing the ohmic
contact arrangement and the insulated gate region. (b) The carrier
density from the Hall effect as a function of top gate voltage for
device (1) at 1.5 K. (c) The Hall mobility as a function of carrier
density at 1.5 K for device (1) after partial and full illumination
conditions. The increase in carrier density with illumination is
persistent.

devices close to channel depletion at low temperatures, where
the resistivity, p > ~3 x 103 Q SQR™! can lead to noise
problems and the influence of the external circuit on the meas-
ured resistance. These effects were minimized by reducing
the applied current, measuring at lower frequencies, (4 Hz)
and monitoring the out-of-phase components ensuring they are
less than the in-phase (resistive) signal components.

4. Experimental results

The device conductivity (¢ = 1/p) is determined from the
measured resistivity (p) in © SQR™! where SQR is the num-
ber of squares of material between the voltage probe ohmic
contacts of the Hall bar. The mobility (1) is determined at
1.5 K from the measured conductivity and Hall constant (Ry)
with 4 = o x Ry. The mobility is thermally activated with
the same activation energy as the conductivity [11] in these
devices. Figure 1(c) shows u against p at 1.5 K with the partial
and full illumination data points in good agreement. There are
two regions, (1)~ p® and (2) pu ~ p' % forp >3 x 10' cm~2.
In region (2) the mobility is limited by background impur-
ity scattering due to the tail of the modulation doped accept-
ors from the doping layer in the QW. The single particle
mobility is not thermally activated and this was previously
reported in [11] for GeSn devices and predicted in [13] to
result from different scattering mechanisms involved in 2D
disordered systems. Region (1) is closer to a mobility that is

limited by acoustic phonon scattering and independent of car-
rier density but temperature dependent. The transport mobil-
ity of 400 cm? V™! s™! in region (1) is too high to be char-
acteristic of hopping transport. Weak anti-localization signals
[14] at low temperature can be seen in these wafers although
it does not change the interpretation of what is observed in the
strong localization region reported in this paper. The disorder
in the devices is coming from the segregation of Sn during the
growth process [11]. In addition to this growth-related issue, a
short range order prediction [15] may contribute to the local-
ized electronic properties of the underlying GeSn structure.

Figure 2(a) shows the conductivity in device (1) as a func-
tion of carrier density at constant temperature from 100 mK
to 1 K. The resistivity was measured while sweeping the top
gate from 0 to ~+-1.0 V. The temperature was then increased
from the 100 mK base to ~1 K in incremental steps of 50—
100 mK. The conductivity is plotted at constant carrier density
as a function of 1/T in figure 2(b). The transport mechan-
ism in this device is that of extended state transport by excit-
ation to a mobility edge (induced by a short phase coher-
ence length), where the conductivity is thermally activated and
given by equation (1). The dotted lines are fits to equation (1)
at constant carrier density, where the parameters, o, and T,
can be extracted from fitting. Several features are apparent in
the conductivity, such as reproducible fluctuations Ao due to
the I, < Ly. There is also a region of p ~ 2 x 10! cm™2
at 100 mK where do/dT is <0 rather than do/dT ~ 0. This
metallic-like behaviour over a small range of carrier density
and temperature complicates the simple Anderson localiza-
tion picture [16] and is not a thermally activated conductivity
mechanism.

The lowest measured conductivity is 0.08 x (¢ 1~') x SQR
at 1.55 x 10'"" cm~2 and below this carrier density set by the
gate voltage, there is a rapid drop in conductivity that is quan-
tified further in device (2). In figure 3(a) the conductivity in
device (2) is shown by sweeping the gate voltage from a car-
rier density of 1.1-3.4 x 10'' cm~2 at temperatures down to
270 mK. The same activated behaviour is observed here as in
device (1). Figure 3(b) shows the activated conductivity in a
clearer fashion on a 1/T plot at constant carrier density from
3.4to 1.1 x 10" cm~2 in steps of ~0.2 x 10" cm~2. The dot-
ted lines are fits to equation (1) with ¢ = 1 where o, and T, are
determined. At carrier densities of <1.55 x 10" cm~2 there is
a rapid increase in the activation energy to 0.40 4+ 0.05 meV
compared to an activation energy of ~0.1 meV in the activated
mobility region.

Device (3) was measured in magnetic fields up to 30 T at
100 mK, see figure 4. This figure shows the resistivity (py,) at
constant carrier density (2.9 x 10'' cm~2) and constant per-
pendicular magnetic field (B) from 0 T; 12 T (where the filling
factor v = 1); to filling factors down to v < 1/2. The filling
factor is given by i x p/e x B where h is Planck’s constant with
the other variables already defined. In the heavy hole valence
band studied here the valley degeneracy is 1 and the angular
momentum £3/2 for this band of states. The dotted lines in
figure 4 are fits to equation (2)

~[5

p(T) = poelT) )
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Figure 2. (a) The conductivity as a function of carrier density in device (1) from 100 mK to 1 K. (b) The conductivity as a function of
inverse temperature from 4.2 to 1.6 x 10'! cm~2.
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Figure 3. (a) The conductivity as a function of carrier density in device (2) from 270 mK to 1.46 K. (b) The conductivity as a function of

inverse temperature at fixed carrier density (3.4—1.1 x 10'! cm™2) set by the gate voltage. The fits to the Arrhenius behaviour of
equation (2) are shown as dotted lines.

where the intercept p, is 1/0, from equation (1) at

increases from 1/0, ! as expected as the current is confined
zero magnetic field. In this case p, =~ l/om~ ' where

to the edge of the 2D device. There is no VRH conductivity at

om = 0.12 x (¢> h~1) x SQR. T, at zero magnetic field is
0.89 K which is close to the activation level in device (1) with
p>1.55 x 10" cm~2. At high magnetic field the intercept p,

any filling factor unlike that seen in [17] or an indication of a
magnetic field reduction of the carrier density. A broad v =1
Shubnikov deHaas effect minimum is seen centred around
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Figure 4. The resistivity as a function of inverse temperature from
0T to 25 T in device (3) showing conductivity above o, at
p=2.9 x 10" cm~2. The filling factor (v) = 1 at 12 T.

12 T as the single particle mobility is not thermally activated
even with py, > 1 x 10° Q SQR™! (~40 x (h e*~') SQR™)
but the zero field conductivity intercept is at op,.

5. Discussion

Figure 5(a) shows the results of fitting equation (1) to the tem-
perature dependent conductivity data for device (1) and (2).
The fits are shown as the dotted lines in figures 2(b) and 3(b).
There is activated conductivity over four data sets in device
(1) and two data sets in device (2). The value of o, in units of
(e? k') x SQR is plotted as a function of the activation energy
kg x (T,) as parameters from equation (1). The independent
variable in this figure, fit parameter T, is driven by the deplet-
ing gate voltage that increases the energy difference (Ec — EF)
between the Fermi energy and the mobility edge. The extra-
polated o, in figure 5(a), (extrapolated from 7', > 500 mK) to
T, =0is ~3.7 x (¢ h~") x SQR for both devices. This cor-
responds to the conductivity for the particular doping level at
high temperature for the GeSn wafer, irrespective of the par-
ticular device. In figure 5(a) the fit parameter o, decreases
approximately linearly as the fit parameter T, increases as

there is less area of the device to conduct as the Fermi energy
is lowered due to percolation of current. There is an abrupt
change in behaviour at 7, = 0.12 x (¢> h~") 0or 0.76 x (¢* h™ ")
defined here as o, as indicated in figure 5(a), as this constant
value of conductivity is approached even with less area of the
device available for the percolation of current. This value of fit
parameter is then constant even though EF is reduced closer to
the valence band edge as T, increases. There is no transition to
phonon-assisted VRH below o, at least down to 100 mK and
inelastic scattering never completely dominates the transport
behaviour in disordered GeSn. In device (2) there is a sim-
ilar, approximately linear, decrease of fit parameter o, albeit
at higher activation energies. The single data point for device
(3) is shown at o, but with p = 2.9 x 10" cm—2. The arrows in
figure 5(a) indicate the points at which the activation energy
increases to 0.40 4 0.05 meV (or 4.6 & 0.6 K). This is dis-
cussed further below with respect to figure 5(b).

The significance of the role played by carrier interaction
is characterized by the parameter rg, which is the ratio of the
Coulomb energy to the Fermi energy. In the 2D hole gas, r; is
given by:

3

where p is the hole carrier density and a, is the Bohr radius
for a hole in the GeSn valence band. The level of disorder
is so strong in the GeSn QWs that r¢ is ~1.5 in the strongly
localized regime compared to typically ~10. Wigner crystal
formation in a 2D hole system [18] occurs at rg ~ 40. In the
strongly disordered case the role played by carrier interaction
can be included with the concept of Thomas—Fermi screen-
ing of the Coulomb potential [19] in this case possibly due
to a low level of acceptor impurities in the 2D barrier layers
that are screened by mobile holes in the QW. The Coulomb
potential ¢(z) from the remote dopant in the barrier layers is
screened by the term e ¥z where krp is the Thomas—Fermi
wave-vector and z is the distance in the growth direction from
the remote charged acceptor state to the QW. The Thomas—
Fermi wave-vector does not depend on the hole density rather
the density of states (DOS) at the Fermi energy D (Ef). In a
2D system the Thomas—Fermi screening wave vector (ktg) is
given by:

&2

P (Er) “

kg =

where ¢ is the dielectric constant. In strictly two-dimensions
D (EF) is constant at m*/m/i* where m* is the effective mass
and correspondingly ktp = 2/a, with a, the Bohr radius. In
the Geg.9oSngog QWs studied here, a, is 9.5 nm (based on an
m* =0.09 x m, [11]) and the effective Thomas—Fermi screen-
ing wavelength (2 x 7kr~') ~ 30 nm in the metallic regime,
i.e. when o, > o, from equation (1).

Figure 5(b) shows the activation energy for thermally activ-
ated conduction as a function of the carrier density. At a critical
hole density (p.) of 1.55 4 0.05 x 10'' cm~2 there is a rapid
increase in activation energy given by Ec — Epto 4.6 + 0.6 K.
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Figure 5. (a) The high temperature conductivity intercept from fitting equation (3) as a function of thermal activation temperature fit for
four sets of data from device (1), two sets from device (2) and device (3). o is indicated at 0.76 x ¢*> h~"'. Device (1) shows strongly
localized behaviour (the onset is indicated by the arrow) from oy, and device (2) shows strongly localized behaviour directly from the
metallic regime, 0, > om. (b) The activation energy of the conductivity as a function of carrier density with the carrier density determined

from the Hall effect at 1.5 K.

This behaviour could be due to one of the following (a) to (e)

mechanisms:

(a) Transition to a phonon-assisted VRH mechanism at p..

This would be a conduction mechanism that would
fit equation (1) with g=1/3 in the case of Mott
VRH or g=1/2 in the case of Efros—Shklovskii VRH.
However, the experimental conductance intercept fit
0o >5 x (€2 h™1) x SQR for p < p. and this value is
too high for this type of process, where it would be expec-
ted to be 1-2 x (¢*> h~') x SQR for a phonon assisted
mechanism [20].

(b) A gap in the DOS at the Fermi energy correspond-

ing to the carrier density p.. The average DOS at the
Fermi energy, D (Ef) can be estimated from dp/dw where
w = Ec — Eg determined from equation (1). D (Ef)
is 1.2 x 10" cm™2 eV~! at p. calculated from dp/dw.
This is close to the effective mass value for the DOS of
0.8 x 10'* cm~2 eV~! although significantly less than the
experimental value of the DOS for p > p. and p < p. and
hence the description of a gap at p.. This possible gap in
the DOS is not an indication of an Efros—Shklovskii Cou-
lomb gap as the conductance does not fit the VRH mech-
anism with ¢ = 1/2 in equation (1).

(c) A second QW in the Sn-rich segregated region towards the

surface of the device. This would account for the appar-
ently higher DOS value compared to the effective mass
value at p.. This is unlikely as it would also interfere with
the electrical properties in the metallic regime where a
well-defined quantum Hall effect is observed without any
parallel conduction mechanism(s) evident [11].

(d) Thermally activated carrier density below p.. This could

be due to a reduction in the Thomas—Fermi screening
of the boron modulation doping, residual boron accept-
ors in the QW or other background impurities, given

(e

~

by equation (4) in the region of reduced DOS at the
Fermi energy. This could not be confirmed by Hall effect
measurements in this region of carrier density and tem-
peratures below 1.5 K due to the experimental diffi-
culties in obtaining reliable p,, values when p,, ~ 10—
100 x (he=2) SQR™!.

A disorder reduced D (EF) in the band tail. This is import-
ant, although the concept of a screening parameter given
by equation (4) is likely to break down in the strongly loc-
alized regime. This has been considered in electron spin
resonance measurements in the high mobility SiGe system
[21], where a Pauli paramagnetism behaviour results in the
experimentally measured magnetic susceptibility being a
measure of D (Eg) and hence an estimation of krg. The
disorder in the Gegog,Sngps QWs that is caused by Sn-
segregation during growth has an approximate Gaussian
profile. This distribution of disorder has a strong influence
on D (Ep) and the Thomas—Fermi screening efficiency as
observed in the experimental results reported here. The
main difference between the devices (1) and (2) studied
here is that in device (1) the strong localization behaviour
is directly from a system that behaves as though it is in a
minimum metallic state, albeit at high temperature. Device
(2) shows strongly localized behaviour directly from a
thermally activated conductivity above the metallic con-
ductivity oy, showing that local disorder conditions and
local differences in D (E) are important.

6. Conclusions

Two-dimensional Ge 9> Sng og QWSs that are modulation doped
p-type and fabricated into an metal-oxide-semiconductor
(MOS) device show clear localization characteristics. Figure 6
shows an overall summary of the measured conductivity
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Figure 6. A schematic summary based on the measured
conductivity in p-type GeSn as a function of carrier density and
temperature. Several regions are significant and discussed in the
main text: do/dT < 0; do/dT ~ 0; 0o = om; o — 0. The critical hole
concentration p. is indicated.

behaviour in p-type modulation doped GeygrSngogs QWs as
a function of carrier density and temperature. Light blue area
is high o, dark blue is low o. Several regions have been dis-
cussed in previous sections of this publication, with the top
right showing metallic behaviour and bottom left insulating
behaviour. Above p = 1.55 & 0.05 x 10'! cm ™2 the conduct-
ivity is thermally activated and the carrier density is independ-
ent of temperature, dp/dT = 0, with p set by the gate voltage
in the MOS device. At p < p. then ¢ — 0 at low temperat-
ure. There is a region where do/dT ~ 0 above p.. This is in
the metallic region where the Fermi energy is in the band tail
and the conduction at this point is with a constant mobility, for
example as shown in figure 1(c). The mobility is too high to
correspond to a hopping mechanism. With p ~ 2 x 10'! cm~?2
at low temperature do/dT < 0. This is characteristic of metallic
behaviour and has been observed in p-type SiGe [16] albeit in
the low disorder, high mobility case, although this is unlikely
to be operating in the GeSn devices due to the higher levels
of disorder in comparison. The red dotted line in figure 6
shows the high temperature intercept conductivity (close to
omin) and below this level o — 0 on reducing the temperature.
The disorder energy scale i/T. (where 7. is the elastic scat-
tering time) is ~32 meV at carrier density 1.55 x 10! cm~?2
and this disorder dominates any Coulomb interaction effects
with rg from equation (2) as low as 1.5 in the strongly loc-
alized phase below p.. The lowest measured conductivity is
0.08 x (e h~') x SQR but from the temperature depend-
ence, this is not a VRH conduction mechanism that might be
expected [22] even though o < ¢ h~!. Applying magnetic
fields up to 30 T does not create a magnetic field induced
reduction of the carrier density at the minimum conductiv-
ity level or a transition to a VRH transport regime. The single
particle mobility is not thermally activated unlike the transport
mobility and a Shubnikov deHaas effect is clearly observed
down to v < 1 with py, > 10 © SQR~!. A conductivity

that is thermally activated without entering a Mott VRH
regime is ideal for studying many body localization [23]
assuming that electron—phonon decoupling can be engineered
appropriately.
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