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Activated and Metallic Conduction in p-Type Modulation-Doped Ge-Sn Devices
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Ge1−xSnx quantum wells can be incorporated into Si-Ge–based structures with low-carrier effective
masses, high mobilities, and the possibility of direct band-gap devices with x ∼ 0.1. However, the elec-
trical properties of p-type Ge1−xSnx devices are dominated by a thermally activated mobility and metallic
behavior. At 30 mK the transport measurements indicate localization with a mobility of 380 cm2/Vs, which
is thermally activated with a temperature-independent carrier density of 4 × 1011 cm−2. This weakly dis-
ordered system with conductivity, σ ∼ e2/h, where e is the fundamental charge and h is Planck’s constant,
is a result of negatively charged “Sn-vacancy” complex states in the barrier layers that act as hole traps. A
measured hole effective mass of 0.090 ± 0.005me from the Shubnikov-de Haas effect, where me is the free
electron mass shows that the valence band is heavy hole dominated and is similar to p-type Ge with the
compressive strain playing the role of quenching the spin-orbit coupling and shifting the unoccupied light-
hole states to higher hole energies. The Ge1−xSnx devices have a high quantum mobility of approximately
36 000 cm2/Vs that is not thermally activated. The ratio of transport-to-quantum mobility of approximately
0.01 in Ge1−xSnx devices is unusual and points to several competing scattering mechanisms in the different
experimental regimes.

DOI: 10.1103/PhysRevApplied.14.054064

I. INTRODUCTION

A. General introduction to Ge-Sn

Direct band-gap Ge electronic devices can be achieved
by replacing the active Ge layer in a structure with a
Ge1−xSnx alloy with x from 0 to 1. In practice, low val-
ues of x (typically <0.1 [1,2]) are needed for the minimum
in the conduction band to switch from being the indi-
rect, L-like to the direct band gap at the � point. The
direct nature of the band gap means that Ge photonic
devices are feasible [3] using Ge-Sn layers for an exten-
sion of the Ge device road map into photonic devices
[4]. Monolithic integration of optical and electrical devices
in Ge have been reviewed recently [5] and this technol-
ogy is an exciting prospect when Sn alloying is included.
An outstanding issue that is addressed in this paper is
whether electrical devices in such optically integrated sys-
tems would be compatible with low-disorder high-speed
quantum devices.

Conventional p-channel MOSFET devices have already
been fabricated with doped Ge-Sn layers [6,7] and in
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Ref. [8] a p-MOSFET was reported with a mobility of
509 cm2/Vs. These devices were not measured at low
temperatures and the problem of disorder in the devices
was not considered. The origin of disorder and the influ-
ence of this on the conductivity in the Si-based MOSFET
was reported in Ref. [9,10]. The present device schemes
involve a modulation doping design unlike the Si MOS-
FET, however the device conductivity is still influenced
by disorder. This disorder in the p-channel Ge-Sn modula-
tion doped structure is a result of Sn-vacancy defect states
in the barriers that act as hole traps and could limit the
application of this system into quantum devices.

In this paper we discuss the following details of mag-
netotransport in Ge-Sn quantum wells. Section I B and
I C are further introductions to Ge-Sn. Section II dis-
cusses the growth and processing of the wafers and the
experimental details. In Sec. III the experimental data on
low-temperature transport is presented on four different
devices from several cryostat systems from 30 mK to 5 K.
Section IV is a discussion of the main points with the
conclusions laid out in Sec. IV.

B. Introduction to the valence band in Ge-Sn

The compressive strain in the Ge-Sn grown on relaxed
Ge reduces the conduction-band minima at the L point,
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offsetting the effect of Sn alloying. The direct gap is the
minimum gap at 7% Sn [11] for unstrained layers, increas-
ing to 8.6% Sn with a 0.22% compressive strain. Thin
sputtered Ge-Sn layers on Ge were reported earlier as
changing to direct band gap for >10% Sn [2]. The valence
band of Ge-Sn is only weakly changed with alloying with
the valence-band states more influenced by strain than
channel composition. The degeneracy of the valence band
in Ge-Sn is dependent on the strain with the character of
the lowest valence-band states remaining heavy-hole-like
with Sn compositions [12] with a compressive strain. With
tensile strain the hole ground state can be the light-hole
states [13] but this is not the case with epitaxial Ge-Sn
layers on relaxed Ge layers.

High transport mobilities are predicted for Ge-Sn [6,14]
and embedded Ge-Sn layers can form the channel of a tun-
neling FET device [15]. The Ge-Sn quantum well (QW) in
a Ge structure is under compressive strain and in this case
the lowest conduction band is at the L point rather than at
the � point in this alloy for the unstrained material. The
ground state in the valence band is the heavy-hole state (J,
total angular momentum = 3/2 and mj , z components of
angular momentum =±3/2) with light in-plane mass. The
hole effective mass is very similar to that in p-type strained
Ge QWs [16], which is not surprising as the level of strain
is similar and the valence-band parameters with a dilute
Ge-Sn alloy are not fundamentally different to Ge [14].

C. Introduction to activated conductivity

In two-dimensional systems all states are localized [17],
however inelastic scattering processes can cause an acti-
vated conductivity at low temperatures between localized
states. Initially an effective medium theory [18] is used to
explain this but in fact percolation arguments [19] are used
to understand how the disordered Si surface inversion layer
of two-dimensional charge can conduct with thermal acti-
vation to a critical percolation threshold. The original ideas
on this effect could not fully explain why a conductivity
that is thermally activated with the Fermi energy below
the percolation-threshold energy also had constant carrier
density and charge carriers are not trapped but contributed
to the Hall effect. The metallic behavior observed either
as a Shubnikov-de Haas effect or a cyclotron resonance
[20] in applied magnetic fields is due to the Fermi energy
being above the mobility edge. The conductivity (σ ) as a
function of temperature (T) is via extended states at the
percolation threshold, see Eq. (1),

σextended = σoe−(To/T), (1)

where σ o is the high-temperature intercept, and To is
the characteristic temperature. The activation energy to
the critical conducting percolation threshold is then kBTo,
where kB is the Boltzmann constant. At lower carrier densi-
ties in the Si inversion layer, an Anderson transition is seen

[10,21] in both n- and p-type channels with the concept
of the minimum metallic conductivity postulated earlier
[22] playing a role. In this case the transport mechanism
is that of Mott variable range hopping (VRH), which in
two dimensions is described by Eq. (2) in the conductivity,

σVRH = σoe−(TM /T)1/3
, (2)

where TM is the nonuniversal, characteristic Mott temper-
ature and is device and carrier density dependent. σ o is
the high-temperature intercept and has a universal value of
2e2/h for Mott VRH, where e is the fundamental charge
and h is Planck’s constant. In the percolation regime, the
mobility (μ = σRH ) is thermally activated where RH is
the Hall constant that is dependent on the nonthermally
activated hole density (p) with p = 1/(eRH ). Equation (3)
comes from the thermal activation of the conductivity,
where the mobility has the same characteristic temperature
To or thermal-activation energy kBTo,

μ = μoe−(To/T), (3)

In Ref. [23] thermally activated holes were reported in a
Si inversion layer. The devices were surface gated to map
the change in thermal-activation energy with inversion-
layer carrier density and metallic behavior with an acti-
vated mobility was observed. An activated mobility was
also seen in the two-dimensional electron gas in a Si inver-
sion layer [9,24]. An explanation of this was given in Ref.
[25] but this involved a correlation effect of the entire
two-dimensional system behaving as a viscous liquid state.

II. FABRICATION OF Ge-Sn DEVICES

A. Growth of wafers

The Ge-based Ge-Sn wafers are grown by reduced-
pressure chemical vapor deposition in an ASM Epsilon
system. The precursor materials are SnCl4 and Ge2H6 with
an overall H2 atmosphere in the growth system. Segre-
gation of Sn is a known problem in structures with Sn
> 7% [26,27], although this effect is minimized here by
using low growth temperatures, approximately 270 °C.
The maximum incorporated Sn concentration is approx-
imately 8% with the present growth conditions and the
nonincorporated Sn can surface segregate, although there
is no evidence for metallic Sn aggregation [27] on the
surface of the wafers measured. Residual Sn atoms that
segregate into the Ge cap can find a vacancy and form a
defect that is a hole trap approximately 190 meV from the
heavy-hole band edge [28]. The influence of Sn-vacancy
traps as the main source of disorder on the carrier density
and mobility is discussed further in the paper. The 15-nm-
thick Ge-Sn QW had an intended composition of 9.3% Sn.
This nominal composition is higher than that expected for
the growth conditions. SIMS measurements indicate that
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there is an accumulation of excess Sn in Ge barrier layer
with the composition in the quantum well closer to 8% Sn.
The surface roughness of the wafer is < 2 nm and there are
no metallic Sn dots on the wafer surface. Figure 1(a) shows
a cross section of the wafer structure. This wafer doping
design is an “inverted-doping” structure, where the modu-
lation doping layer is between the QW and the substrate.
This inverted-doping structure usually results in a lower
hole mobility compared to the normally doped scheme in
Ge-based devices [29] but the potential for gate leakage
with Schottky surface gates is reduced significantly in the
case of the inverted-doping interface.

The Ge0.92Sn0.08 QW has compressive strain of approx-
imately 1.3% with respect to the unstrained Ge cladding
layers. The strain increases the gap at the � point with
the L minimum still the lowest part of the conduction
band [12,13]. Figure 1(b) shows the self-consistent calcu-
lation of the full band structure, calculated using Nextnano
[30]. The effect of the compressive strain is shown with
the degeneracy between the light- and heavy-hole states
removed at the top of the valence band in the Ge-Sn
QW. Previous optical measurements on similar structures
from the same growth system [31] have demonstrated high
epitaxial-wafer quality. The devices are p-type modula-
tion doped with boron to a doping density of approxi-
mately 1018 cm−3, see Fig. 1(a). The modulation doping

density is confirmed by SIMS. In situ illumination of the
devices with a light-emitting diode at low temperatures can
increase the carrier density by approximately 10% show-
ing that most of the dopant is activated in this type of
heterostructure even in the low-temperature growth regime
used here.

B. Device fabrication

Standard Hall bar mesas are fabricated using optical
lithography and HCl/H2O2/H2O etchant. The Ohmic con-
tacts are formed by sputtering 130 nm of Pt. The contacts
are not annealed during the processing; this unusual sit-
uation is discussed in Ref. [32], where annealing at low
temperatures tended to form resistive Pt2Ge3 rather than
conductive PtGe3 interlayers in the Ohmic contact region.
This Ohmic contacting scheme is sufficient for Ge-based
nanostructures that operate at low temperatures [33,34].
A total of four Hall bar devices are measured, showing
consistent transport properties.

C. Experimental details

The measurements reported here are taken in three dif-
ferent cryostats: (i) an 8-T Oxford Instruments variable
temperature insert system, (ii) an 8-T Oxford Instruments

(b)(a)

Sn-Vacancy Traps

FIG. 1. (a) Schematic of the wafer structure used to fabricate Ge-Sn devices. The thicknesses are not to scale. (b) A band-structure
calculation of the strained Ge0.92Sn0.08 15-nm QW and surrounding doped layers from the Nextnano software [30]. L refers to the
lowest conduction band, LH to the light-hole band and HH to the heavy-hole band. The magnitude of the wave function (|�|2) is
shown, confined to the Ge-Sn QW.
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Teslatron system, and (iii) an Oxford Instruments Triton-
2 dilution refrigerator with applied fields of 10 T. The
devices are measured in the dark and after in situ illu-
mination at low temperatures (T) with the longitudinal
resistivity (ρxx) and Hall resistivity (ρxy) measured as
a function of magnetic field (B) at constant tempera-
ture. At temperatures < 1.5 K low excitation currents
(< 5 nA) are used at 33 Hz to minimize heating the
hole gas above the device lattice temperature set by the
temperature of the mixing chamber plate in the dilution
fridge.

III. EXPERIMENTAL SECTION

A. Conductance and mobility

Taking the range of mobility values from four differ-
ent devices, the mean mobility in the dark at 1.5 K is
1080 cm2/Vs with a carrier density of 4.1 ± 0.1 1011 cm−2.
After illumination the hole density increases to 4.5 ± 0.1
1011 cm−2 with a reduced mean mobility of 1030 cm2/Vs.
These mobility values are typical of the low mobility
measured in disordered p-type Si-Ge alloy QWs [35,36],
even with offset modulation doping. Figure 2 shows the
low magnetic field transport properties of device 2 from
250 mK to 5 K. Figure 2(a) shows the four terminal con-
ductivity in units of e2/h. σ is determined from 1/ρ, where
ρ is the measured four-terminal zero-field resistivity. The
carrier concentration (p) measured from the Hall effect is
4.16 × 1011 cm−2 and is independent of temperature from
30 mK to 5 K. In Fig. 2(a) σ is plotted as a function of 1/T
down to 250 mK. At temperatures less than approximately

300 mK the conductivity saturates at 0.68e2/h. Although
σ is < e2/h the conduction is by thermal activation to
extended states not VRH. Equation (1) fits the experimen-
tal data between 2 K and 600 mK. The high-temperature
intercept is 2.6e2/h, which is too high for a VRH conduc-
tance. Figure 2(b) shows the mobility as a function of 1/T.
An Arrhenius thermal activation of μ fits to Eq. (3) with
the same characteristic To of 0.7 K as the conductivity fit.
This activated mobility shows strong evidence for localiza-
tion of holes in the device below a percolation threshold
[23]. The Sn-vacancy trap states in the Ge surface cap-
ping layer provides a sheet of negative charges that confine
the two-dimensional holes to locally high-density regions
of this defect. The thermal activation of the mobility
then represents a percolation of charge along the chan-
nel. There is no thermal activation of the hole density with
the measured carrier density independent of temperature
from 30 mK to 5.0 K, which is the highest measurement
temperature. The highest transport mobility measured is
approximately 1400 cm2/Vs in device 2 at 5.0 K and
this is the highest hole mobility reported for modulation-
doped Ge-Sn devices. It is already shown that in p-Si-Ge
the device mobility is reduced significantly below that
expected for remote ionized impurity-dominated scattering
[35–37]. However, in strained p-Ge mobilities of approx-
imately 106 cm2/Vs are possible [38,39] with the same
modulation doping and doping offset distance of 20 nm.
This reduction in mobility in p-Ge-Sn devices by approx-
imately 103 compared to p-Ge and thermal activation is
a consequence of the Sn-vacancy hole trap in the Ge cap
layer.

(b)(a)

FIG. 2. (a) The conductivity and (b) the mobility as a function of inverse temperature. The fits show thermally activated behavior.
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FIG. 3. The temperature dependence of ρxx up to 5 T and from
2.0 to 5.0 K with a hole density of 4.1× 1011 cm−2. The curves
are offset to align ρxx at 1.38 T.

B. Transport measurements at 1.5 K

The Shubnikov-de Haas effect in ρxx for device 2
between 2.0 and 5.0 K is shown in Fig. 3. As a conse-
quence of the large temperature variation in the zero-field
resistivity, the individual field sweeps at constant tem-
perature are shifted by a constant offset to align ρxx at
1.38 T. This corresponds to a filling factor (υ) of 12.5 from
the fundamental field (Bf ) of approximately 8.54 T. The
fundamental field does not vary with temperature and cor-
responds to a constant hole density of 4.1 × 1011 cm−2.
The Hall resistivity data is shown in Fig. 4(a) for the same
range of temperatures. The Hall effect hole density is 4.2 ×
1011 cm−2 showing good agreement with the Shubnikov-
de Haas density and that there is no parallel conduction in
the device structure from the surface, doping supply layer,
thick Ge buffer layers, or a band of disordered low mobility
carriers. The plateaus in the quantum Hall effect are narrow
(< 0.3 T width at υ = 4) and are more characteristic of a
low-disorder system, comparable to that in strained p-Ge,
inverted-doping QWs [29].

Figure 4(b) shows the amplitude of the Shubnikov-de
Haas effect signal plotted as �ρxx/ρxx at υ = 12 (1.423 T)
as a function of temperature. The triangles correspond to
the experimental data and the solid lines correspond to
effective-mass contours of the thermal damping term in the
Shubnikov-de Haas amplitude, given by Eq. (4) with effec-
tive mass (m*) values from 0.085me to 0.100me, with me
the free electron mass,

�ρxx/ρxx ∼ X
sin hX

where X = 2π2m∗kT
�eB

(4)

and -h is the reduced Planck constant. A similar analysis
at odd filling factor υ = 13 before the onset of the Zee-
man splitting, indicates the same effective-mass value. This
analysis assumes that the quantum mobility is not chang-
ing significantly with temperature and that �ρxx/ρxx <<

1. The Shubnikov-de Haas effect gives a heavy-hole effec-
tive mass of 0.090 ± 0.005me from amplitude analysis of
ρxx at υ = 12 and υ = 13. Previous measurements of the
effective mass in p-Ge have determined values of approx-
imately 0.080me [16], approximately 0.065me [39], and
also by the present authors as approximately 0.10me in
the p-type Ge devices reported in Ref. [40]. This simi-
larity is due to the fact that the valence-band parameters
are influenced more by the compressive strain rather than
dilute alloying of Sn into the Ge band structure. The heavy-
hole mass in the out-of-plane [001] direction is calculated
to be 0.19me (at 300 K) using a 30-band k.p theory [41].
This is not inconsistent with the present device as the in-
plane mass is measured here at 1.5 K. The light-hole band
is shifted in hole energy above the heavy-hole states by
approximately 100 meV (from the Nextnano calculations
[30]) and is not populated at this carrier density with com-
pressive strain in the QW. This large splitting indicates that
any mixing of valence-band states is small.

The spin splitting in the Shubnikov-de Haas is from
the Zeeman effect of the heavy hole, J = 3/2 states and
not from any Rashba spin-orbit coupling in the heavy-
hole band [42]. There is no indication of beating in the
Shubnikov-de Haas effect oscillations or multiple funda-
mental fields. The Zeeman effect spin splitting starts at
υ = 9 (at approximately 1.9 T), with odd filling-factor
plateaus also seen in the quantum Hall effect as expected.

C. Transport measurements at 30 mK

At 30 mK the transport mobility is 380 cm2/Vs in device
2 with carrier density of 4.4 ×1011 cm−2. The carrier den-
sity is slightly higher in the Triton-2 fridge compared to
the 1.5 K system due to a slower cool down to base tem-
perature and there is no indication that the carrier density
is thermally activated at 30 mK. The Shubnikov-de Haas
effect can be seen in Fig. 5(a) up to 5 T and the correspond-
ing FFT shows a single fundamental field at 9.1 T, see Fig.
5(b). A second peak at a fundamental field of 18 T in the
FFT is a harmonic, which shows there are higher frequen-
cies in the oscillatory structure even before odd minima are
visible in ρxx. The single particle or quantum mobility (μq)
can be determined from the half width at half height of the
FFT peak (δBf ) in Fig. 5(b) and is given by Eq. (5),

μq =
√

3
δBf

. (5)

A δBf of 0.46 ± 0.02 T corresponds to μq= 37 700 ±
2000 cm2/Vs. This μq value is close to agreement with
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(a) (b)

FIG. 4. (a) Quantum Hall effect showing low-disorder plateaus and a constant carrier density, (b) shows the temperature dependence
of the amplitude of ρxx at υ = 12 (1.423 T) from 2.0 to 5.0 K and the thermal damping factor X /sinhX for effective mass values from
0.085 to 0.100me. The best fit is at m* = 0.090 ± 0.005me.

the mobility from the condition of μqB≈1 at the onset
of the Shubnikov-de Haas effect, see Fig. 6. This gives
μq = 34 000 cm2/Vs with B = 0.29 T. The quantum mobil-
ity determined from analysis of the Shubnikov-de Haas
effect, either from the FFT or from the onset of the oscil-
latory structure is not thermally activated and Eq. (3) does
not describe μq in Ge0.92Sn0.08 quantum structures. This
also justifies using Eq. (4) to estimate the effective mass
from thermal damping of the Shubnikov-de Haas effect
amplitude.

Figure 6 shows that at low magnetic field a posi-
tive magnetoresistance is seen before the onset of the
Shubnikov-de Haas effect. This is also a characteristic of
localization in the system although it has disappeared at
temperature > 500 mK at which point the transport mobil-
ity is then thermally activated at higher temperatures, see
Fig. 2(b). The positive magnetoresistance at low magnetic
field is also characteristic of the magnetoresistance for
the inverted-doping structure in p-Ge [29] although in the
p-Ge devices this effect does persist to higher than 1.5 K.

IV. DISCUSSION

A. Summary of localization in Ge-Sn

In high-mobility GaAs/(Al, Ga)As two-dimensional
systems the ratio (α) of the transport to the quantum mobil-
ity can be 10 to 100 [43]. Small angle-scattering events
can be correlated and this creates a mobility ratio closer to
1 but still >1. An α ∼ 30 for the inverted-doping inter-
face devices in p-Ge was determined in Ref. [29] and

approximately 18 in Ref. [39]. In the Ge0.92Sn0.08 QWs
measured here α = 0.011 ± 0.001. The situation where the
quantum mobility is larger than the transport mobility is
unusual and indicates that different scattering mechanisms
have to be involved when a large magnetic field is applied
to the device. In particular, the quantum mobility is not
thermally activated unlike the transport mobility reported
in Sec. III A.

The density of scattering centers (Nt) can be esti-
mated from Nt = 4/(π le2) where the elastic mean free
path, le(nm) = 1.65 10−6√p μ. The mobility μ (in units
of m2/Vs) is the high-temperature intercept in Fig. 2(b) of
0.15 m2/Vs and the hole density is 4.4 × 1015 m−2, giving
an le of 16.4 nm. If the scattering rate is fully dominated
by the Sn-vacancy charge traps, then Nt ∼ 4 × 1011 cm−2.
This is an over estimation and should be considered as an
upper limit. Large angle scattering caused by Sn-vacancy
trap states in the Ge surface layer is limiting the transport
mobility, however there is still influence of the remote ion-
ized impurity scattering from the intentional B dopants in
the doping supply layer and alloy scattering in the QW. As
the carrier density increases with illumination, the mobil-
ity drops as discussed in Sec. III A. This is characteristic of
alloy scattering, interface roughness scattering and remote
impurity scattering [35]. Charged interface impurities tend
to produce a scattering effect that is only weakly depen-
dent on the free carrier density with the mobility increasing
for higher carrier density. There may be differences in dis-
order levels on increasing the carrier density with a gate
compared to illuminating the device.
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(a) (b)

FIG. 5. (a) ρxx at 30 mK up to 5 T with a carrier density of 4.4 × 1011 cm−2, (b) An FFT from 0.35 to 1.5 T shows a fundamental
field of 9.1 T with a quantum mobility (μq) of 37 000 cm2/Vs from the FFT half width at half height (δBf ). Both figures show an up
and down field sweep with the vertical scale in (b) in arbitrary units (arb. units), i.e., scaled to 10 at the highest power.

The thermally activated hole mobility is analogous to
that in disordered Si p-MOSFET devices, although the
Arrhenius activation energy is small (kBTo < 0.1 meV) at a
hole density of 4.4 × 1011 cm−2. Further top-gating mea-
surements will shift the Fermi energy in depletion closer
to the bottom of the valence band where a Mott VRH
regime could be established, see Sec. I C. Alternatively a
Coulomb gap could be stabilized [36,44] with α closer to
approximately 1 as expected for dominant scattering due to
(remote) impurities at the Ge-Ge0.92Sn0.08 interface rather
the remote impurity scattering from the modulation doping
supply layer.

The quantum mobility in Ge0.92Sn0.08 QWs is com-
parable to that in ultrahigh mobility strained p-Ge. In
those p-Ge devices ballistic transport phenomena can be
observed in one-dimensional devices [33,45] as well as
fractional quantization of the ballistic conductance [34].
The quantum mobility in the Ge0.92Sn0.08 QW device is
determined by remote ionized acceptor scattering from
the modulation doping as in the p-Ge system and not by
the Sn-vacancy trap states. In the Ge0.92Sn0.08 devices a
Shubnikov-de Haas oscillation can be seen down to a fill-
ing factor of υ = 58, a clear indicator of a high quantum
mobility.

B. Impurity band conduction

The heavy-hole effective mass from the thermal damp-
ing of the Shubnikov-de Haas effect is 0.090 ± 0.005me

as determined in Sec. III B. An estimation of the two-
dimensional density of states using this mass value
gives 3.7 ± 0.2 1010 cm−2 meV−1 and a corresponding
Fermi energy of 10.7 ± 0.7 meV for a hole density of 4

FIG. 6. ρxx up to 1 T from 30 to 700 mK. The oscillatory
structure in ρxx can be seen down to υ = 58 where the condition
μqB = 1 is then satisfied. The data for each temperature is plot-
ted on the same scale, however the data for temperatures between
100 and 700 mK is shifted vertically by an arbitrary resistivity.
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1011 cm−2. The hole density is not thermally activated
and does not correspond to transport in an impurity band
of boron dopant close to the valence-band edge. Even if
an impurity band associated with the upper Hubbard state
was present from positively charged acceptor states in the
boron modulation doping, not the Sn-vacancy traps, this is
approximately 1 meV below the valence-band edge [46]
and is unlikely to be operating in this system due to the
approximately 10.7 meV Fermi energy with the conductiv-
ity not being described by hopping transport through these
states. The triplet state of the upper Hubbard band can
be on the order of meV above the valence-band edge but
below the mobility edge and this is unlikely to be playing
a role in the transport of the Ge0.92Sn0.08 QWs.

V. CONCLUSIONS

The coexistence of localization and metallic behavior of
heavy holes in the Ge0.92Sn0.08 QW valence band is pre-
sented. The measured low-temperature quantum mobility
of 36 000 cm2/Vs is comparable to that in strained p-
type Ge QWs that have transport mobilities in the region
of 106 cm2/Vs. However, in Ge0.92Sn0.08 a low transport
mobility of 380 cm2/Vs is a result of the disorder caused
by Sn segregation in the growth of the structure into the
surface Ge layer as confirmed by SIMS measurements. The
Sn then forms a hole trap with a lattice vacancy complex in
the Ge barrier layer close to the QW. The conductivity and
transport mobility are thermally activated and show Arrhe-
nius behavior with a temperature-independent hole density,
similar to the Si-MOSFET device with excess charge traps
in the surface oxide layer.

The ratio of transport mobility to quantum mobility is
0.011 ± 0.001, strongly indicating that different scattering
mechanisms are at play in the two transport regimes. In
applied magnetic fields, the mobility is limited by scat-
tering with remote ionized impurities, analogous to the
case of ultrahigh mobility modulation doped p-Ge. How-
ever, the transport mobility at zero field is a result of
scattering with the Sn-vacancy traps in the Ge surface
layer.

There is potential for transport devices in Ge-Sn QWs
considering the high quantum mobility reported in this
publication. With growth optimization, the Sn-segregation
problem can be reduced and the prospect of alterna-
tive quantum functionality integrated with monolithic
optical devices in a Si-based system is appealing. The
Ge-Sn QW devices can also be n-type doped offering
complementary-based electronic devices. The modulation-
doped Ge-Sn structure with controllable disorder offers
devices for elucidating the metal-insulator transition in
the realm of many-body localization [47] with the requi-
site thermal isolation easily achievable between the Ge-Sn
channel layer and the Si substrate using conventional
lithography.
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