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The anisotropic nature of carrier mobility in simple cubic crystalline semiconductors, such as
technologically important silicon and germanium, is well understood as a consequence of effective
mass anisotropy arising from a change in band structure along non-identical surface crystal directions.
In contrast to this, we show experimentally that this type of anisotropy is not the dominant contribu-
tion. Recent advances in epitaxial growth of high quality germanium enabled the appearance of high
mobility 2D carriers suitable for such an experiment. A strong anisotropy of 2D carrier mobility, effec-
tive mass, quantum, and transport lifetime has been observed, through measurements of quantum phe-
nomena at low temperatures, between the (110) and (100) in-plane crystallographic directions. These
results have important consequences for electronic devices and sensor designs and suggest similar
effects could be observed in technologically relevant and emerging materials such as SiGe, SiC, GeSn,
GeSnSi, and C (Diamond). © 2017 Author(s). All article content, except where otherwise noted, is
licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/

licenses/by/4.0/). https://doi.org/10.1063/1.5010933

For any electronic or spintronic device applications, it is
important to understand the effect of crystallographic direc-
tion on the transport properties of the quantum well (QW).
Intuitively, we would expect that the carrier mobility will
change upon changing between non-identical crystallo-
graphic orientations, for example, a rotation of 45° on a
(001) orientation wafer between (110) and (100) directions.
This is due to the change in band structure and consequently
a change in the effective mass of the carriers. However, we
must also consider the effect of scattering mechanisms such
as interface and impurity scattering, which may also depend
on the direction of carrier flow in the plane of the wafer. For
example, silicon and germanium have the same lattice struc-
ture. It is very well known that surface orientation causes
carrier mobility anisotropy in Si, and due to this, the correct
selection of device surface orientation can lead to a signifi-
cant performance enhancement.' Anisotropy of mobility in
simple cubic semiconductors was first studied over 50 years
ago,” and experimentally observed for electrons in Ge,°
usually attributed to variations in band structure and conse-
quently effective mass along non-equivalent crystallographic
orientations. A previous study of p-type Ge-on-insulator
(GOI) channels has shown significant mobility anisotropy
when the channel is oriented along the (100) or (110) direc-
tions, due to effective mass anisotropy.’ It is another example
where both electron and holes mobility surface orientation
anisotropy in Si or Ge are simply explained by differences in
effective mass. In contrast to this work, we experimentally
show it is not the case for 2D holes in compressively strained
Ge. Our recent study of a series of square devices containing
Ge QW heterostructures concluded that wafer axis tilt resulted
in significant 2D hole gas (2DHG) mobility anisotropy
between nominally identical (110) directions.®

Strained Si, Ge, and SiGe quantum well (QW) heterostruc-
tures are a promising material system for conventional elec-
tronic, spintronic, and quantum technology device applications

0003-6951/2017/111(19)/192103/5

111, 192103-1

due to high hole mobility, tunable spin splitting, and compati-
bility with existing Si-based technology. SiGe has already
been implemented in a large variety of modern high end elec-
tronic devices including heterojunction bipolar transistor
(HBT), complementary metal oxide semiconductor (CMOS),
and others to enable either a very high speed or a very low
power consumption of modern portable equipment including
laptops, smartphones, and smartwatches. Until fairly recently,
hole mobility in a Ge quantum well (QW) was limited to
around 120000cm? V™ 's™! at low-temperatures. However,
recent developments in epitaxial growth by reduced pressure
chemical vapour deposition (RP-CVD) have allowed growth
of strained Ge QW heterostructures with a 2D hole gas 2DHG
mobility in excess of 1x 10° cm?/V s. Strained Ge QW
grown by RP-CVD exhibit both interesting physical phenom-
ena (Rashba spin-orbit splitting®'! and Fractional Quantum
Hall effect'?) and are also promising for device applications
due to their high room and low temperature mobility
[4500cm® V's™' (Refs. 13 and 14) and 1,500,000 cm?
Vg1 1524 respectively].

In this work, we investigate the low temperature magne-
totransport properties of a strained Ge QW modulation
doped (MOD) heterostructure with no significant wafer tilt
(<0.1°). We utilise a Hall bar device geometry [Fig. 1(a)] to
provide a well-defined current direction, allowing us to study
the anisotropy of transport behaviour within the (001) plane
more accurately and without the assumptions required in pre-
vious methods and to improve our understanding of the
physical mechanism underlying the phenomenon.®

The heterostructure studied here was epitaxially grown
onto a standard orientation 100 mm diameter Si(001) sub-
strate by RP-CVD. It is one of many Ge QW epitaxial struc-
tures exhibiting such a phenomenon. First, a 2.1 um reverse
linearly graded SiGe buffer was grown, terminating at a
composition of Sij16Geggs. Onto this buffer, a 17nm Ge
QW was grown, followed by a 30nm Sij sGepgs spacer

© Author(s) 2017.
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FIG. 1. (a) Schematic of the Hall bar device used, showing the composition of the heterostructure. (b) (001) plane of the wafer, illustrating the (110) and (100)
directions. (c) Optical images of the Ge heterostructure Hall bars showing cross hatching from epitaxial growth. This pattern is aligned to the (110) directions.

layer, a 12nm Sip6Geg g4 remote modulation doping layer
with ~2 x 10" cm ™ of Boron, a 35 nm Sip 16Geg g4layer, and
finally a ~2nm Si cap. This modulation doped structure
results in a (hole) carrier density of 2.7 x 10" em 2 at low
temperatures, where all other layers freeze out and transport
is entirely within the QW region where a 2DHG is formed.

In order to study the electrical properties of the hetero-
structure, a set of Hall bar devices was fabricated, with the
current flow direction aligned with the (110) and (100) crys-
tallographic directions on the wafer. The layer structure of
the heterostructure is illustrated in Fig. 1(a). Figure 1(b)
illustrates the orientation of the devices measured with
respect to the full 100 mm wafer (not to scale). Figure 1(c)
shows optical images of the central portion of the Hall bars
for two orientations ((110) and (100)). Clear cross-hatching
patterns can be seen, which develop during the epitaxial
growth process of the strain relaxed graded SiGe buffer and
are aligned to the (110) crystallographic axes. This serves to
highlight the accurate alignment of the current path in the
Hall bar with the wafer axes.

The electrical properties of the heterostructure were
measured at temperatures between 0.3K and 20K using a
Heliox closed cycle *He cryostat from Oxford Instruments
with a superconducting magnet. The sheet carrier density
falls to a constant 2.7 x 10" cm ™2 at temperatures below
~50K, consistent with transport in a 2DHG formed in the
QW region, as all other layers freeze out. The Hall mobility
rises to a maximum of 1288000cm?® V™ 's™' at ~0.3K for
the Hall bar aligned with the (110) direction. The carrier
density is isotropic, as highlighted in Fig. 2 which shows the
Hall resistance up to 0.4 T. However, the mobility exhibits
anisotropy, falling to 1 160000cm® V~'s™' along the (100)
direction, a change of 10%. Device to device variability in
mobility, measured across the 80% 100 mm wafer, is less
than 0.5%. This is because the epilayer thickness uniformity
and Ge content variation across our 100/150/200 mm diame-
ter Ge QW heterostructure wafers are less than 2% and
0.1%, respectively. Variation across a few mmz, within
which the researched Hall bars were fabricated, is undetect-
able by HR-XRD (High Resolution X-ray diffraction),
XTEM, SIMS, and AFM techniques.

In order to understand the physical origins of this
2DHG, anisotropy Shubnikov-de Haas oscillations were
measured at low temperatures and the temperature depen-
dence of these oscillations was used to determine the hole
effective mass m* in the QW and the Dingle ratio relating
the carrier transport lifetime to the quantum lifetime. We
look for any anisotropy in these parameters as a potential
explanation for the observed mobility anisotropy. Figure 3
shows magnetoresistance curves for the (a) (110) and (b)
(100) directions at three temperatures between 0.33 and
0.7K. A clear anisotropy in damping is visible between the
two orientations when measured at the same temperature.
Shubnikov-de Haas oscillations in the magnetoresistance of
a 2DHG are described by the <equ21tionl6’17

Ap,.(B) Acos (2nEpm*> . m* o v
= _— X —_
TieB P eBt, ) sinh(y)’

where Ep is the Fermi energy, o is the Dingle ratio (-, where
q

1
pul0) M

7, is the transport scattering time and 7, is the quantum scat-

tering time), and = . It therefore follows that, when
considering changes in damping at a constant temperature,
this may occur from changes in the effective mass, the
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FIG. 2. Hall resistance for two orientations at 330 mK demonstrating that
the carrier density is isotropic.
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FIG. 3. Low temperature magnetoresistance curves for the two crystallo-
graphic orientations (a) (110) and (b) (100), plotted on the same vertical
scale to highlight the difference in damping (due to effective mass and scat-
tering parameters).

transport lifetime, the Fermi energy, or the quantum lifetime.
As the carrier density is constant, we know that the Fermi
energy is also constant, leaving the other three parameters as
potential origins of the change in damping.

The effective mass and Dingle ratio may be determined
by an iterative solution of Eq. (1), using the temperature
dependence of the peak amplitudes of the Shubnikov-de
Haas oscillations. This procedure is described in detail else-
where.'® Oscillations in the field range up to 0.4 T at temper-
atures between 0.3 and 2K were used for the analysis. The
peak amplitudes are plotted in Fig. 4, after transformation
into the quantities that may be used for solution of Eq. (1).
The iterative procedure yields an effective mass of 0.055mg
*+ 0.005 for the (110) direction and 0.035mg = 0.005 for the
(100) direction, and a Dingle ratio of 60 and 70 for the (110)
and (100) directions respectively. These values are much
lower than previously observed in other studies on lower
mobility Ge QW structures (typically 0.065 mg and above).
From these values, we may then calculate the transport life-
time (40.3 ps and 23.1 ps), the mean free path (11.1 and
10.0 um), and the quantum lifetime (0.67 ps and 0.33 ps).
These key transport parameters are summarized in Table 1.
For each epi wafer, we performed measurements on large
number of Hall bars with surface orientation changing every
45°. As expected, anisotropy was observed only for Hall bars
orientated every 45°. In other words, there is no anisotropy
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for Hall bars orientated at 0°, 90°, 180°, etc. Three devices
were measured and fitted for each crystalline direction. The
error bars are substantially smaller compared to what is
observed as transport anisotropy across different crystal
directions.

To summarize the anisotropy between the (110) and
(100) directions, in the (110) direction, the transport lifetime
and quantum lifetime are larger by a factor of 2, the effective
mass is larger by a factor of 1.5, and the mean free path is
10% larger. Intuitively, we would expect carriers with a
lower effective mass to have a higher mobility, but the oppo-
site is seen here. This suggests that the intrinsic band struc-
ture of the quantum well is not the most important factor
when determining the transport properties and the scattering
length of carriers. We must therefore consider scattering
mechanisms as a potential origin of this anisotropy. As the
quantum lifetime is proportional to the sum of all scattering
probabilities at all angles, then a change in any scattering
mechanism at all will cause the quantum lifetime to vary.
However, the transport lifetime is a weighted sum by the
scattering angle, such that only large angle scattering events
contribute to this parameter.'® As both quantum and trans-
port lifetimes change, the dominant contribution to the
anisotropy is from large angle scattering. Potential large
angle scattering includes scattering from ionised impurities
inside the 2DHG layer or from the QW interface with the
spacer. The structure of the wafer is permeated with the
cross-hatching pattern visible on the surface in Fig. 1(c).
One potential origin of the anisotropy is therefore increased
interfacial scattering in the (100) direction due to carriers
intersecting with the cross-hatch at an angle of 45°.
However, the periodicity of the crosshatches is ~1-2 um,
but the mean free path along this direction is still substan-
tially longer (10 um). This leads us to the conclusion that the
morphology of the surface is not responsible for the observed
anisotropy. Alternatively, impurities within the quantum
well may be localised into the cross-hatch regions, causing
the degree of impurity scattering to vary with current direc-
tion. The Ge QW and SiGe spacer interface scattering is a
more likely candidate, given the long mean free path at low
temperatures (10 um) and the low density of unintentional
background impurities within the QW (less than 10" cm ™
for B and P defined by the detection limit of SIMS measure-
ments). However, it requires further research by high resolu-
tion transmission electron microscopy. It is worth noting at
this point that the overall dominant scattering mechanism in
the quantum transport regime is in fact remote impurity scat-
tering, as evidenced by the very large Dingle ratio (>60) in
both transport directions.'® > However, scattering of this
type (small angle) does not contribute to mobility anisotropy,
as discussed earlier. The anisotropy present is clearly observ-
able due to the large mobility in this QW structure, enhanced
by biaxial compressive strain. Indeed, the difference in
mobility between the two directions is comparable to the
highest mobility observed in this system up until only three
years ago. It would appear that strain enhances the anisot-
ropy, and if this is the case, then future experiments with
varying the strain in the Ge QW ought to provide evidence
to support our current explanations and predictions.
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TABLE I. Material parameters at a temperature of 0.3 K in two orientations, determined from magnetotransport measurements. The error bars are substantially
smaller compared to what is observed as transport anisotropy across different crystal directions.

Crystallographic ~ Sheet resistivity Mobility Carrier density ~ Effective mass Dingle Transport Quantum Mean free
orientation (Q/sq.) (cm?/V s) (10" em™2) (mg) ratio lifetime (ps) lifetime (ps) path (um)
(110) 18.0 £ 0.1 1288000 = 10000 27 *+0.1 0.055 £ 0.005 60 £ 1 403 £ 0.1 0.67 = 0.01 11.1 £0.1
(100) 20.0 = 0.1 1160000 = 10000 27 *+0.1 0.035 £ 0.005 70 =1 23.1 0.1 0.33 = 0.01 10.0 = 0.1

In summary, the 2DHG carrier density in biaxial
strained Ge QW is isotropic at low temperatures, whereas
the resistivity of the quantum well exhibits anisotropy. This
arises from a 10% increase in hole mobility under a rotation
of 45° in the (001) plane from a (100) to a (110) direction.
Transport and quantum carrier lifetimes increase by a factor
of approximately 2. The effective mass also exhibits anisot-
ropy. However, the direction of the lowest effective mass
does not correspond to the highest mobility as is usually
assumed. This suggests that the dominant mechanism deter-
mining the carrier mobility is scattering from interfaces,
impurities, or acoustic phonons and not the intrinsic band
structure due to carrier interactions with the lattice. This
finding has implications for a very large variety of not only
existing, but also future device applications utilising techno-
logically relevant and emerging materials such as SiGe, SiC,
GeSn, GeSnSi, and C (Diamond). These findings suggest
that electronic device orientation should be carefully chosen
to maximise carrier mobility and all dependent device
parameters, to increase the uniformity and yield of device
arrays or design a new device architecture based on observed
anisotropy. These findings also highlight the importance of
utilising a device geometry with a well-defined current orien-
tation, i.e., Hall-bar. This is relevant not only for industrial
applications, but also for basic materials research where a
van der Pauw geometry is commonly used to measure carrier
mobility of new materials or structures due to simplicity of

device fabrication. We clearly demonstrate the importance
of using a Hall bar device geometry for such fundamental
measurements. We expect this anisotropy to also be present
in 3D bulk materials, but quantification of the effective mass
anisotropy is not possible without quantum transport behav-
iour being present. We would also expect these effects to be
enhanced in 1D structures, due to the quantum confinement
along a single crystallographic direction and existence of
uniaxial strain.

This work was supported by the EPSRC funded
Spintronic device physics in Si/Ge Heterostructures, EP/
J003263/1 project.
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