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We performed systematic low-temperature (T⫽350 mK–15 K兲 magnetotransport measurements on
the two-dimensional hole gas with various sheet carrier densities P s ⫽(0.57– 2.1)⫻1012 cm⫺2
formed in the strained Ge channel modulation-doped 共MOD兲 SiGe heterostructures grown on Si
substrates. It was found that the effective hole mass deduced by temperature dependent Shubnikov–
de Hass oscillations increased monotonically from (0.087⫾0.05)m 0 to (0.19⫾0.01)m 0 with the
increase of P s , showing large band nonparabolicity in strained Ge. In contrast to this result, the
increase of the mobility with increasing P s 共up to 29 000 cm2 /V s) was observed, suggesting that
Coulomb scattering played a dominant role in the transport of the Ge channel at low temperatures.
In addition, the Dingle ratio of the transport time to the quantum lifetime was found to increase with
increasing P s , which was attributed to the increase of remote impurity scattering with the increase
of the doping concentration in MOD SiGe layers. © 2003 American Institute of Physics.
关DOI: 10.1063/1.1558895兴

The enhancement of carrier mobility is one of the most
attractive features concerning the band engineering based
upon SiGe heterostructures and it is expected to open the
way to surpassing the limit of conventional Si metal–oxide–
semiconductor field-effect transistors 共MOSFETs兲. Especially, the enhancement of hole mobility in Si-based materials is very attractive because the p-type device limits the
performance of complementary MOS type circuits due to its
lower mobility. Among various types of SiGe heterostuctures
designed to increase the hole mobility, the strained Ge channel modulation-doped 共MOD兲 structure has provided the
highest mobilities at both low temperature 共87 000 cm2 /V s
at 4.2 K兲1 deduced by standard Hall measurement and room
temperature 共3000 cm2 /V s) 1,2 extracted from mobility spectrum technique.3 This mobility increase comes from the fact
that the effective hole mass decreases with increasing Ge
content and the alloy scattering dominating transport in SiGe
alloys does not exist in the pure-Ge channel. By utilizing this
ultrahigh mobility structure, the strained Ge channel
MOSFET with the effective hole mobility of 2700 cm2 /V s at
room temperature was demonstrated recently.4 The basic
transport properties of two-dimensional hole gas 共2DHG兲 in
a兲
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the strained Ge channel, however, have not been systematically studied so far. Not only the carrier density dependence
of the effective hole mass but also that of the mobility itself
has not been well investigated yet. This is partly because the
fabrication of the strained Ge channel structures with high
quality Si1⫺x Gex strain relaxed buffer layers is very difficult
for high Ge content (x⬎0.6). To overcome this problem, we
developed the so-called low-temperature buffer technique
and demonstrated that very high quality strained Ge channel
MOD structures could be grown on Si substrates.5,6 By using
these samples, we can perform the systematic magnetotransport measurements on 2DHG in the strained Ge channel
MOD structures and clarify the carrier density dependence of
the effective hole mass, mobility, and the Dingle ratio of the
transport time to the quantum lifetime.
All samples were grown on n-type 共5–10 ⍀ cm兲, 共100兲oriented Si substrates by solid-source molecular-beam epitaxy. To obtain high quality Si0.3Ge0.7 strain relaxed buffer
layers, we utilized a two-step low-temperature 共LT兲 buffer
technique, where 500 nm Si0.7Ge0.3 layers were grown on 50
nm LT–Si layers followed by 500 nm Si0.3Ge0.7 layers grown
on 50 nm LT–Si0.7Ge0.3 layers. The details of the growth
conditions were reported elsewhere.6 The active areas grown
on Si0.3Ge0.7 buffer layers consisted of 10 nm B-doped layers
beneath and/or above the channel, 10 or 20 nm spacer layers,
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FIG. 2. Effective hole mass as a function of P s . Filled symbols indicate the
values obtained in this work 共䊉: d ch⫽7.5 nm, 䉱: d ch⫽20 nm兲 and open
ones are from Ref. 8 共䊊: d ch⫽20 nm兲 and Ref. 1 共䉭: d ch⫽20–25 nm兲. Only
the values from Ref. 8 are obtained by cyclotron resonance.

FIG. 1. 共a兲 Magnetic field dependence of longitudinal resistance at 0.35 K
for the sample with d ch and d sp of 20 nm. 共b兲 Magnetic field dependence of
longitudinal resistance at various temperatures for the same sample as that
for 共a兲. Here, the longitudinal resistance is normalized to that at B⫽0 and
the nonoscillatory background magnetoresistance is subtracted out.

7.5 or 20 nm Ge channels, and 40 nm Si0.7Ge0.3 and 3 nm Si
capping layers. The channel thickness (d ch) of 7.5 and 20 nm
gave rise to the highest low- and room-temperature mobility,
respectively.6 To change the sheet carrier density ( P s ), the
nominal doping concentration was varied from 5⫻1017 to
2.0⫻1018 cm⫺3 . Hall bars have been processed by optical
lithography and conventional wet etching techniques. Ohmic
contacts were made by AuGa deposition. Magnetotransport
measurements were carried out by using standard low frequency ( f ⫽13 Hz兲 ac look-in amplifiers technique in the
temperature range of 350 mK–15 K with magnetic fields up
to 11 T.
Figure 1共a兲 shows the magnetic field (B) dependence of
longitudinal resistance (R xx ) at 350 mK for the sample with
d ch and spacer layer thickness (d sp) of 20 nm. It is noted that
this sample has the highest room-temperature mobility2 as
high as 2940 cm2 /V s which is much higher than that of bulk
Ge 共1900 cm2 /V s). Well-resolved Shubnikov–de Hass
共SdH兲 oscillations can be seen, confirming the existence of
2DHG and good crystal quality of the strained Ge channel.
The single periodicity of R xx in 1/B below B⬍4 T indicates
that the only lowest heavy hole subband is occupied. The
lifting of the degeneracy of the light and heavy hole bands is
caused by the compressive strain in the Ge channel. The
sheet carrier density, P s , obtained from this periodicity is
5.7⫻1011 cm⫺2 . Peak splitting caused by the Zeeman effect
was clearly observed above B⬎6 T. Figure 1共b兲 shows the
temperature dependence of SdH oscillations (B⬍4 T兲 up to
15 K for the same sample as that of Fig. 1共a兲. Here, R xx is

normalized to the resistance at B⫽0 (R 0 ) and the negative
nonoscillatory background magnetoresistance is subtracted
out. The thermal damping of the SdH oscillations enable us
to determine the effective mass7,8 and it was deduced to be
(0.087⫾0.005)m 0 where m 0 is free electron mass. This
value is much smaller than unstrained bulk Ge heavy hole
mass (0.28 m 0 ), which clearly indicates the effect of strain
on decreasing hole mass. This extremely reduced effective
hole mass can be a main reason for ultrahigh roomtemperature mobility reported so far.2 Of course, band splitting between light and heavy hole bands which decreases
interband scattering may also contribute to the increase of
mobility.
Since it was considered that the effective hole mass
strongly depends on P s because of the band nonparabolicity
in the valence band structure, we prepared a series of
samples having various P s . The samples with P s higher than
1.3⫻1012 cm⫺2 had two MOD SiGe layers beneath and
above the channel while the others had the MOD layer only
beneath the channel. We observed single periodicity of SdH
oscillations in all samples, confirming that the second subband occupation did not occur in these samples. The obtained effective hole mass deduced from the temperature dependent SdH oscillations is shown as a function of P s in Fig.
2. The values reported by Nützel et al.9 共from cyclotron resonance, d ch⫽20 nm兲 and Känel et al.1 共from SdH oscillations,
d ch⫽20–25 nm兲 are also plotted in this figure. It is seen that
the effective hole mass monotonically increases up to (0.19
⫾0.01)m 0 at P s of 2.1⫻1012 cm⫺2 with increasing P s ,
which is a direct evidence of large nonparabolicity in the
valence band structure of strained Ge. Meanwhile, there is no
significant d ch dependence of the effective hole mass.
In Fig. 3 we show the P s dependence of the mobility at
8 K obtained by Hall measurements for samples with d ch of
7.5 or 20 nm and d sp of 10 nm. Although the effective hole
mass increased with increasing P s , the Hall mobility was
seen to increase with increasing P s in both series of samples
with different d ch . It reached the maximum value of 29 000
cm2 /V s at 2.1⫻1012 cm⫺2 in the sample with d ch of 7.5
nm. The increase of the mobility with the increase of P s can
be explained in terms of the increased screening effect on
Coulomb scattering, suggesting that the scattering due to ion-
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FIG. 3. Hall mobility as a function of P s at 8 K in samples with d ch of 7.5
共䊉兲 or 20 nm 共䉱兲 and d sp of 10 nm.

ized background impurities and/or remote impurities in
MOD layers plays a dominant role at low temperatures in the
present samples and that the screening effect overcomes the
effect of the increase of the effective hole mass. This result is
in contrast to the report of Madhavi et al.10 that only interface roughness scattering limits the low temperature mobility. The reason for smaller mobility of wider channel 共20 nm兲
samples in the entire range of P s is that there are additional
scattering mechanisms in these samples. Partial strain relaxation of the Ge channel6 is one of possible mechanisms and
it may cause surface roughening, strain fluctuations and formation of misfit dislocations.
Figure 4 shows the P s dependence of the ratio ␣ of the
transport time to the quantum lifetime which was deduced
from Dingle plots of SdH oscillations.8 It is known that ␣
becomes close to unity when large angle scattering such as
interface roughness scattering and background impurity scattering are dominant while it becomes 10 or significantly
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larger when such small angle scattering as remote impurity
scattering is dominant.11 In the present case, ␣ is around 5
and increases slightly with increasing P s up to 1.1
⫻1012 cm⫺2 but it increases drastically to around 15 when
P s increases to 2.1⫻1012 cm⫺2 . This means that the background impurity scattering is screened by the increased P s
and finally the remote impurity scattering becomes dominant, which is consistent with the earlier conclusion that the
impurity scattering dominates the transport of the Ge channels at low temperatures. The extremely small ␣, 1.5, of the
sample with d ch of 20 nm may be attributed to the additional
scattering arising from the strain relaxation of the Ge channel
as mentioned earlier.
In summary, we have measured P s dependence of the
low temperature hole mobility and the effective hole mass in
the strained Ge channel MOD structures and found that the
effective hole mass monotonically increased from (0.087
⫾0.05)m 0 to (0.19⫾0.01)m 0 with increasing P s from 5.7
⫻1011 to 2.1⫻1012 cm⫺2 while the mobility also increased
with the increase of P s . The Dingle ratio ␣ of the transport
time to the quantum lifetime was obtained from SdH measurements and found to increase up to around 15 with increasing P s . These results clearly indicate that Coulomb
scattering plays a dominant role in the strained Ge channels
at low temperatures and that the remote impurity scattering
increases with increasing doping concentration.
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FIG. 4. The ratio ␣ of the transport time to the quantum lifetime as a
function of P s in samples with d ch of 7.5 共䊉兲 or 20 nm 共䉱兲. Each point
corresponds to that in Fig. 2.
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