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We report on the low-temperature mobility in remotely dopedp-type strained Ge layers on relaxed
Si0.3Ge0.7 virtual substrates, grown by low-energy plasma-enhanced chemical vapor deposition. A
maximum mobility of 120 000 cm2 V21 s21 has been reached at 2 K, at a carrier sheet density of
8.531011 cm22. Analysis of the mobility and Dingle ratiot/tq as a function of sheet density
suggests that remote impurity scattering is the limiting factor at low sheet densities, but that
interface impurities become more important as the sheet density increases. ©2004 American
Institute of Physics.@DOI: 10.1063/1.1707223#
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The SiGe material system greatly extends the per
mance and versatility of Si-based semiconductors. In part
lar, compressively strained Ge channels can show h
p-type mobilities. A 4.2 K mobility of 87 000 cm2 V21 s21

~at 6.231011 cm22) has already been reported1 and room-
temperature mobilities of around 3000 cm2 V21 s21 have
been found using mobility spectrum analysis.1–3 Some of the
physical properties of holes in strained Ge have b
studied.4–7 Here, we analyze the sheet density dependenc
the mobility in high-mobility material.

p-type modulation-doped quantum well (p-MODQW)
samples were grown by low-energy plasma-enhanced ch
cal vapor deposition~LEPECVD!.8 Their basic structure is
shown in Fig. 1.~The structure of sample 6016 is detailed
Ref. 1. All others are identical apart from sample 674
which features a thinner cap.! The virtual substrate~VS! was
grown at 5 – 10 nm s21, using high rate plasma conditions1

at substrate temperatures from 740 °C falling to 500 °C w
increasing Ge content. The Ge fraction of the VS was
creased linearly from zero to 0.7 over 10mm, followed by a
2 mm Si0.3Ge0.7 constant composition layer. The active laye
were grown at 0.3 nm s21, using a plasma of reduced de
sity, at a substrate temperature of 450 °C. There was
growth interruption between the graded buffer and the ac
layers. The transition between high and low growth r
plasma conditions takes a few seconds.

For electrical characterization, the samples were clea
into squares of 333 to 535 mm2. The corners were con
tacted manually using In soldering to Au wire. Contact s
ranged from 0.2 to 0.4 mm. For electrical characterization
this van der Pauw geometry, a standard lock-in techni
was used with frequencies ranging from 20 to 40 Hz an
current of 100 nA. Heating effects were not detected at
current level.

Directly after soldering, the measured sheet density w
generally lower than that measured after letting the sam
rest at RT for several hours. At low-temperature, the sh
density was found to be stable over time. We assume tha
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heating during soldering causes modifications of the sam
surface, which relax only slowly at RT. This in turn caus
charge to be trapped at the surface, which changes the p
tion of the bands relative to the Fermi level and modula
the sheet density. Therefore, by temperature cycling betw
300 and 2 K, it was possible to obtain different sheet den
ties in the same sample.

Samples were measured at temperatures down to 2 K at
fields of up to 4 T. The effective massm* and Dingle ratio
a5t/tq ~wheret is the transport scattering time andtq is
the quantum scattering time! were determined from a fit o
the amplitude of the Shubnikov–de Haas~SdH! oscilla-
tions.9,10 To this end, SdH oscillations of two different va
der Pauw contact arrangements were measured sequen
and combined to obtain the sheet resistance.

Additionally, Hall bars were fabricated using standa
photolithography and wet chemical etching. Al contact pa
were deposited using e-beam evaporation. The Hall bar 6
was also measured following illumination with a green ligh
emitting diode. Mobilities and sheet densities were deriv
from the low-field Hall effect.

Mobility results are shown in Fig. 2. The general trend
that the mobility increases with sheet density. A maximum
120 000 cm2 V21 s21 was measured in sample 6745 at

FIG. 1. The basic structure. This figure applies directly to devices 67
6777, and 6843. The structure of sample 6016 is detailed in Ref. 1. 6
features a Si0.3Ge0.7 cap ~above the doping spikes! of only 10 nm.
8 © 2004 American Institute of Physics
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sheet density of 8.531011 cm22. Despite the fact that mos
of the samples were grown with nominally the same str
ture, there is a spread of sheet densities. This is due
memory effect of the growth system: impurities are intr
duced into the VS by redeposition from the chamber walls
this contamination is strong, then it will show up in the i
terface impurity scattering rate. Otherwise, it has the eff
of weak doping underneath the channel and does not sig
cantly change the scattering parameters.~A term could be
incorporated into the effective field, for example, but
would be small compared to the field from the intention
doping.!

The increase of mobility with respect to sheet density
a general signature of impurity scattering, from either int
face or remote impurities. Dingle ratios are shown in Fig.
Scattering from interface impurities or interface roughn

FIG. 2. Mobility at 2 K for p-MODQWs grown by LEPECVD. Different
sheet densities were induced in some samples@6747 ~n!, 6777 ~,!, 6843
~L!# by exploiting the effects of annealing on the pinning of surface sta
All other samples~h! are labeled individually. Open symbols are resu
from square samples, filled symbols are results from Hall bars.~The upper-
most point for the Hall bar 6843 followed illumination with a green ligh
emitting diode.! The solid line was calculated using the parameters in Ta
I ~with ni51.53109 cm22). The upper and lower dotted lines were calc
lated withni51.0 and 2.03109 cm22 instead.

FIG. 3. Dingle ratios at 2 K. Open symbols are results from square sam
filled symbols are results from Hall bars. The solid and dotted lines
calculated as in Fig. 2.
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gives a;1. The fact that our samples showa;5–10 sug-
gests the dominance of remote impurity scattering.

In order to shed more light onto the relative contributi
of different scattering mechanisms to the measured mobi
we use linear-transport theory neglecting multiple sc
tering.11 We consider low-temperature scattering from cor
lated remote impurities,12–14 interface or background im
purities,15 and interface roughness.15 The increase of
transport-direction effective massm* with sheet density is
taken into account,6 but the effective mass in the growt
directionmz is fixed at 0.19me .16 We treat screening accord
ing to the formulation of Kearney and Horrell15,17 sinceqs

;2kF at ps;231011 cm22 in strainedp-type Ge channels
No significant weak localization effects were seen in t
low-field magnetoresistance.

The solid lines in Figs. 2 and 3 were calculated using
parameters given in Table I~with ni51.53109 cm22). Re-
mote impurity scattering depends on the remote impu
densitynD , distanceS between ionized impurities and th
two-dimensional hole gas, and widthW over which dopants
are ionized. Interface impurity scattering depends only on
interface impurity densityni . Interface roughness scatterin
depends on the heightD and lengthL of the ~Gaussian!
roughness.

The upper and lower dotted lines were calculated w
ni51.0 and 2.03109 cm22, respectively. All the measure
mobilities are explained with the parameters in Table I. R
garding the Dingle ratios in Fig. 3, the form is correct~with
an increase ofa as ps increases!, but the calculations over
estimatea slightly at low ps . The Dingle ratios measured i
sample 6843 are generally underestimated by the calcula
In the case of large Dingle ratios, the measured value m
not be reliable due to inhomogeneities in the sh
density.9,12

Figure 4 shows the contributions of the various scatt
ing mechanisms. At low sheet densities,m is determined al-
most entirely by remote impurity scattering, withm}ps

1.6. If
these results were dominated by interface impurities inste
the behavior would be of the formm}ps

0.5 anda would be
;1.6 at most. Dingle ratios of;10 require not only that
remote impurity scattering be dominant, but also that
depletion widthW be relatively large so that the correlatio
length between dopants is large.13 The interface impurity
density of 1.53109 cm22 given in Table I is almost two
orders of magnitude lower than the values obtained
pseudomorphic Si0.8Ge0.2 channels grown by molecular
beam epitaxy.15,18

The interface roughness scattering parameters in
present samples must be somewhat smaller than reporte

s.

e

s,
e

TABLE I. The parameters which give the lines in Figs. 2, 3, and 4.nD , S,
andW relate to remote impurity scattering andni relates to local impurity
scattering. The values ofD and L can only be estimated since interfac
roughness scattering is not a strong feature.

Remote impurity densitynD 4.531012 cm22

Effective setbackS 14 nm
Depletion widthW 22 nm

Interface impurity densityni 1.560.53109 cm22

Roughness heightD 0.1 nm
Roughness lengthL 1.0 nm
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the SiGe system,5,18 since it does not significantly limit the
mobility. At the sheet densities covered in this work, t
roughness lengthL is much smaller than the Fermi wave
length, so that only the value of the productDL determines
the scattering rate.15 Therefore, the value of either paramet
alone cannot be estimated: results at higher sheet den
would be necessary, preferably from gated samples for wh
additional doping is not required.

In summary, mobilities inp-type strained Ge QWs hav
been analyzed using linear-transport theory. The mobility
limited only by scattering from remote impurities at lo
sheet density. The contribution of interface impurities b
comes more important as the sheet density increases. A

FIG. 4. The contribution of each scattering mechanism to the overall
bility m. At low sheet densities, remote impurity scattering is domina
interface impurity scattering becomes more important as sheet densit
creases. Interface roughness is unimportant, giving a scattering rate c
sponding tom.107 cm2 V21 s21.
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bility maximum at 2 K of 120 000 cm2 V21 s21 was mea-
sured in sample 6745 at a sheet density of 8.531011 cm22.
It is to be expected that the effects of interface impur
scattering will eventually be seen in gated samples, in wh
the sheet density can be further increased.
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