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Hall mobility enhancement caused by annealing of
Si0.2Ge0.8 ÕSi0.7Ge0.3 ÕSi„001… p-type
modulation-doped heterostructures

M. Myronov,a) P. J. Phillips, T. E. Whall, and E. H. C. Parker
Department of Physics, University of Warwick, Coventry CV4 7AL, United Kingdom

~Received 1 February 2002; accepted for publication 26 March 2002!

The effect of post-growth furnace thermal annealing~FTA! on the Hall mobility and sheet carrier
density measured at 9–300 K in the Si0.2Ge0.8/Si0.7Ge0.3/Si(001) p-type modulation-doped
heterostructures was studied. FTA treatments in the temperature range of 600–900 °C for 30 min
were performed on similar heterostructures but with two Si0.2Ge0.8 channel thicknesses. The
annealing at 600 °C is seen to have a negligible effect on the Hall mobility as well as on the sheet
carrier density. Increases in the annealing temperature resulted in pronounced successive increases
of the mobility. For both samples the maximum Hall mobility was observed after FTA at 750 °C.
Further increases of the annealing temperature resulted in a decrease in mobility. The sheet carrier
density showed the opposite behavior with an increase in annealing temperature. The mechanism
causing this behavior is discussed. Structural characterization of as-grown and annealed samples
was done by cross-sectional transmission electron microscopy. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1478779#
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The growth of Si12xGex epilayers with high Ge content
(x.0.5) on a Si~001! substrate by molecular beam epita
~MBE! is of great interest both for device applications a
for fundamental research.1,2 The main problem in growing a
Si12xGex alloy on a Si~001! substrate is lattice mismatch
which increases from 0% to 4.2% asx is varied from 0 to 1.
The largerx becomes, the thinner the Si12xGex channel has
to be grown in order to prevent the appearance of roughn
and misfit dislocations from relaxation of strain. One po
sible way in which to obtain Ge compositionsx.0.5, while
retaining strain in the Si12xGex layer, is to use a relaxed
Si12yGey substrate with a bulk lattice constant. This allow
strained Si, Ge or Si12xGex to be grown on an underlying
Si~001! wafer. This kind of substrate is termed a virtual su
strate~VS! and the whole structure is called a metamorp
heterostructure. In this letter we report the effect of po
growth furnace thermal annealing~FTA! on the Hall mobility
and sheet carrier density, measured in the range of 9–30
in Si0.2Ge0.8/Si0.7Ge0.3/Si(001) p-type modulation-doped
~MOD! heterostructures with two Si0.2Ge0.8 channel thick-
nesses. This is an extremely interesting approach becaus
FTA temperature range of 600–900 °C is widely used dur
the fabrication of Si and SiGe based metal–oxid
semiconductor field effect transistor~MOSFET! devices.

The Si0.2Ge0.8/Si0.7Ge0.3/Si(001) p-type MOD hetero-
structures were grown on a Si~001! substrate by solid-sourc
molecular beam epitaxy~SS-MBE! in a commercial VG
Semicon V90S UHV system. The substrates were rota
during growth to ensure temperature and growth rate uni
mity across the wafer. When growing high Ge conte
Si12xGex epilayers by SS-MBE it is advantageous to use l
growth temperatures to kinetically suppress surface segr
tion, which smears the Ge profile, and also to suppress

a!Electronic mail: m.myronov@warwick.ac.uk
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face diffusion that can produce roughness on the surface
relief of strain energy. The Si0.2Ge0.8 channel was grown a
Tg5300 °C on a quite thin~850 nm thick! virtual substrate
involving a low-temperature (Tg5390 °C) Si buffer.3,4 The
top layers of the VS were relaxed with respect to the latt
constant of the Si0.7Ge0.3 bulk alloy. The active layers of a
MOD heterostructure were similar in each sample and c
sisted of an undoped channel for mobile carriers~in this case
holes!, a 7 nmthick undoped spacer layer that separates
ionized dopants from the channel and a 10 nm thick bo
doping layer with a doping level of 231018 cm23. The het-
erointerface is located between the channel and the sp
and it separates the two regions energetically. The Si0.2Ge0.8

channel thickness in sample A is 10 nm and in sample B
14 nm. Annealing was performed after growth at tempe
tures of 600, 700, 750, 800 and 900 °C for 30 min in flowi
N2 ambient.

In order to determine the structural integrity, interfa
quality and layers thickness cross-sectional transmiss
electron microscopy~XTEM! analysis was done on as-grow
and after FTA samples. XTEM images of the surface reg
of sample A as-grown and after FTA at 750 °C are presen
in Fig. 1. The Si0.2Ge0.8 channel is clearly visible as a strip
of dark contrast between Si0.7Ge0.3 layers @Fig. 1~a!#. This
region is dislocation free. Relatively short- and long-ran
Si0.2Ge0.8 channel roughness was observed. The long-ra
roughness of the bottom and top Si0.2Ge0.8 channel interfaces
is characterized by an average height ofD524 nm in the
growth direction and the correlation length ofL5360 nm in
the plane is mainly caused by nonoptimum growth con
tions of the Si0.7Ge0.3 VS. The short-range roughness of th
top Si0.2Ge0.8 channel interface characterized byD52 nm
and L548 nm is mainly caused by nonoptimum grow
temperatures of the Si0.2Ge0.8 channel. The average thicknes
of the Si0.2Ge0.8 channel is around 11 nm.
7 © 2002 American Institute of Physics
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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After FTA at 750 °C for 30 min significant changes we
observed in the Si0.2Ge0.8 channel region, as shown in Fig
1~b!. Broadening of the Si0.2Ge0.8 channel was observed, ac
companied by smearing of the bottom and t
Si0.2Ge0.8/Si0.7Ge0.3 interfaces. A reduction in the short-rang
roughness of the Si0.2Ge0.8/Si0.7Ge0.3 top interface was also
observed@Fig. 1~b!#. The average thickness of the Si0.2Ge0.8

channel increased to 13 nm. The broadening of the Si0.2Ge0.8

channel was due to Ge diffusion during thermal annea
from the region with high Ge concentration~the Si0.2Ge0.8

channel! to the region with low Ge concentration~the
Si0.7Ge0.3 layers!. Consequently the Ge composition in th
Si0.2Ge0.8 channel after FTA at 750 °C for 30 min decrease

The Hall mobilities and sheet carrier densities of t
as-grown and annealed samples were obtained by a co
nation of resistivity and Hall effect measurements in the te
perature range of 9–300 K. The data were obtained in
dark beginning at low temperature. Samples were fabrica
in mesa-etched Greek cross geometry for van der Pauw m
surements. Ohmic contacts were formed by evaporating A
the corners of the 434 mm2 samples and alloying them a
420 °C for 20 min in flowing N2 ambient.

The 9–300 K temperature dependences of the Hall m
bility and sheet carrier density for samples A as-grown a
after FTA at 600, 700, 750, 800 and 900 °C for 30 min a
presented in Fig. 2. The Hall mobility of two-dimension
hole gas~2DHG! ~at the sheet carrier density! that formed in
the Si0.2Ge0.8 channel of the as-grown sample measured a
K is 624 cm2 V21 s21 (1.3731012 cm22). The Hall mobility
~at the sheet carrier density! for the as-grown sample mea
sured at 293 K is 170 cm2 V21 s21 (2.631012 cm22). The
annealing at 600 °C is seen to have a negligible effect on
Hall mobility as well on the sheet carrier density. Increas
the annealing temperature results in pronounced succe
increases of Hall mobility. The highest Hall mobility at 9 an
293 K was observed after annealing at 750 °C for 30 m
The values are 1680 (1.2731012 cm22) and 512
cm2 V21 s21 (2.1131012 cm22) at 9 and 293 K, respectively
A further increase in the annealing temperature up to 900
results in a decrease of Hall mobility. For the sheet car
density opposite behavior was observed.

The Hall mobility of 2DHG~at the sheet carrier density!
that formed in the Si0.2Ge0.8 channel of as-grown sample
measured at 9 K is 297 cm2 V21 s21 (1.431012 cm22). The
Hall mobility ~at the sheet carrier density! for the as-grown

FIG. 1. XTEM images of the Si0.2Ge0.8 channel region for as-grown Samp
A ~a! and after FTA at 750 °C for 30 min~b!.
Downloaded 06 Jul 2009 to 137.205.202.8. Redistribution subject to AIP
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sample B measured at 293 K is 98 cm2 V21 s21 (3.28
31012 cm22). The lower values of Hall mobility observe
in sample B might be explained by the critical thickness
the 14 nm Si0.2Ge0.8 channel that was exceeded and con
quently by a stronger influence of the Si0.2Ge0.8-channel/
Si0.7Ge0.3-spacer interface roughness scattering on hole m
bility due to a partially relaxed Si0.2Ge0.8 channel. A similar
FTA effect on Hall mobility and sheet carrier density w
observed for sample B. The highest Hall mobilities at 9 a
293 K were observed after annealing at 750 °C for 30 m
The values are 938 (9.8631011 cm22) and 153 cm2 V21 s21

(3.1131012 cm22) at 9 and 293 K, respectively.
Similar FTA effects on the Hall mobility and sheet ca

rier density measured at 9 and 293 K~Fig. 3! were observed
in both samples. Annealing at 600 °C is seen to have a n
ligible effect on the Hall mobility as well as on sheet carri
density. Increasing the annealing temperature results in
nounced successive increases of the mobility. For b
samples the maximum Hall mobility was observed after F
at 750 °C. A further increase of the annealing temperat
results in a decrease of the mobility. The sheet carrier den
displayed opposite behavior with an increase in annea
temperature.

A tentative explanation for the above mentioned resu
is as follows. The decrease in the sheet carrier density
found to be consistent with the decrease in hole transfer f
the B doped region to the Si0.2Ge0.8 channel due to Ge dif-
fusion in the buffer/channel/spacer region during FTA, whi

FIG. 2. Temperature dependence of the Hall mobility and sheet ca
density for as-grown sample A and after FTA at 600, 700, 750, 800
900 °C for 30 min.
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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resulted in a decrease in Ge concentration in the channe
as consequence the valence band offset decreased. Thi
confirmed by numerical solution of a one-dimensional~1D!
Poisson–Schro¨dinger simulation. As the Si0.7Ge0.3 spacer
width is decreased, due to B diffusion from the B dop
Si0.7Ge0.3 layer and Ge diffusion from the Si0.2Ge0.8 channel
~due to higher Ge content in the channel! carrier transfer
from the B doped region increased. Consequently the s
carrier density increased. The observed decrease in shee
rier density with an increase of the FTA temperature~Fig. 3!
corresponds to a case where the effect of a reduction of
valence band offset is dominant. The minimum in the sh
carrier density as a function of the FTA temperature cor
sponds to a case where the effect of the reduced Si0.7Ge0.3

spacer width becomes balanced by the effect of the reduc
in the valence band offset. Finally, increases in the sh
carrier density with further increases of the FTA temperat
correspond to a case where the effect of reduced Si0.7Ge0.3

spacer width becomes more important than the reductio
valence band offset.

FIG. 3. FTA effect on the Hall mobility and sheet carrier density measu
at 9 and 293 K for samples A and B.
Downloaded 06 Jul 2009 to 137.205.202.8. Redistribution subject to AIP
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The low Hall mobility observed in as-grown sample
might be explained by the effect of short-range interfa
roughness scattering due to nonoptimum growth conditio
remote and background impurity scattering, and point
fects that appear at low growth temperature because o
duced surface adatom mobility.5 As was mentioned earlie
annealing causes Ge diffusion in the buffer/channel/spa
region, resulting in a decrease in Ge concentration in
channel and consequently an increase in width of
Si12xGex channel (x,0.8). In addition, the point defects ar
annihilated during annealing. The observed increase of H
mobility after FTA~Fig. 3! can be attributed to the reductio
of interface roughness scattering due to smearing of
channel/spacer interface and broadening of the Si12xGex

channel widthL due to Ge diffusion becausem IR}L6.6,7 The
mobility will increase until the effects of remote impurit
scattering and alloy scattering begin to dominate. The mo
ity might be reduced due to a decrease in spacer thicknesLs

becausem IR}Ls
3 ~Refs. 6 and 7! and a decrease in the G

composition x in the Si12xGex channel (mAL}@L/x(1
2x)#) ~Refs. 6 and 7!.

In summary, a strong FTA effect on the Hall mobilit
and sheet carrier density measured in the range of 9–30
was observed in Si0.2Ge0.8/Si0.7Ge0.3/Si(001) p-type MOD
heterostructures. Pronounced increases of Hall mobility
curred after FTA at 700 and 750 °C with a maximum
750 °C followed by decreases of the mobility after FTA
800 and 900 °C. The sheet carrier density showed oppo
behavior with an increase in the annealing temperature
comparison with annealing experiments performed on S
MOD heterostructures withp-type Ge strained channels8

where the Hall mobility decreases even after annealing
600 °C for 30 min, the heterostructures with Si0.2Ge0.8 chan-
nels show better thermal stability that make them more co
patible for fabrication of SiGe MODFET and MOSFET d
vices using existing Si MOSFET technology.
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