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Molecular beam epitaxy of Si12xGex alloys, using gaseous Si2H6 and solid Ge as sources, has been
studied over the entire composition range (0<x<1). From the measured growth rates as a
function of x, it is clear that the presence of Ge tends to decrease the Si incorporation rate. This
establishes growth via adatom migration to kink sites in a dissociative chemisorption
process. ©1995 American Institute of Physics.
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Coherently strained and relaxed Si12xGex /Si hetero-
structures have emerged as important materials for Si-ba
high-speed electronic and optoelectronic devices. Most
the epitaxy and application of Si12xGex have been done with
alloy compositionx,0.35. Very limited reports have bee
made on the growth and application of alloys with high G
fractions.1–4Theoretical studies5 clearly demonstrate that th
Ge-rich alloys provide improved carrier transport through t
removal of band edge degeneracies in both conduction
valence bands. Thus, the same advantages, as seen inp-type
modulation-doped field effect transistors~MODFETs! real-
ized with III-V-based materials~where the degeneracy in th
valence band is removed!, can be seen for electron- and hol
based devices with the SiGe system. Furthermore, it is
pected that a Ge-rich based region of ann-p-n heterojunction
bipolar transistor would improve the device performance.

High-quality SiGe alloys have been grown by a varie
of epitaxial techniques. These include low-pressure chem
vapor deposition~LPCVD!, molecular beam epitaxy~MBE!,
and gas-source MBE~GSMBE!. The later growth technique
using Si2H6 ~disilane! and GeH4 ~germane! provides several
advantages and has been demonstrated by us6 and Hirayama
et al.7 We have recently demonstrated excellent film qual
using Si2H6 and solid Ge as sources.

8 An important aspect of
the application of alloys with high Ge content is the unde
standing of the growth process of these alloys and the c
acterization of layer morphology, structural quality, an
growth kinetics. In this letter we report on these issues
lated to growth of Si12xGex over the entire composition
range (0<x<1) using Si2H6 and Ge as sources.

Growth of the Si12xGex layers on~100!-oriented Si sub-
strates was carried out in a three-chamber RIBER 32 m
lecular beam epitaxy~MBE! system with vacuum load locks
The growth chamber crysoshroud temperature was held c
stant at 77 K with liquid nitrogen and this chamber w
pumped by a turbopump during growth. A series of 1mm
thick undoped Si12xGex (0<x<1) layers were grown
using Si2H6 from a low temperature~200 °C! injector and
elemental Ge from a PBN crucible in a resistively heat
effusion cell. The growth process was monitored usingin
situ reflection high energy electron diffraction~RHEED! and

a!Electronic mail: pkb@eecs.umich.edu
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a ~231! surface reconstruction pattern was obtained an
maintained after removed of the substrate surface oxide
840 °C for 10 min. All the layers were grown at a substrate
temperature of 630 °C.

Two series of Si12xGex layers were grown. In the first,
the Ge content was varied by keeping the Ge cell temper
ture constant at 1120 °C and varying the Si2H6 flow rate,
with a mass-flow controller, in the range of 0 to 55 sccm. In
the second set of samples, the Ge content was varied
holding the Si2H6 flow rate constant at 14 sccm and varying
the Ge cell temperature in the range of 1000–1200 °C. Th
thickness of the layers was measured by scanning electr
microscopy~SEM! and independently confirmed by Ruther-
ford backscattering spectrometry~RBS!. There was good
agreement between the values obtained from both measu
ments. It may be noted that all the layers were strain relaxe
their thickness being larger than the critical thickness. Th
alloy composition was determined by double-crystal x-ray
measurements, using CuKa1 line, and was confirmed by
RBS measurements. Typical x-ray rocking curve data ar
shown in Fig. 1 for a Si0.17Ge0.83 layer. The surface morphol-
ogy of the layers did not have any special features.

The variation of alloy composition with change in
Si2H6 flow rate and Ge flux for the two growth techniques
described earlier are shown in Figs. 2~a! and 2~b!, respec-
tively. In the first the Ge cell temperature is held constant an

FIG. 1. The double-crystal x-ray rocking curve for relaxed Si0.17Ge0.83 alloy
grown on a Si substrate at a substrate temperature of 630 °C, Si2H6 flow rate
14 sccm, and Ge cell temperature 1200 °C.
855/3/$6.00 © 1995 American Institute of Physics
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in the second the Si2H6 flow rate is held constant. As ex
pected, the Ge content in the alloy increases with decreas
Si2H6 flow rate and with increase of Ge flux. Figures 3~a!
and 3~b! show the variation of growth rate with Ge content
the alloy for the two methods of growth. In the first cas
when the Ge cell temperature, or flux, is held constant,
growth rate monotonically decreases with Ge content in
alloy. However, when the composition is varied by varyin
the Ge flux, as shown in Fig. 3~b!, the growth rate first de-
creases and then increases sharply. It is important to note
growth rate data for alloys with high Ge content~x>0.4!
have not been hitherto reported.

The growth behavior indicated by Fig. 3~a! is easily un-
derstood. As the Si2H6 flow rate is decreased, the Ge conte
in the alloy increases, but the growth rate decreases. A s
lar trend has been observed as reported by Mokleret al.9

during growth of Si12xGex /Si from gaseous Si2H6 and
GeH4. The growth phenomenon represented by the data
Fig. 3~b! is more interesting. Here the Si2H6 flow rate is
maintained constant, and the different alloy compositions
obtained by varying the Ge flux. One would expect that
growth rate would monotonically increase with Ge compo
tion. However, it is noticed that the growth rate initially de
creases up tox50.5 and then increases. A curve-fittin
indicates that the measured data can be the sum of
curves, one decreasing slowly withx @shown in Fig. 3~b! by
the dashed line# and the other increasing withx @shown in
Fig. 3~b! by the dot-dashed line#. The latter represents th
increase of growth rate with increasing Ge flux. The fi

FIG. 2. Dependence of germanium content in Si12xGex alloys for the two
methods of growth:~a! the Ge cell temperature is held constant at 1120
and the Si2H6 flow rate is varied;~b! the Si2H6 flow rate is held constant at
14 sccm and the Ge cell temperature is varied. The squares are experim
data and the solid lines are a guide for the eye.
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curve, however, would suggest that there is actually a surfa
phenomenon that tends todecreasethe growth rate with in-
creasing Ge flux.

The decrease in Si incorporation rates as a result of
flux sheds light on important details of the incorporation pro
cess of Si from Si2H6. The growing surface of the epitaxial
layer has surface sites that are characterized by kink sites
nonkink sites. Kink sites correspond to sites that are at s
edges and whose bonding energy would be high. Nonki
sites are sites whose bonding energy is rather low, as sho
in Fig. 4. In principle, dissociative chemisorption can occu
at both kink and nonkink sites. However, for a molecule lik
Si2H6, dissociative chemisorption is more likely at kink sites
If the kink sites are near Si atoms, this dissociation will b
strongest. In the case of Ge, we expect that due to the wea
nature of the bonding, incorporation can occur at all surfa
sites. Also, due to the high migration rate of Ge atoms, th
will rapidly move towards the step edges and occupy t
kink sites. This would leave few available sites where Si ca
dissociate and thus results in a lower incorporation rate of
We expect the same phenomenon to occur in the growth
Si12xGex using Si2H6 and GeH4, since the Ge–H bond is
weaker than the Si–H bond, but should not occur for MB
using all solid sources. Indeed, up tox50.3, a decreasing
trend of the growth rate with increasing GeH4 flow rate has
been observed by us,6 Hirayamaet al.,7 and Robbinset al.10

If growth does not occur by a dissociative adsorption pr
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FIG. 3. Si12xGex layer growth rates as a function of germanium fraction fo
the two methods of growth:~a! the Ge cell temperature is held constant a
1120 °C and the Si2H6 flow rate is varied;~b! the Si2H6 flow rate is held
constant at 14 sccm and the Ge cell temperature is varied. The squares
experimental data and the solid lines are a guide for the eye. In~b!, the
dashed line indicates the decreasing curve, the dot-dashed line, the incr
ing curve.
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cess, but by thermal decomposition of source gases as
ultrahigh vacuum chemical vapor deposition~UHV/CVD!,
the growth rate will increase with increase of GeH4 flow
rate.11,12It is important to point out that at our relatively high
growth temperature of 630 °C, the effects of hydroge
coverage on the surface,13 and associated Ge segregation11

do not play any significant role in the observed growth ph
nomena.

FIG. 4. Illustration of epitaxial growth via adatom migration to kink sites i
a dissocative chemisorption process.
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In conclusion, we have demonstrated MBE growth of
high quality Si12xGex /Si alloys having composition in the
range 0<x<1 by using Si2H6 and elemental Ge as
sources. The data conclusively establish growth via adato
migration to kink sites in a dissociative chemisorption pro-
cess.
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