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Epitaxial metastable Ge 1ÀyCy „yÏ0.02… alloys grown on Ge „001…
from hyperthermal beams: C incorporation and lattice sites
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~Received 4 November 1999; accepted for publication 29 March 2000!

Epitaxial metastable Ge12yCy alloy layers withy<0.02 were grown on Ge~001! at temperatures
Ts5200– 550 °C using hyperthermal Ge and C beams with average energies of 16 and 24 eV,
respectively, in order to investigate C incorporation pathways in the Ge lattice. High-resolution
reciprocal lattice maps show that all as-deposited alloy layers are fully coherent with the substrate.
Layers grown atTs<350 °C are in compression due to higher C concentrations in interstitial than
in substitutional sites. The compressive strain decreases~i.e., the substitutional C concentration
increases! with increasingTs within this temperature range. At higher growth temperatures,
as-deposited alloys are nearly strain free since the majority of the incorporated C is trapped at
extended defects. Annealing the Ge12yCy layers atTa5450 and 550 °C leads to a significant
increase, proportional to the strain in the as-deposited films, in compressive strain. Further annealing
at Ta5650 °C results in the formation of dislocation loops which act as sinks for interstitial and
substitutional C atoms and thus relieves residual macroscopic strain. Finally, we show that the large
compressive strain associated with interstitial C atoms must be accounted for in order to determine
the total incorporated C fraction from diffraction analyses. ©2000 American Institute of Physics.
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I. INTRODUCTION

C-containing group-IV semiconductor alloys are of i
tense technological and scientific interest due to the pote
they offer for both band gap and strain-state engineering
layers used in microelectronic and optoelectronic devi
compatible with Si integrated circuit technology. Soref us
virtual-crystal linear extrapolations of theG, D, andL point
energies as a function of composition to predict that
strained Si12x2yGexCy alloys should have indirect band ga
energies tunable from 0.62 to 5.5 eV.1 Adding C to Si12xGex

alloy layers pseudomorphically grown on Si~001! rapidly re-
duces the compressive strain and leads to increased cr
thicknesses for the introduction of misfit dislocations. F
thermore, the addition of C to Si12xGex has been shown to
inhibit B diffusion in npnbipolar heterojunction transistors2

while pseudomorphic Si12yCy /Si~001! structures provide
sufficient conduction band offset to obtain well-defined tw
dimensional electron gases.3

There are, however, severe challenges associated
the growth of C-containing group-IV alloys. First, the equ
librium solubility of C in Si and Ge is limited to.1017 and

a!Author to whom correspondence should be addressed; electronic
darcy@uiuc.edu
960021-8979/2000/88(1)/96/9/$17.00

Downloaded 12 Oct 2005 to 132.204.95.76. Redistribution subject to AIP
ial
of
s

d

-

cal
-

-

ith

108 cm23, respectively.4 This argues for low temperatur
growth under highly kinetically constrained conditions
take advantage of the fact that surface solubilities are ord
of magnitude larger than bulk values,5 while simultaneously
inhibiting phase separation during deposition. Another o
stacle to be overcome is the extremely large lattice cons
mismatch between diamond (aC53.5668 Å! and the com-
mon group-IV semiconductors Si (aSi55.4310 Å! and
Ge(aGe55.6576 Å!. Moreover, C atoms, due to their ver
small covalent radii, tend to incorporate on nonsubstitutio
lattice sites in Si and Si12xGex and/or to form defect com-
plexes. The general trend observed during solid-source
lecular beam epitaxy~MBE! and chemical vapor depositio
~CVD! of Si12yCy /Si~001! and Si12x2yGexCy /Si~001! is
that substitutional C incorporation increases with decreas
growth temperatureTs and increasing growth rates.6 Com-
plete incorporation of C atoms into substitutional sites
Si12xCx and Ge12yCy alloys has been achieved only for lo
C concentrations and a very narrow window of growth co
ditions. The maximum reported substitutional C concent
tion, irrespective of the total C content, is 2.7 at. %
Si0.526Ge0.43C0.044/Si superlattice structures grown o
Si~001! by MBE at Ts5500– 600 °C.7 The y50.027 value,
however, was obtained from x-ray diffraction data witho
accounting for the strain induced by the nonsubstitutiona
il:
© 2000 American Institute of Physics
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and, hence, is probably incorrect, as discussed below.
In order to reduce the in-plane compressive strain

to controllably tailor the optoelectronic properties
Si12x2yGexCy alloys grown on Si, C must be incorporate
into substitutional sites. However, essentially nothing
known about detailed C incorporation mechanisms and p
ways in Si12x2yGexCy during epitaxial growth. The substi
tutional site is the most energetically favorable one for
incorporation in bulk Si,8 but C is simultaneously incorpo
rated into interstitial sites during Si12yCy film growth. The
most stable interstitial configuration for C in Si is a C–
split interstitial on a single substitutional lattice site.9 How-
ever, C in this configuration has an energy which is 3
higher than C on a substitutional site.8 Local-orbital quantum
molecular-dynamics calculations of the C-induced tetrago
strain in Si12xCx /Si~001! and Si12x2yGexCy /Si~001! alloys9

show that complete C incorporation into substitutional si
leads to the maximum possible tensile strain while films
compression are obtained when C is incorporated as S
split interstitials.

According to Windlet al.,9 the tensile strain induced b
substitutional C incorporation is almost a factor of two larg
than predicted by Vegard’s rule, yielding a strain compen
tion ratio, defined as the ratio of Ge to C atomic fractions
Si required to maintain the lattice constant of Si, of.15.9

The calculations of Windlet al.also clearly demonstrate tha
the strain induced by interstitial C is not negligible and m
even be comparable to the strain of substitutional C. The
fore, reported substitutional concentrations in Si12xCx and
Ge12yCy layers, which are typically estimated from XR
results alone, are incorrect.

C incorporation into Ge12yCy alloys has received les
attention than in Si12yCy alloys. Hoffman and co-workers10

used ion channeling and infrared absorption spectrosc
analyses to characterize Ge wafers implanted with12C1 and
13C1 ions at energies and doses chosen to provide a
formly doped 0.7-mm-thick region withy50.007. They ob-
served a Ge–C stretch mode at a frequency of 531 cm21,
consistent with predicted values obtained fromab initio local
density functional cluster theory calculations of the vib
tional mode frequencies of substitutional C in Ge, betwe
516 and 563 cm21.10 Analyses of channeling rocking curve
around thê 100&, ^110&, and^111& axes suggested that up
31%63% of the incorporated C was in substitutional site

Todd et al.11 reported the growth of Ge12yCy (y
50.015– 0.05) on Si~001! by ultrahigh-vacuum CVD, but
provided no evidence for substitutional C and did not addr
the strain state of the layers. XRD studies of MB
Ge12yCy /Si~001! layers grown at Ts5600 °C with
y50.01– 0.0312 revealed a weak forbidden 002 peak whi
suggests that some C may have been incorporated into
stitutional sites. However, the relaxed lattice constant de
mined from XRD analyses of a Ge0.97C0.03 sample was
5.6525 Å, much larger than the 5.5940 Å value predic
using Vegard’s rule. This indicates that either there is onl
very small fraction (y,0.0024) of incorporated C atoms on
site, and/or that part of the strain due to the substitutiona
is compensated by the presence of C in other sites suc
interstitials.
Downloaded 12 Oct 2005 to 132.204.95.76. Redistribution subject to AIP
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Lowering the growth temperature toTs5200 °C during
Ge12yCy /Si~001! MBE with y<0.1 ~Ref. 13! still only re-
sulted in a maximum substitutional C fraction of.0.01 as
determined from XRD, while Raman spectroscopy show
evidence of amorphous C~presumably at the surface an
decorating extended defects! in films with y>0.02. The au-
thors proposed that for growth conditions leading to a
content exceeding the total solubility limit for both substit
tional and interstitial C, an amorphous C layer forms on
surface, causing the growth front to become three dim
sional. With continued deposition, island coalescence p
duces extended defects. The use of Sn as a surfactant d
solid-source MBE Ge12yCy on Si~001! at Ts5500 °C was
shown to inhibit Stranski–Krastanov islanding, but did n
increase the C concentration incorporated into substitutio
sites abovey50.01.14

There are essentially no data for Ge12yCy growth on
Ge~001!. Yang et al.13 noted that Ge0.95C0.05 grows epitaxi-
ally on Ge~001! but yields highly defective layers with roug
113 faceted surfaces. The Raman local vibrational mode
substitutional C in Ge was identified as a narrow line at 5
cm21,15 consistent with the data of Hoffmanet al.10

In this article, we present initial results on the use
hyperthermal beams to grow metastable Ge12yCy(y<0.02)
alloys on Ge~001!. We find that the C atoms are incorporate
into one or more of three sites in the Ge crystal
substitutional, interstitial, and extended defects—with
distribution depending uponTs which was varied between
200 and 550 °C. All alloys, irrespective ofTs , are fully co-
herent with the substrate as judged by high-resolution x-
reciprocal lattice mapping~HR-RLM! and cross-section
transmission electron microscopy~XTEM! analyses. Films
grown atTs>450 °C are nearly strain free due to C incorp
ration into extended defects, whereas alloys deposited
lower temperature are in compression due to the concen
tion of C incorporated into nonsubstitutional sites exceed
that in substitutional sites. High-resolution XRD diffractio
~HR-XRD! and HR-RLM results clearly demonstrate th
nonsubstitutional C atoms induce large compressive str
which cannot be neglected when determining the total inc
porated C fraction from diffraction analyses. Vacuum a
nealing films grown atTs<350 °C at temperatures up t
Ta5550 °C increases the in-plane compressive stra
whereas the formation of dislocation loops, acting as si
for C, occurs after annealing atTa5650 °C, thus relieving
the strain in the films. The strain in alloys grown atTs

>450 °C remains unchanged during annealing since all C
already incorporated in extended defects.

II. EXPERIMENTAL PROCEDURE

All film growth experiments were conducted in a
ultrahigh-vacuum ~UHV! three-chamber load-locke
stainless-steel system. The growth chamber is cryopum
with a base pressure of 1310210 Torr and contains facilities
for in situ reflection high-energy electron-diffraction and r
sidual gas analysis while the ion-pumped analytical cham
is equipped with an Auger electron spectroscopy system.16 In
the present experiments, 1 keV Kr1 ions were used to sputte
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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undoped float-zone Ge and high-purity C targets in orde
generate hyperthermal Ge and C beams. Sputtering is ca
out using modified UHV Kaufman-type double-grid mult
aperture broad ion-beam sources with provisions forin situ
spatial adjustment. Electrodischarge-machined ultrah
purity single crystal Si wafers were used as beam-shap
apertures. A detailed discussion of the design, construct
and operation of the ion sources is presented elsewhere17

The Ge and C targets are suspended on an insula
cantilever and can be adjusted with respect to the substra
exploit the angular distribution of reflected neutral partic
and to optimize film-thickness uniformity. The ion beam
focused by a postextraction unipotential electrostatic le
which also acts as a mirror to prevent electron backstream
from the neutralization device. Space-charge spreading o
ion beam is suppressed immediately upon emerging from
final lens aperture by electron injection from a circular th
mionic W filament. The filament is positioned external to t
beam in order to eliminate W contamination.

Ge12yCy film compositions were controlled through th
choice of beam currents from each ion gun. The use of
higher-mass Kr instead of Ar, together with the system
ometry described in Ref. 17, minimizes the flux of energe
backscattered particles. The chamber pressure during d
sition was 1.231024 Torr. TRIM Monte Carlo simulations18

showed that the energy distribution of the sputtered spe
has a maximum at 4 eV for Ge and 8 eV for C with avera
energies of 18 and 24 eV, respectively.

The substrates were polished 1.531.5 cm2 n-type
Ge~001! wafers with room-temperature resistivities of 1–
V cm (n5131015– 631013 cm23!. Substrate cleaning con
sisted of ultrasonic degreasing, rinsing in de-ionized wate
remove the native oxide, and oxidation by a UV–ozo
process.19 The wafers are then bonded to the substrate pla
with In and immediately inserted into the UHV system. Fin
substrate preparation consists of degassing at 200 °C fo
min followed by desorption of the oxide layer at 450 °C f
60 min. 1000-Å-thick Ge~001! buffer layers were then de
posited atTs5400 °C using a growth rateRGe of 1.4 Å s21.
The Ge12yCy alloy layers were grown atTs5200– 550 °C
with RGe maintained at 1.4 Å s21.

Ge12yCy film compositions were determined by elas
recoil detection time-of-flight spectroscopy~ERD-TOF!20

and secondary ion mass spectrometry~SIMS!. ERD-TOF el-
emental depth profiles were obtained using a 30 MeV35Cl51

beam incident at 75° from the surface normal and detec
recoils and scattered ions at 30° with respect to the be
The energy loss parameters required for analyzing the
were obtained fromTRIM 9518 simulations. SIMS measure
ments were carried out in a Cameca IMS-5 instrument op
ated with a 10 kV Cs1 primary ion beam. The Cs1 current
was 30 nA, yielding a sample sputtering rate of.5.5 Å s21

as determined by XTEM. ERD-TOF results showed tha
concentrations in the alloys increased linearly with the K1

ion beam current at the C target. A small amount of
1.0%60.2%, independent of the C concentration, was a
detected in alloys and buffer layers due to sputtering fr
the edges of the Si~001! beam-shaping apertures.
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The microstructure, strain-state, and crystalline qua
of the layers were investigated using HR-XRD, HR-RLM
and XTEM. The HR-XRD measurements were perform
using a Philips diffractometer with CuKa1 radiation (l
51.540 597 Å! from a four-crystal Ge~220! monochromator
which provided an angular divergence of.12 arc s with a
wavelength spreadDl/l.731025. v – 2u overview scans
(v is the x-ray angle of incidence andu is the Bragg diffrac-
tion angle! were obtained with a detector acceptance angle
.2°. An additional two-crystal Ge~220! analyzer was
placed between the sample and the detector to obtain h
resolution scans~detector acceptance angle.12 arc s! and
reciprocal lattice maps about both symmetric and asymm
ric reflections. The maps are generated by taking repeti
v – 2u scans starting at different initial values ofv.

XTEM examinations were carried out using a Phili
CM12 microscope operated at 120 kV. Specimens
XTEM examinations were prepared by gluing two samp
film-to-film and then cutting a vertical section which wa
thinned by mechanical grinding to a thickness of.25 mm.
Final thinning to electron transparency was done by Ar1 ion
milling in a liquid-N2-cooled stage in which the inciden
beam angle and energy were progressively reduced from
to 11° and 5 to 3.5 kV in order to minimize radiation dam
aged artifacts and to obtain samples with relatively unifo
thickness distributions.

Postdeposition annealing was performed in a h
vacuum chamber. The samples were attached to a W holder
and placed in a graphite crucible. Annealing temperaturesTa

were measured using a thermocouple. As-deposited Ge12yCy

alloys were successively annealed at temperaturesTa of 450,
550, and 650 °C for 30 min each.

III. RESULTS

Ge12yCy layers with nominal thicknessest of 2300 Å
and concentrationsy<0.02 were grown at 200<Ts

<550 °C. SIMS analyses were performed on all films.
typical depth profile, in this case from a Ge0.98C0.02 layer

FIG. 1. SIMS depth profiles through a 2300-Å-thick Ge0.99C0.02 layer grown
at Ts5450 °C on a 1150-Å-thick Ge~001! buffer layer. The approximate
interface positions are labeled. 1 at. % Si is present in both the buffer
alloy layers.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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grown atTs5450 °C, is shown in Fig. 1. C concentration
were found by both SIMS and ERD-TOF analyses to
constant as a function of depth in all layers. The profile
Fig. 1 also reveals the presence of.0.1 at. % C in the buffer
layer, as well as 1 at. % Si in both the alloy and buffer laye
The sudden increase in the C signal at a depthd near 3400 Å
derives from the extreme sensitivity of C to matrix effec
resulting from a small residual oxygen contamination at
substrate/buffer-layer interface.

A combination of HR-XRD, RLM, and XTEM analyse
show that all Ge12yCy layers are fully coherent with the
Ge~001! substrate. Figure 2~a! is a bright field XTEM image,
obtained using the diffraction vectorḡ5004 near the 110
zone axis, from a highly perfect fully strained~as determined
by HR-XRD and HR-RLM! Ge0.99C0.01 layer grown atTs

5300 °C. The film contains no extended defects, and
surface is flat to within the resolution of TEM. Strain co
trast due to lattice constant mismatch is observed at the fi
buffer-layer interface. The@110# zone axis selected-are
electron-diffraction~SAED! pattern in the inset consists o
single-crystal reflections with symmetric intensities. T
HR-TEM image in Fig. 2~b! shows 111 lattice fringes which
are continuous across the film/buffer-layer interface with
indication of disorder.

Ge12yCy alloys grown at Ts>350 °C contain .1
31013 cm23 ^111& stacking faults and exhibit rough facete
surfaces. Figure 3 is a typical bright-field XTEM image, o
tained usingḡ5220 near the 110 zone axis, from a ful
strained 2300-Å-thick Ge0.98C0.02 layer grown at Ts

5450 °C. The film/buffer-layer interface is abrupt and
misfit dislocations were observed. The peak-to-valley rou
ness is.500 Å and the angle between@001# and a vector
orthogonal to the facet surface is 25.2°. This is in agreem

FIG. 2. ~a! A bright-field XTEM image, obtained withḡ5004 near@110#,
from a fully strained 2300-Å-thick epitaxial Ge0.99C0.01 alloy film grown on
Ge~001! at Ts5300 °C. A 110 SAED pattern is shown in the inset.~b! A
110 HR-TEM image of the film shown in~a!.
Downloaded 12 Oct 2005 to 132.204.95.76. Redistribution subject to AIP
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with analyses of atomic force microscopy images indicat
that the facets are terminated by$113% planes.

Typical HR-XRD v – 2u scans through the Ge substra
004 Bragg peak are presented in Fig. 4 for Ge12yCy layers
with y50.01 and 0.02 grown atTs5200, 300, 450, and
550 °C. In all cases, the full-width at half-maximum intens
Gv – 2u of the 004 substrate peak is comparable to the th
retical value, 8 arc s. Ge12yCy layers grown atTs<350 °C
are in compression with an in-plane strain which decrea
with increasingTs . Films grown atTs>450 °C are in a
weak, but constant, state of tension, irrespective of C c
tent. The layer peak in thev – 2u curve from the Ge0.99C0.01

alloy grown atTs5550 °C @Fig. 4~a!# occurs on the high-
angle side of the substrate peak. The angular separation

FIG. 3. A bright-field XTEM image, obtained withḡ5220 near@110#, from
a fully strained 2300-Å-thick epitaxial Ge0.98C0.02 alloy film grown on
Ge~001! at Ts5450 °C.

FIG. 4. HR-XRDv – 2u scans around the 004 Bragg peaks from nomina
2300-Å-thick Ge12yCy alloys grown on Ge~001!: ~a! y50.01, Ts

5550 °C, ~b! y50.01,Ts5300 °C, ~c! y50.02,Ts5450 °C, ~d! y50.02,
Ts5300 °C, and~e! y50.02,Ts5200 °C. Curves are shifted vertically fo
clarity.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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tween the substrate and layer peaks,Dv598 arc s, indicates
in-plane tension with an out-of-plane lattice constanta'

55.654 Å.
Using the fact that all films are fully strained~see be-

low!, we find that the orthogonal and in-plane strains of
film corresponding to Fig. 4~a! are «'522.7131024 and
« i53.7131024, respectively, where«' and « i are defined
as«'5(a'2ar)/ar and« i5(ai2ar)/ar . ar is the relaxed
alloy lattice constant, obtained using the Ge Poisson ratioa'

for the alloy is equal to the out-of-plane lattice constant
pected for a perfectly coherent Si0.01Ge0.99 layer on Ge~001!,
a055.654 Å. Thus, the incorporated C has a negligible
fluence on the strain state of the film under these gro
conditions.Gv – 2u for the layer peak is 85 arc s. This value
slightly larger than the theoretical minimum value, 73 arc
obtained from fully dynamical calculations21,22 due to the
presence of extended defects in the film as observed
XTEM. Ge0.99C0.01 layers grown atTs5450 °C ~not shown!
were also found to be in tension with an out-of-plane latt
constanta'55.654 Å.

DecreasingTs while maintaining the C content at 1 at. %
results in the appearance of the layer HR-XRD peak posi
at v values smaller than the Ge peak position. Films gro
at Ts<350 °C are in a state of in-plane compression, s
gesting that a significant fraction of incorporated C resid
on interstitial sites. Figure 4~b! corresponds to a Ge0.99C0.01

film grown at Ts5300 °C. The film is coherent with the
Ge~001! substrate~from HR-RLM results! with a'55.684 Å
(«'51.9731023, « i522.6831023). Finite-thickness in-
terference fringes are clearly visible, indicating excellent fi
crystalline quality and a laterally uniformly flat buffer-laye
film interface. From the fringe spacing, we calculate a fi
thickness of 2365 Å, close to the nominal value of 2300

The same general trend with respect to film growth te
perature is observed for Ge0.98C0.02 alloys @Figs. 4~c!–4~e!#.
Layers grown atTs>450 °C, are fully strained and slightl
in tension witha'55.655 Å («'521.9431024, « i52.65
31024), very close to the value expected for a Si0.01Ge0.99

alloy grown on Ge~001!. The HR-XRD curve for the sample
grown atTs5450 °C@Fig. 4~c!# exhibits a layer peak with a
Gv – 2u value of 80 arc s. Ge0.98C0.02 layers grown atTs

<350 °C are also coherent but in a state of in-plane co
pression. For Ge0.98C0.02 layers grown atTs5300 °C @Fig.
4~d!#, the measured out-of-plane lattice constant is 5.678
(«'51.5331023, « i522.0631023). A comparison be-
tween the HR-XRD scans in Figs. 4~b! and 4~d! from layers
grown at the same temperature (Ts5300 °C) clearly shows
that the crystalline quality decreases as the C content
creases. This is attested to by the disappearance of the t
ness fringes, the decrease in diffracted intensity, and the
crease inGv – 2u .

A further decrease inTs to 200 °C yields even highe
in-plane compression as shown in Fig. 4~e!, a HR-XRD scan
from a Ge0.98C0.02 layer with a'55.708 Å («'53.76
31023, « i525.1031023). However, finite-thickness in
terference fringes are visible near the substrate and l
peaks, indicating that the overall crystallinity of the layer a
the flatness of the buffer-layer/alloy-layer interface a
Downloaded 12 Oct 2005 to 132.204.95.76. Redistribution subject to AIP
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higher than for the Ge0.98C0.08 layer grown atTs5300 °C
@Fig. 4~d!#.

The effects of C concentration and film growth tempe
ture on x-ray scattering distributions near the asymme
113 Bragg peak with incidence anglev51.625 ° are illus-
trated in Fig. 5 showing typical HR-RLMs. Diffracted inten
sities are plotted as isointensity contours as a function of
reciprocal lattice vectorskuu parallel andk' perpendicular to
the surface. The layer peak appears above~below! the Ge
substrate peak for alloy films in tension~compression!. For
all films in this investigation, irrespective of C concentratio
or growth temperature, the layer scattering distributions
perfectly aligned with the substrate scattering distributions
the kuu direction as judged by both HR-RLM and HR-XRD
using asymmetric complementary reflections. This indica
that all films are fully strained with negligible in-plane stra
relaxation to within the detection limit of the instrumen
.131025.

The diffraction contours obtained from the Ge0.98C0.02

layers grown atTs5450 °C andTs5300 °C in Figs. 5~a! and
5~b!, respectively, are nearly symmetric except for the elo
gation in the growth direction due to finite thickness effec
The alloy grown atTs5450 °C @Fig. 5~a!# also shows a
slight broadening in thev direction at low counts.Gv and
Gv – 2u are 37 and 18 arc s, respectively. The position of
layer peak with respect to that of the substrate yieldsa'

55.654 Å andGv is larger than the theoretical value, 1
arc s, indicative of sample mosaicity. The broadening of
peak in the low count regions in thev direction suggests a
nonmicroscopically abrupt interface, consistent with the d

FIG. 5. HR-RLMs around the 113 Bragg peaks from nominally 2300-
thick Ge12yCy alloys deposited on Ge~001!: ~a! y50.02, Ts5450 °C and
~b! y50.01, Ts5300 °C. Successive isointensity contours correspond
4000, 1000, 250, 60, 15, and 4 counts s21.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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appearance of thickness fringes as also observed in the
XRD pattern@Fig. 4~c!#.

Gv andGv22u values for the Ge0.99C0.01 layer grown at
Ts5300 °C @Fig. 5~b!# are 17 and 16 arc s, respectivel
nearly equal to the corresponding values for the subst
diffraction distributions, 17 and 14 arc s. Finite thickness
terference fringes are clearly visible as periodic intens
contours positioned alongk' . The vertical separation be
tween the film and the substrate diffracted intensity distri
tions in Fig. 5~b! corresponds to a tetragonal distortion in t
growth direction of«'51.831023, yielding a'55.681 Å,
in good agreement with the HR-XRD results. The diffracti
distributions observed just below the substrate peak are
tributed to the 1000-Å-thick Ge buffer layer which contai
<0.1 at. % C. The contours for this peak are slightly elo
gated in thev and kuu directions due to the small residu
contamination at the substrate/buffer-layer interface vis
by XTEM and in SIMS depth profiles. The buffer layer bu
ies the residual contamination and provides a highly per
initial template, as shown in the HR-TEM image in Fig. 2~b!,
for the growth of Ge12yCy alloy overlayers.

Ge0.98C0.02 lattice constantsa' along the growth direc-
tion are plotted in Fig. 6 as a function ofTs . Two regimes
are clearly visible. Over the growth temperature rangeTs

5200– 350 °C,a' is greater thanaGe ~indicating in-plane
compression! and decreases continuously from 5.708
5.664 Å with increasingTs . For growth temperaturesTs

>450 °C,a' is less thanaGe and approximately equal to th
lattice constant of a coherent Si0.01Ge0.99 layer grown on
Ge~001!.

The fact that the films grown atTs less or equal to
350 °C exhibit in-plane compression,25.1031023<« i
<22.1731023, suggests that a significant fraction of th
incorporated C resides in interstitial sites since substitutio
C gives rise to in-plane tension. Arguing in analogy w
previous results for the Si12xCx system,9 the configuration is
likely to be a Ge–C split interstitial. Ge12yCy alloys grown
at Ts>450 °C exhibit a macroscopic in-plane tensile stra
« i53.7131024, which is much smaller than the expecte
value if all C resided on Ge substitutional sites. Assum
Vegard’s rule yields« i57.4531023, approximately 20

FIG. 6. Lattice parametera' along the film growth direction vs the growth
temperatureTs for a series of nominally 2300-Å-thick Ge0.98C0.02 layers
grown on Ge~001!.
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times larger than the experimental value. The small ten
strain in theTs>450 °C layers can be explained by the u
intentional incorporation of.1 at. % Si, with the incorpo-
rated C making no contribution to the net strain.

Annealing experiments were carried out to study t
thermal stability of as-deposited Ge12yCy alloy layers. All
samples were successively annealed atTa5450, 550, and
650 °C for 30 min each and changes in the lattice consta
were determined at each step by HR-XRD. SIMS depth p
files after annealing were identical to those obtained fr
as-deposited samples.

Figure 7 compares HR-XRDv – 2u scans from an as
deposited 2365-Å-thick Ge0.99C0.01 alloy grown at Ts

5300 °C with those obtained after annealing atTa5550 and
650 °C. The 450 °C anneal~not shown! resulted in the film
peak moving to lowerv values, thus increasing the in-plan
compressive strain and out-of-plane lattice constant to« i5
23.2831023 and a'55.690 Å, respectively. Further an
nealing atTa5550 °C @Fig. 7~b!# yielded larger strains,« i
523.7931023 anda'55.695 Å, accompanied by the dis
appearance of the finite-thickness interference fringes.

FIG. 7. HR-XRD v – 2u scans around the 004 Bragg peaks from~a! an
as-deposited 2365-Å-thick Ge0.99C0.01 alloy grown atTs5300 °C and~b!
after annealing for 30 min atTa5550 °C, and~c! after further annealing for
30 min atTa5650 °C. Curves are shifted vertically for clarity.

FIG. 8. A bright-field XTEM image, obtained withḡ5220 near@110#, of
the sample corresponding to Fig. 7~c!.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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latter indicates a decrease in film crystalline quality, althou
corresponding high-resolution reciprocal lattice maps sh
that the film remains coherent with the substrate. Annea
at Ta5650 °C produced even more dramatic effects. T
film peak @Fig. 7~c!# shifted to larger angles, in fact all th
way to the right of the substrate peak. Thus, the film is n
in tension with an out-of-plane lattice constant,a'55.654
Å, smaller thanaGe. The lattice constant is now very close
that of as-deposited Ge0.99C0.01 layers grown at Ts

>450 °C.
In situ annealing experiments carried out in the TEM

Ge0.99C0.01 alloys grown atTs5300 °C reveal no changes i
film microstructure until the abrupt appearance of dislocat
loops atTa.600 °C. The XTEM bright-field image in Fig
8, obtained under two-beam conditions with the diffracti
vector ḡ5004, shows a Ge0.99C0.01 sample grown atTs

5300 °C after successiveex situ30 min anneals at 450, 550
and 650 °C. The image is dominated by a high number d
sity of dislocation loops distributed uniformly across t
thickness of the alloy layer. However, no dislocations w
observed in the buffer layer, the film surface rema
smooth, and there were no misfit dislocations at the buf
layer/film interface. The latter result is consistent with H
XRD and HR-RLM results showing the film to be cohere
with the substrate.

Figure 9 is a plot ofa' , determined by HR-XRD, as a
function of Ta for Ge0.98C0.02 layers grown at Ts

5200– 450 °C. For each curve, the point at the lowest te
perature corresponds toa' for the as-deposited layers. As
deposited films in tension (Ts>450 °C) remain unchange
after annealing. However, the results for layers grown atTs

<350 °C, which exhibit in-plane compression, follow th
general trend observed for Ge0.99C0.01 in Fig. 7.a' increases
with Ta , until dislocation loops are formed atTa.600 °C,
thus relieving the strain. The variation in the alloy latti
constantDa',anneal following a 30 min anneal at 550 °C, i
plotted in Fig. 10 versus the initial lattice constant differen
Da'5(a'2a0), wherea0 is the relaxed lattice constant i
the absence of C. For layers with no extended defe

FIG. 9. Lattice parametera' along the film growth direction as a function o
the annealing temperatureTa for nominally 2300-Å-thick Ge0.98C0.02 alloys
grown on Ge~001! at: ~a! Ts5200 °C, ~b! 300 °C, ~c! 350 °C, and~d!
450 °C. For each curve, the point at the lowest temperature correspon
a' for the as-deposited layer.
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Da',anneal increases approximately linearly withDa' sug-
gesting, as discussed in Sec. IV, thatDa',anneal is propor-
tional to the initial interstitial C content in the layer.

IV. DISCUSSION

Ge12yCy alloys (y<0.02) grown on Ge~001! at Ts

5200– 550 °C from hyperthermal beams are fully coher
as judged by HR-RLM, HR-XRD, and XTEM. The tota
incorporated C concentrations measured by ERD-TOF
SIMS agree well with values expected from growth rate ca
brations and were found to be independent ofTs . Ge0.98C0.02

layers grown at low temperatures (Ts<350 °C) exhibit com-
pressive in-plane strain which decreases with increasingTs .
Layers grown atTs>450 °C are in a weak state of tensio
due purely to the unintentional presence of 1 at. % Si. M
sured out-of-plane lattice constants inTs>450 °C layers are
consistent with the value calculated for pseudomorphica
grown Si0.01Ge0.99 on Ge~001!. This, as discussed below, in
dicates that C atoms in layers grown atTs>450 °C are in-
corporated in a strain-free lattice configuration.

This is the first report of in-plane compression
Ge12yCy layers grown on Ge~001!. We attribute the com-
pression to the hyperthermal-irradiation-induced format
of Ge–C split interstitials during film growth.23 Molecular
dynamics and quasidynamics simulations indicate that in
stitials are created by 10 eV, and both interstitials and vac
cies are created by 50 eV, hyperthermal Si atoms dur
Si~001! MBE.24,25 However, the point defects are anneal
out by near-surface recombination and by annihilation at
surface during deposition at normal growth temperatures
rates. This is attested to by the fact that homoepitax
Si~001!:Sb ~Ref. 26! and Ge~001!:Al ~Ref. 17! layers grown
at 400–750 and 400–600 °C, respectively, in the same
tem with similar growth conditions as used here, exhibit c
rier mobilities equal or better than reported values for bulk
and Ge.

During film growth from hyperthermal beams generat
by a sputtered source, species incident at the film surf
with translational energies in the high-energy tail of the d
tribution result in the formation of self-interstitials. In th

to

FIG. 10. Variation ofDa',annealvs Da' for Ge0.98C0.02 layers annealed at
Ta5550 °C for 30 min. Circles and triangles correspond to layers with
extended defects and with stacking faults, respectively.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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case of Ge growth at the temperatures used in the pre
experiments, we expect, based upon the results of Refs
and 25, that essentially all interstitials will be annealed
during deposition. However, for Ge12yCy, a fraction of the
incorporated C atoms react with Ge self-interstitials to fo
Ge–C split interstitials, which reside on single lattice si
and give rise to compressive strain. A similar reaction w
reported in Si during electron irradiation experiments27

where substitutional C atoms react with Si self-interstitials
produce the Si–C split interstitials. In our Ge12yCy layers
with no extended defects,Ts<300 °C, we find that the con
centration of Ge–C split interstitials decreases with incre
ing Ts indicating more efficient annealing of Ge interstitia
and/or thermally induced decomposition of the Ge–C s
interstitials. Due to the high formation energy of the Ge
terstitials compared to the Ge–C split interstitials, the la
reaction can only happen, with significant probability, ne
the surface where the Ge self-interstitial is rapidly lost to
surface sink.

Layers grown atTs>350 °C contain stacking fault
which act as sinks for C atoms that are incorporated i
macroscopically strain-free lattice configuration. The
creasing stacking fault density in films grown atTs

>350 °C, together with the observed reduction in the ove
strain, suggest that the fraction of C incorporated in exten
defects sites increases withTs . HR-XRD and HR-RLM
analyses ofTs>450 °C layers provide no evidence for th
presence of C in either substitutional or split-interstitial co
figurations. Moreover, C trapping is a synergistic reaction
the sense that the stacking fault formation energy is redu
by the presence of C atoms as demonstrated by Ge hom
taxy experiments, where Ge~001! layers grown in the same
system under similar conditions are highly perfect sin
crystals.17

The results presented above indicate that C can be in
porated into at least three different lattice configuratio
substitutional, interstitial, and at extended defects si
While measurements ofy anda' provide important insights
into the relative concentrations of the three different C c
figurations as a function ofTs , absolute concentration dete
minations for each configuration are not possible since
strain coefficient for Ge–C split interstitial is unknown. Ad
ditional experiments with the ability to directly probe sp
cific C configurations, for example by local vibrational mo
measurements, are required in order to extract quantita
site concentration fractions.

Figures 9 and 10 show that the lattice constant along
growth directiona' increases during 450 and 550 °C anne
of Ge12yCy layers in compression (Ts<350 °C). The mag-
nitude of this increase,Da',anneal, is proportional to the di-
latation in the as-deposited layers,Da'5(a'2a0), which
is, in turn, proportional to the Ge–C split-interstitial conce
tration. This suggests that a new C-containing defect co
plex, with a higher strain coefficient, is generated dur
postdeposition annealing and that Ge–C split interstitials
the as-deposited layer participate in the formation reaction
likely possibility is the capture of a bulk thermally produce
Ge self-interstitial by a resident Ge–C split interstitial,
reported during electron irradiation of C-doped Si.28
Downloaded 12 Oct 2005 to 132.204.95.76. Redistribution subject to AIP
nt
24
t

s
s

o

s-

it
-
r
r
e

a
-

ll
d

-
n
ed
pi-

e

r-
:
s.

-

e

ve

e
s

-
-

n
A

During annealing of the tensile-strained layers (Ts

>450 °C), in contrast to the compressive layers, the lat
constant in the growth directiona' remains constant. Thus
C atoms incorporated in extended defects are therm
stable to annealing at temperatures up to at leastTa

5550 °C.
Finally, we note that while it is commonly accepted th

substitutional and nonsubstitutional C have opposite effe
on the strain state of Si12yCy and Ge12yCy heterostructures
the strain induced by nonsubstitutional C is rarely conside
in the analyses and the substitutional C fraction is gener
extracted from XRD results alone. Our results clearly de
onstrate that the strain induced by nonsubstitutional C, es
cially split interstitials, is significant and must be explicit
accounted for in the quantitative determination of the sub
tutional C concentrations from HR-XRD analyses.

V. CONCLUSIONS

Epitaxial metastable Ge12yCy /Ge~001! alloys with y
<0.02 were grown atTs5200– 550 °C from hypertherma
Ge and C beams with average energies of 16 and 24
respectively. All films, irrespective ofTs , are fully coherent
with the substrate as judged by HR-RLM and XTEM ana
ses. Three different C configurations were identified in
films: substitutional, Ge–C split interstitials, and C trapp
at extended defects. Layers grown atTs<350 °C are in com-
pression due to having higher concentrations of Ge–C s
interstitials than substitutional C. The Ge–C split interstitia
are formed as a result of the reaction of incorporated C w
Ge interstitials created by the hyperthermal-beam irradia
during film growth. The decrease in compressive strain w
increasingTs is due to the more efficient annealing of G
interstitials during deposition and/or decomposition of Ge
split interstitials. Postannealing these samples results in
formation of new defect complexes with compressive str
coefficients larger than that of Ge–C split interstitials un
at Ta.600 °C, dislocation loops are nucleated.

Films grown at Ts>350 °C contain stacking faults
which act as sinks for incorporated C atoms. Films grown
Ts>450 °C are macroscopically strain free since all C ato
are located on defect sites. In the intermediate regimeTs

5350 °C, all three configurations—substitutional, Ge–
split interstitial, and extended defects trap sites—coexist.
nally, HR-XRD and HR-RLM results clearly demonstra
that nonsubstitutional C atoms induce large compress
strain which cannot be neglected when determining the t
incorporated C fraction from diffraction analyses.
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