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C lattice site distributions in metastable Ge 1ÀyCy alloys grown
on Ge „001… by molecular-beam epitaxy

S. Y. Park, J. D’Arcy-Gall, D. Gall,a) Y.-W. Kim, P. Desjardins,b) and J. E. Greene
Department of Materials Science and the Frederick Seitz Materials Research Laboratory, University
of Illinois, 104 South Goodwin Avenue, Urbana, Illinois 61801

~Received 28 September 2001; accepted for publication 4 December 2001!

Epitaxial metastable Ge12yCy alloy layers withy<0.045 were grown on Ge~001! by solid-source
molecular-beam epitaxy~MBE! at temperaturesTs5200– 400 °C. Using calculated strain
coefficients and measured layer strains obtained from high-resolution reciprocal lattice maps
~HR-RLMs!, we determine C lattice site distributions as a function ofTs and total C concentration
y. HR-RLMs show that all as-deposited alloys are fully coherent with their substrates.
Ge12yCy(001) layers grown atTs<350 °C are in a state of in-plane tension and contain C in
substitutional sites, giving rise to tensile strain, as well as in nanocluster sites which induce
negligible lattice strain.Ts5400 °C layers are strain neutral with negligible substitutional C
incorporation. Increasingy and/or Ts leads to a decrease in substitutional C concentration,
consistent with Raman spectroscopy results, with a corresponding increase in the C fraction
incorporated in nanocluster sites. The latter suggests that nanocluster formation is kinetically limited
during film deposition by the C–C adatom encounter probability at the growth surface. Overall, the
results show that it is not possible by MBE to obtain fully substitutional C incorporation in
Ge12yCy(001) alloys, irrespective ofy andTs . This is consistent withab initio density functional
calculations results showing that C incorporation in nanoclusters sites is energetically favored over
incorporation in substitutional Ge lattice sites. Annealing the Ge12yCy(001) layers atTa5550 °C
leads to a significant decrease in the substitutional C fraction and, hence, lower tensile strain. Layers
annealed at 650 °C are strain free as all substitutional C has migrated to lower-energy nanocluster
sites. © 2002 American Institute of Physics.@DOI: 10.1063/1.1448677#
d
n
le
te
ha
m
,

is
th
u

on
th
di
n-

nd

ta

ng
as

able

ta-

ded

sed
re-
in

s
.

of
ra-

nd
rp-

ith
ide

ncy

olo
I. INTRODUCTION

C-containing group-IV alloys are of technological an
scientific interest due to the potential they offer for both ba
gap and strain-state engineering of layers used in microe
tronic and optoelectronic devices compatible with Si in
grated circuit technology. There are, however, severe c
lenges associated with their growth. First, the equilibriu
solid solubilities of C in Si and Ge are extremely low
.1017 cm23 and 108 cm23, respectively.1 Low-temperature
growth under highly kinetically constrained conditions
therefore required in order to take advantage of the fact
surface solubilities are orders of magnitude larger than b
values,2 while simultaneously inhibiting phase separati
during deposition. Another obstacle to be overcome is
large lattice constant mismatch, 34% and 37%, between
mond (aC53.5668 Å) and the common group-IV semico
ductors Si (aSi55.4310 Å) and Ge (aGe55.6576 Å).

Si12yCy has been widely studied experimentally a
theoretically, but C incorporation in Ge12yCy alloys has re-
ceived relatively little attention. Most reported experimen
investigations have focused on the growth of Ge12yCy layers
(y<0.1) on Si~001!.3,4 However, Ge12yCy /Si(001) layers
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typically have highly defective microstructures containi
large concentrations of misfit dislocations which can act
sinks for incorporated C. These samples are thus unsuit
for investigating C incorporation pathways in Ge12yCy .

There are few reports of the successful growth of me
stable Ge12yCy alloys on Ge~001!. Duschlet al.5 employed
solid-source molecular-beam epitaxy~MBE! to grow thirty
periods of 30 Å-Ge12yCy/100 Å-Ge superlattices withy
50.012 and 0.021 at temperaturesTs5200 and 300 °C. The
authors stated that 30% of the total C concentration resi
in substitutional sites atTs5200 °C with only 10% at
300 °C. The substitutional fractions were estimated ba
upon strain values obtained from x-ray diffraction measu
ments. Dashiellet al.6 demonstrated in-plane tension
Ge12yCy /Ge(001) layers grown by MBE atTs5275 °C, but
did not measurey.

Yang et al.3 reported the growth of epitaxial Ge0.95C0.05

on Ge~001! by MBE atTs5200 °C and noted that the layer
were highly defective with rough$113% facetted surfaces
Raman spectroscopy indicated that only a small fraction
the C was in substitutional sites giving rise to a local vib
tional mode at 530 cm21 ~Ref. 7!. The peak position is in
good agreement with an investigation by Hoffman a
co-workers8 who used ion channeling and infrared abso
tion spectroscopy to characterize Ge wafers implanted w
12C1 and13C1 ions at energies and doses chosen to prov
a relatively uniformly doped 0.7mm-thick region with y
50.007. They observed a Ge–C stretch mode at a freque

gie
4 © 2002 American Institute of Physics
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of 531 cm21, consistent with values between 516 a
563 cm21 obtained from local density functional calculation
of the vibrational mode frequencies of substitutional C in G
Analyses of channeling rocking curves around the^100&,
^110&, and ^111& axes suggested that up to 3163% of the
incorporated C was in substitutional sites.

Although the most stable configuration for C atoms
the Si lattice is the substitutional site,9 Gall et al.10 have
demonstrated recently, usingab initio density-functional-
theory-based calculations, that the situation is quite differ
for the case of C in Ge. They showed that the format
energy per C atom,Ũ5U/NC , continuously decreases wit
increasing numberNC of C atoms in a given configuration
from 2.42 eV for substitutional C, to 2.17 eV for a C pair on
a single substitutional site, to 1.66 eV withNC53. This in-
dicates that C has a strong tendency to form nanocluste
Ge. Gall et al. also calculated the strain coefficienta for
more than 50 C configurations in the Ge lattice and fou
that the absolute value ofa is largest for single-C configu
rations (NC51). For substitutional C, they obtained a stra
coefficientasub of 20.71 ~slightly smaller than the Vegard’
rule value!, while a decreases to approximately zero for co
figurations withNC>2.

D’Arcy-Gall et al.11 using a combination of calculate
strain coefficients and layer strains measured by hi
resolution x-ray diffraction~HR-XRD!, provided evidence
for C incorporation at nanocluster sites in Ge12yCy /Ge(001)
films grown from hyperthermal Ge and C atomic beam
Specifically, they showed that all C atoms are incorpora
into both substitutional and Ge–C split interstitial sites
low y and Ts values with the relative concentrations co
trolled by the incident Ge-atom energy.12 However, asy
and/orTs are increased, a growing fraction of C is incorp
rated in nanoclusters. Ge–C split interstitials are formed d
ing growth from hyperthermal beams as a result of the tr
ping, by substitutional C, of Ge self-interstitials created
fast Ge irradiation.12 For Ge12yCy growth from thermal
beams, as in the present MBE experiments, self-intersti
and hence Ge–C split interstitial, concentrations should
negligible. The formation energy of Ge–C split interstitials
1.78 eV higher than that of substitutional C.10

In this article, we determine C lattice site distributions
Ge during MBE growth of epitaxial Ge12yCy /Ge(001) al-
loys as a function of composition (y<0.045) and deposition
temperature (200<Ts<400 °C). To accomplish this, we em
ploy a combination of high-resolution reciprocal lattice ma
ping ~HR-RLM!, cross sectional transmission electron m
croscopy~XTEM!, and Raman spectroscopy. Based upon
results, together with previousab initio density functional
calculations,10 C incorporation pathways during film growt
are deduced.

We find that irrespective ofy and Ts values, complete
incorporation of C atoms in Ge substitutional sites is n
possible; a fraction of the total C concentration is alwa
incorporated in nanoclusters. The latter fraction increa
with y and/orTs due to correspondingly higher C–C encou
ter probabilities at the growth surface. Annealing a
deposited Ge12yCy(001) layers results in a further loss in th
substitutional concentration as C atoms migrate to nanoc
Downloaded 28 Feb 2002 to 130.126.102.15. Redistribution subject to A
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ter sites. This provides direct experimental evidence, c
firming calculated results,10 that the most energetically favor
able configuration for C in the Ge lattice is in the form
nanoclusters.

II. EXPERIMENTAL PROCEDURE

All Ge12yCy(001) alloy layers were grown in a multi
chamber solid-source MBE system, described in detail
Ref. 13, with a base pressure of 5310211 Torr. A pyrolytic
BN effusion cell was used to evaporate 99.9999% pure
while pyrolytic graphite~purity599.99%! was sublimed in a
magnetically focused electron-beam evaporator. Surf
structural and morphological changes were recordedin situ
by reflection high-energy electron diffraction~RHEED! us-
ing a 20 keV primary electron beam which intercepts t
sample at an angle of.2°.

The substrates are polished 1.531.5 cm2 Sb-doped
Ge~001! wafers with room-temperature resistivities
1 – 20V cm (n5131015– 631013 cm23). Substrate clean-
ing consisted of ultrasonic degreasing, rinsing in deioniz
water to remove the native oxide, and oxidation by a U
ozone process.14 The wafers were then immediately inserte
into the ultrahigh vacuum system. Final substrate prepara
included degassing at 250 °C for 4 h and desorption of the
oxide layer at 600 °C for 10 min. 500 Å-thick Ge~001! buffer
layers were deposited atTs5400 °C followed by the growth
of 1500 Å-thick Ge12yCy(001) alloy layers at temperature
Ts between 200 and 400 °C. The Ge deposition rate w
0.4 Å s21, while the C deposition rate was set to obtain t
desired alloy composition. Film growth temperatures we
measured using a pyrometer calibrated by a thermoco
bonded to a dummy Ge substrate. The chamber pressure
ing deposition was<231029 Torr.

Deposited film thicknessest were measured using mi
crostylus profilometry while total C concentrationsy in as-
deposited layers were determined using a Cameca IMS
secondary-ion mass spectrometer~SIMS! operated with a 10
keV Cs1 primary ion beam. Quantification, with an exper
mental uncertainty of610%, was carried out by compariso
to C ion-implanted bulk Ge standards. All SIMS depth pr
files were found to be flat showing that C concentratio
remain constant as a function of depth in the Ge12yCy(001)
layers.

HR-XRD and HR-RLM measurements were perform
using a Philips X-pert MRD diffractometer with CuKa1

radiation ~l51.540 597 Å! from a four-crystal Ge~220!
monochromator which provided an angular divergence
,12 arc s with a wavelength spreadDl/l.731025. v–2u
scans~v is the angle of incidence andu is the Bragg diffrac-
tion angle! were obtained with a detector acceptance angle
.2°, while an additional two-crystal Ge~220! analyzer was
placed between the sample and the detector for h
resolution scans~detector acceptance angle.12 arc s!. HR-
RLMs were generated by taking repetitivev–2u scans start-
ing at different initial values forv.

XTEM examinations were carried out using a Phili
CM12 microscope operated at 120 keV. Specimens
XTEM examinations were prepared by gluing two samp
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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film to film and then cutting a vertical section which wa
thinned by mechanical grinding to a thickness of.25mm.
Final thinning to electron transparency was done by Ar1 ion
milling in which the incident beam angle and energy we
progressively reduced from 15° to 9° and 5 to 3.5 keV
order to obtain samples with relatively uniform thickne
distributions.

Raman measurements were performed using the 514
line from an Ar1 ion laser. The 40 mW laser beam wa
incident at 60° to the sample normal and focused to a s
size of.300mm. The optical penetration depth at this wav
length is.160 Å,15 much smaller than the alloy layer thick
ness. A three-stage 0.8 m SPEX spectrometer equipped
a two-dimensional~2D! charged-coupled device array wa
used to collect the signal perpendicular to the sample
face. Wavelength calibration was accomplished using a
lamp.

Annealing experiments were carried out at atmosph
pressure in ultrahigh purity Ar (99.999%). Followin
sample introduction, the annealing chamber was purged
Ar for 3 h. The samples were then rapidly heated
.8 °C s21 to the annealing temperatureTa , held for 30 min,
and cooled in Ar to room temperature. All samples we
successively annealed at temperatures of 450 °C, 550
and 650 °C.

III. EXPERIMENTAL RESULTS

A. Film growth

Epitaxial Ge12yCy layers with nominal thicknessest
51500 Å and concentrationsy<0.045 were grown on
Ge~001! at Ts5200– 400 °C in order to probe C incorpor
tion pathways. We used HR-RLM to show that a
Ge12yCy(001) layers are fully coherent with their substra
SIMS analyses were performed on all films.

Typical zero-order Laue-zone RHEED patterns are p
sented in Fig. 1. Patterns from Ge~001! buffer layers@Fig.
1~a!# consist of sharp 231 spots, with nearly equi-intens
fundamental and half-order features and sharp Kikuchi li
characteristic of a flat surface. Upon initiating growth
Ge12yCy(001) alloys withy<0.023 atTs<300 °C, RHEED
features become streaky, half-order intensities decrease
fuse scattering increases, and the fundamental diffrac
rods broaden. These effects are indicative of decreasing
erage terrace sizes, increasing step densities, and ato
scale surface roughening. Typical patterns from 1500 Å-th
Ge0.977C0.023(001) layers grown atTs5200 and 300 °C are
shown in Figs. 1~b! and 1~c!, respectively. The layers remai
2D and show no evidence of faceting, in agreement w
XTEM analyses described in the following section. Ho
ever, RHEED patterns from Ge12yCy(001) layers with C
concentrationsy>0.035 gradually transform from 2D to
three-dimensional~3D! with increasing thickness. For ex
ample, 3D patterns are obtained fromy50.035 alloys grown
at Ts5200 °C when the film thickness exceeds 515 Å.

RHEED patterns acquired during Ge12yCy(001) growth
at Ts>350 °C reveal increased surface roughening toge
with evidence for faceting. The half-order streaks rapid
disappear, resulting in 131 patterns, at thicknesses rangin
Downloaded 28 Feb 2002 to 130.126.102.15. Redistribution subject to A
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from t.1500 Å withy50.012 tot.680 Å with y50.023 at
Ts5350 °C. In parallel, vertical intensity modulations b
come visible along the length of the fundamental diffracti
rods. With further increases in film thickness, the modula
131 pattern gradually transforms into a bulk 3D patte
such as the one shown in Fig. 1~d!, obtained from a 1500
Å-thick Ge0.977C0.023(001) layer grown atTs5350 °C. In-
creasing Ts to 400 °C yields extremely rough surface
with RHEED patterns exhibiting streaks corresponding
the presence of$113% facets with t.440 Å. The chevron-
shaped streaks emanate from both the tops and bottom
diffraction features@see Figs. 1~e! and 1~f!, obtained from a
Ge0.977C0.023(001) alloy grown at Ts5400 °C with t
51500 Å!, and are inclined 25° with respect to the surfa
normal.

B. Microstructure and strain state

In this section, we describe the effect ofTs on film mi-
crostructure and strain state and then consider the influe
of alloy composition for films grown atTs5200 °C, the
minimum growth temperature used. We choo
Ge0.977C0.023(001) alloys to illustrate the effect ofTs on mi-
crostructure and C lattice site distributions since, whiley
50.023 represents a relatively high C concentration, the
loys remain of excellent crystalline quality over a wide ran
in growth temperature.

Figures 2~a! and 2~b! are typical bright-field XTEM
images, obtained using theḡ5220 diffraction vector near
the 110 zone axis, from fully strained 1500 Å-thic
Ge0.977C0.023(001) layers grown atTs5200 and 400 °C, re-
spectively. The film/buffer-layer interfaces are abrupt~as de-
termined usingḡ5200 imaging conditions! and there is no
evidence for stacking faults, misfit dislocations, or C preci
tates ~detection limit .50 Å!, in agreement with the HR-
RLM results presented next. 110 zone axis selected-a

FIG. 1. RHEED patterns from~a! a 500 Å-thick Ge buffer layer grown a
Ts5400 °C and 1500 Å-thick Ge0.977C0.023 alloy layers grown by MBE on
Ge~001! at temperaturesTs : ~b! 200 °C, ~c! 300 °C, ~d! 350 °C, and~e!
400 °C.~f! Enlarged section of the RHEED pattern in~e! showing chevron-
shaped streaks emanating from the diffraction spots.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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electron-diffraction~SAED! patterns@see for example, the
insets in Figs. 2~a! and 2~b!# are composed of single-crysta
reflections with symmetric intensities.

Consistent with the RHEED results, XTEM analyses
veal that surfaces of Ge0.977C0.023(001) layers grown atTs

5200 °C @Fig. 2~a!# remain flat to within the resolution o
the transmission electron microscopy. However, alloys w
y>0.023 grown atTs>350 °C exhibit extensive surfac
roughening and facet formation as shown in Fig. 2~b!. The
roughening is C induced since we find that the surfaces
pure Ge~001! layers grown to the same thicknesses atTs

5350– 400 °C are flat. The peak to valley roughness for
Fig. 2~b! layer is 500 Å. The angle between@001# and a
vector orthogonal to facet surfaces is 25.2°, indicating,
observed in RHEED patterns, that the facets are termin
by $113% planes.

Typical HR-XRDv–2u scans through substrate and fil
004 Bragg peaks are presented in Fig. 3 for Ge0.977C0.023

layers grown atTs5200, 300, and 400 °C. Figure 3~a! is
from a 1500 Å-thick,y50.023 alloy grown atTs5200 °C.
The diffraction pattern exhibits a sharp layer peak, with a f
width at half maximum intensityGv – 2u in the v–2u direc-
tion of 111 arc s, in good agreement with the theoreti
minimum value, accounting for strain broadening and fin
thickness effects,16,17of 107 arc s. This indicates that the film
is of very high crystalline quality. The positive angular sep
ration between substrate and layer peaks,Dv5360 arc s,
demonstrates that the film is in a state of in-plane tens
with an out-of-plane lattice constanta'55.6408 Å. Our
measureda' value is considerably larger than the latti
constant,a'55.5652 Å, obtained by assuming all C atom
reside in substitutional sites and applying the correspond
strain coefficientasub520.71.10 This result, combined with
the fact that the layer is fully coherent, suggests that on

FIG. 2. Bright-field XTEM images, obtained with diffraction vectorḡ
5220 near@110#, from fully coherent 1500 Å-thick Ge0.977C0.023alloy layers
grown on Ge~001! at temperaturesTs of ~a! 200 °C and~b! 400 °C. 110
SAED patterns are shown in the insets of~a! and ~b!.
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small fraction of incorporated C resides on substitutio
sites.

Finite-thickness interference fringes are clearly visible
Fig. 3~a!, indicating that the layer is of high structural quali
with a laterally uniform substrate/film interface. This is co
sistent with the XTEM results in Fig. 2~a!. From the fringe
spacing, we obtain a layer thickness of 1485 Å, in go
agreement with growth rate calibrations. A simulated H
XRD scan, calculated based upon the fully dynamical f
malism of Tagaki16 and Taupin,17 is shown in Fig. 3~b! for
comparison. The simulation was carried out assuming a
fectly abrupt and coherent film/buffer-layer interface with
C atoms residing in substitutional sites. Reproducing
measured Bragg and fringe peak positions in the simulat
using the assumption~verified below! that nonsubstitutiona
C atoms exert negligible in-plane strain in the Ge lattice10

yields a substitutional C concentration of only 0.42 at.
while the total measured C concentration is 2.3 at. %. T
intensities of the calculated Bragg peaks and interfere
fringes @Fig. 3~b!# are in good agreement with measured
sults @Fig. 3~a!#.

IncreasingTs to 300 °C while maintaining the total C
concentration at 2.3 at. % decreases the degree of in-p
tension as shown in Fig. 3~c!, from which we obtaina'

55.6508 Å. Gv – 2u for this 1300 Å-thick layer is 131 arc s
somewhat larger than the calculated value of 111 arc s
indicative of a slight decrease in crystalline quality. How
ever, finite-thickness interference fringes are still visible n
the substrate and layer peaks. In contrast, HR-XRD sc
from Ge0.977C0.023(001) alloys grown atTs5400 °C@see, for
example, Fig. 3~d!# exhibit no distinct layer peak demon
strating that these layers contain negligible substitutional

All Ge12yCy(001) alloy layers are completely cohere
with their substrates as determined from XTEM and H
RLM analyses. Representative reciprocal lattice maps aro
asymmetric 224 reflections are presented in Fig. 4. Diffrac
intensity distributions are plotted as isointensity contours
a function of the reciprocal lattice vectorski parallel andk'

perpendicular to the surface. The substrate and film pe
from all samples in this study, irrespective ofy andTs , are

FIG. 3. HR-XRD v–2u scans through the 004 Bragg peaks fro
Ge0.977C0.023 alloy layers grown on Ge~001! at ~a! Ts5200 °C, ~c! 300 °C,
and~d! 400 °C.~b! A fully dynamical simulation of the HR-XRD scan in~a!.
The curves are shifted vertically for clarity.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



rl
te

n
D

e
o
i-
r

th
n

ar

-
n

s
ea

ith
ti
le
ns
o
e

n
n
-

fi-

t
t
t of
he
n-

-
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aligned along theki direction signifying negligible in-plane
strain relaxation. The diffraction contours in Fig. 4 are nea
symmetric with the exception of the elongation, due to fini
thickness effects, along the growth direction.

The HR-RLM in Fig. 4~a! was obtained from a 1500
Å-thick Ge0.977C0.023(001) alloy grown atTs5200 °C. The
layer is under tensile strain with an out-of-plane lattice co
stanta'55.6411 Å, in good agreement with the HR-XR
results (a'55.6408 Å). The full width at half maximum
intensity in thev andv–2u directions for the layer peak ar
Gv554 andGv – 2u543 arc s, close to the substrate values
35 and 37 arc s indicating negligible film mosaicity and m
crostrain. Finite-thickness interference fringes are clea
visible as periodic intensity contours alongk' . The diffrac-
tion intensity distribution passing transversely through
substrate peak is due to residual scattering from the mo
chromator crystal.

Figure 4~b! is an HR-RLM from a Ge0.977C0.023(001)
alloy grown atTs5300 °C. The substrate and layer peaks
again nearly perfectly aligned alongki with an in-plane
strain relaxation of only 2.531025, near the instrument de
tection limit of .131025. The layer is under tensile strai
with a lattice constant along the growth direction ofa'

55.6514 Å. Gv and Gv – 2u for the layer peak are 61 arc
and 63 arc s, respectively, corresponding to a slight decr
in crystalline quality compared to theTs5200 °C results.
IncreasingTs to 400 °C causes the layer peak to merge w
that of the substrate suggesting the absence of C in subs
tional lattice sites. The diffuse scattering intensity at ang
away from the Bragg peak is high signifying large variatio
in the local microstrain induced by C incorporated in nan
cluster sites~see below! which cause severe lattice-plan
buckling distortions.

Since all Ge12yCy /Ge(001) alloys in this investigation
are fully coherent with their Ge substrates, their out-of-pla
lattice constant depends only on C lattice site distributio
Figure 5 is a plot ofa' for Ge0.977C0.023(001) layers depos

FIG. 4. HR-RLMs around asymmetric 224 Bragg peaks from Ge0.977C0.023

alloys grown on Ge~001! at ~a! Ts5200 °C, ~b! 300 °C, and~c! 400 °C.
Downloaded 28 Feb 2002 to 130.126.102.15. Redistribution subject to A
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ited as a function of growth temperatureTs . a'(Ts) in-
creases nearly linearly from 5.6408 Å atTs5200 °C to
5.6576 Å, equal to the bulk substrate valueaGe, at 400 °C.
All data points in Fig. 5, irrespective ofTs , are well above
the value,a'55.5652 Å, calculated using the strain coef
cient asub520.7110 corresponding to fully substitutional C
incorporation.

Figure 6 shows out-of-plane lattice constantsa' for
Ge12yCy(001) layers grown atTs5200 and 300 °C as a
function of the total C concentrationy. The data clearly ex-
hibit two distinct regimes. At low C concentrations~y
<0.023 at 200 °C andy<0.013 at 300 °C!, a' decreases
with increasingy to reach a minimum value of 5.6408 Å a
200 °C and 5.6466 Å at 300 °C.a' then increases again a
higher C concentrations to saturate at the lattice constan
bulk Ge,aGe. The dashed line in Fig. 6 corresponds to t
calculated alloy lattice constant for fully substitutional C i

FIG. 5. Lattice parametera' along the film growth direction vs the depo
sition temperatureTs for Ge0.977C0.023 alloy layers grown on Ge~001!.

FIG. 6. Lattice parametersa' along the film growth direction vs the total C
concentrationy in Ge12yCy /Ge(001) alloy layers grown atTs5200 and
300 °C. The dashed line represents calculateda'(y) values assuming C
incorporates solely in substitutional lattice sites.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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corporation. All data points are well above this line indica
ing that significant fractions of incorporated C atoms occu
non-substitutional sites.

C. Raman spectroscopy measurements

Ge12yCy /Ge(001) layers were also probed by Ram
spectroscopy. Substitutional C atoms in the Ge lattice
known to give rise to a local vibrational mode~LVM ! which
has previously been reported to occur at approxima
531 cm21.7,8 Curve 1 in Fig. 7~a! is a reference Raman spe
trum, over the Stokes shift range between 400 a
700 cm21, from a Ge~001! substrate. We attribute th
595 cm21 peak to two-phonon intensity close to the Br
louin zone center.18 The peak at 575 cm21 is due to a high
transverse optical~TO! phonon density of states near the
point in the Ge phonon dispersion curve,18 while the shoul-
der at 550 cm21 is related to a two-phonon process involvin
one longitudinal~LO! and one transverse optical~TO! mode.
The feature near 467 cm21 corresponds to a convolution o
the Ge two-phonon longitudinal optical and acoustic~LA !
modes.18

Curves 2 and 3 in Fig. 7~a! are typical Raman spectra, i
this case from Ge0.977C0.023(001) alloy layers grown atTs

5200 °C and 350 °C, respectively. The spectra contain
additional peak corresponding to the 531 cm21 LVM from

FIG. 7. ~a! Raman spectra obtained from~1! a bulk Ge~001! wafer and
Ge0.977C0.023~001! alloys grown on Ge~001! at ~2! Ts5200 °C, ~3! Ts

5350 °C, and~4! Ts5200 °C and annealed for 30 min atTa5550 °C. The
inset is a plot of the normalized C 531 cm21 LVM peak from curve 2 fitted
with a Gaussian~solid line!. ~b! The integrated areasAC under the substitu-
tional C LVM Raman peaks from Ge0.977C0.023~001! alloys grown on
Ge~001! as a function ofTs .
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substitutional C in Ge.7,8,11We note that the area under the
peak from theTs5350 °C sample is smaller than that of th
200 °C alloy. In order to compare results as a function oy
andTs , all Raman spectra were normalized to the Ge 2
peak intensity at 595 cm21 and the pure Ge spectra su
tracted. The C-related peaks were then well fit using
Gaussian function centered at 531 cm21. An example fit, in
this case for the sample shown in curve 2, is given in
inset of Fig. 7~a!. The integrated areaAC under the C peak
from Ge0.977C0.023(001) alloys is plotted as a function ofTs

in Fig. 7~b!. We find thatAC decreases with increasing film
growth temperature. Since the C peak area is directly pro
tional to the substitutional C concentration incorporated
the Ge12yCy(001) layers, the results show thatysub de-
creases approximately linearly with increasingTs , consistent
with our HR-RLM measurements~Fig. 4!.

D. Annealing effects on C lattice site distributions

Annealing experiments were carried out in order to
vestigate the thermal stability of Ge12yCy(001) alloys. All
samples were successively annealed in Ar at temperatureTa

of 450, 550, and 650 °C for 30 min. Changes in alloy latti
constants were determined by HR-XRD and HR-RLM af
each step. All layers remained fully coherent and SIMS
depth profiles were found to be identical to those obtain
from as-deposited samples.

A typical set of HR-RLMs from an annealed 150
Å-thick Ge0.977C0.023(001) alloy grown atTs5200 °C is
shown in Fig. 8. The substrate and the film peaks rem
perfectly aligned along theki direction signifying negligible
in-plane strain relaxation. In fact, the 450 °C anneal had

FIG. 8. HR-RLMs around asymmetric 224 Bragg peaks from a 15
Å-thick Ge0.977C0.023 alloy grown on Ge~001! at Ts5200 °C and succes-
sively annealed for 30 min atTa5450 °C, ~a! 550 °C, and~b! 650 °C.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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measurable effect whatsoever, with the HR-RLM remain
identical to that shown in Fig. 4~a!. However, at Ta

5550 °C, the layer peak in the HR-RLM moves closer to t
Ge substrate peak, asa' increases from 5.6408 to 5.6472 Å
corresponding to a lower tensile strain. We obtainGv and
Gv – 2u values of 41 arc s and 39 arc s, respectively, sligh
lower than in the as-deposited sample~54 and 43 arc s!. This
is indicative of a slight increase in crystalline quality, ass
ciated with a decrease in the overall tensile strain, a
changes in C lattice site distributions. Annealing atTa

5650 °C relieves the remaining tensile strain such thata'

5ai5aGe, as shown in Fig. 8~b!.
a' values are plotted as a function ofTa in Fig. 9 for

Ge0.977C0.023(001) layers grown atTs5200– 400 °C. For
each curve, the data point at the lowest temperature co
sponds toa' for the as-deposited layer. The results clea
show that 450 °C anneals have no effect ona' , irrespective
of Ts . IncreasingTa to 550 °C, however, leads to an in
crease ina' for alloys grown atTs5200– 300 °C, whilea'

remains constant for Ge0.977C0.023(001) films grown atTs

>350 °C. Annealing atTa5650 °C reduces the residua
strain to zero~a'5aGe! for all layers, suggesting that th
substitutional C concentrations in these layers become
ligible.

We provide further evidence from Raman spectrosco
for a decrease in substitutional C concentration upon ann
ing. Curve 4 in Fig. 7~a! is a Raman spectrum obtained fro
a Ge0.977C0.023(001) layer grown atTs5200 °C @curve 2 in
Fig. 7~a!# and annealed atTa5550 °C. The integrated are
AC under the C peak has decreased by approximately a fa
of 2 during annealing, indicating a corresponding decreas
the substitutional C concentration. This is consistent with
HR-RLM results showing that annealing leads to a decre
in tensile strain and indicates that substitutional C atoms
grate during annealing to sites which exert negligible latt
strain.

An XTEM bright-field image, obtained using aḡ5220
diffraction vector near the 110 zone axis, from
Ge0.977C0.023(001) alloy grown atTs5200 °C and annealed

FIG. 9. Lattice parametersa' along the film growth direction as a functio
of the annealing temperatureTa for 1500 Å-thick Ge0.977C0.023alloys grown
on Ge~001! at Ts5200 °C– 400 °C.
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at Ta5650 °C is presented in Fig. 10. The annealed fi
still contains no observable stacking faults, dislocations,
evidence for C precipitates, and the substrate/film interf
remains abrupt. This suggests that changes in layer s
are related solely to changes in C lattice site distributio
rather than, for example, C decoration of extended defe
From our strain results ~Fig. 5!, this as-deposited
Ge0.977C0.023(001) sample had the highest substitutional
concentration,ysub50.0042. However, the correspondin
tensile strain was completely relaxed during the 650 °C
nealing.

IV. DISCUSSION

Ge12yCy(001) alloys grown by MBE at Ts

5200– 400 °C with C concentrations up to 4.5 at. % are
high crystalline quality and fully coherent with their Ge~001!
substrates as judged by RHEED, HR-XRD, HR-RLM, a
XTEM. Total incorporated C concentrationsy obtained from
quantitative SIMS measurements agree well with values
pected from growth rate calibrations and were found to
independent ofTs .

In situ RHEED and XTEM analyses showed that a
Ge12yCy(001) layers grown at 200<Ts<300 °C with y
,0.035 have smooth 231 surfaces and contain no extend
defects. However, layers grown atTs>350 °C exhibit sig-
nificant surface roughness with, atTs5400 °C, the develop-
ment of $113% facets as observed by both RHEED a
XTEM. $113%-faceted epitaxial and amorphous Ge12yCy lay-
ers grown on Ge~001! were previously reported by D’Arcy-
Gall et al.19 and Yanget al.,3 respectively. C-induced$113%
facets have also been observed during the homoepita
growth of Si~001!,20 and attributed, based onab initio den-
sity functional calculations, to the stabilization of$113% fac-
ets by C atoms which tend to favorsp2 rather thansp3

hybridization.21

Ge12yCy(001) alloys grown on Ge~001! at Ts5200 °C
are in a state of in-plane tensile strain whose magnitude
determined by HR-XRD and HR-RLM, decreases linea
with increasingTs until it becomes negligible for all alloy
compositions atTs5400 °C. Consistent with these result
Raman spectroscopy analyses provide direct experime
evidence showing that the fraction of the total C concen

FIG. 10. A bright-field XTEM image, obtained withḡ5220 near@110#,
from the Ge0.977C0.023~001! alloy corresponding to Fig. 2~a! after annealing
for 30 min atTa5650 °C.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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tion which is incorporated in substitutional lattice sites a
decreases linearly with increasingTs . Based upon previous
results using hyperthermal atom beams,11,12 the only signifi-
cant nonsubstitutional C sites in Ge12yCy /Ge(001) are
Ge–C split interstitials, whose concentration is expected
be insignificant in the present MBE experiments, and
nanoclusters which induce negligible strain in the Ge latt
(acluster50). Thus, the out-of-plane lattice constanta' of
fully coherent Ge12yCy films on Ge~001! depends solely on
the substitutional C concentrationysub in the alloys, weighted
by the strain coefficientasub520.71. Thus,a' is related to
ysub through the simple relationship,

a'5aGe~11asubysub!. ~1!

Using Eq.~1! together with our measureda' values, the total
C concentrationy obtained by SIMS, and the calculate
strain coefficients, we extract the substitutional C fract
jsub5ysub/y in our Ge12yCy ~001! layers. Figure 11~a! is a
plot of jsub as a function ofTs for Ge0.977C0.023(001) films.
jsubdecreases approximately linearly from a maximum va
of 0.18 at Ts5200 °C to become essentially zero atTs

5400 °C. Figure 11~b! shows the substitutional C fraction a
a function of the total C concentrationy in Ge12yCy(001)
alloys grown atTs5200 °C and 300 °C. We obtain th
highest substitutional C fraction, jsub50.38, for
Ge0.997C0.003/Ge(001) layers grown at 200 °C. Increasingy
leads to a continuous decrease injsub to 0.08 with y
50.041. We observe the same trend in the 300 °C layers,

FIG. 11. ~a! The fractionjsub of C incorporated in substitutional sites i
Ge0.977C0.023/Ge~001! alloys as a function of the growth temperatureTs . ~b!
jsub as a function of the total C concentrationy in Ge12yCy(001) alloys
grown on Ge~001! at Ts5200 °C and 300 °C.
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with lower absolute values forjsub. Overall, the substitu-
tional C fraction is small in all Ge12yCy(001) alloys, irre-
spective ofy and Ts . This is consistent withab initio density
functional calculations showing that C incorporation in nan
cluster sites is energetically favored over incorporation
substitutional Ge lattice sites.10 The fact that we observe
jcluster5(12jsub! increasing withy as well asTs suggests
that nanocluster formation is kinetically limited during film
deposition by the C–C adatom encounter probability at
growth surface.

No changes were observed in either the in-plane strai
the areaAC under the C LVM Raman peak during 30 m
anneals of Ge0.977C0.023(001) layers at Ta5450 °C. At
higher annealing temperatures, however,a' increases while
AC, and hence the substitutional C concentration, decrea
The alloy layers remain fully coherent with their Ge~001!
substrates and free of extended defects. Thus, 30 min aTa

>550 °C is sufficient to induce C diffusion from substitu
tional lattice sites to lower-energy nanocluster sites. AtTa

5650 °C, all residual substitutional C is lost. Using the r
ported activation energy for substitutional C diffusion in G
2.6 eV,5 we estimate C mean diffusion distances in o
Ge12yCy(001) layers during 30 min anneals at 450, 550, a
650 °C, to be,1 Å, 11 Å, and 85 Å, respectively, which ar
consistent with our experimental results. For Ge12yCy(001)
alloys withy50.023, substitutional C atoms are separated
.10 Å. Thus, we observe negligible change ina' or jsub

values atTa5450 °C while a fraction of the substitutional C
migrates to nanocluster sites at 550 °C~see Fig. 9!, and all
substitutional C is converted atTa5650 °C.

V. CONCLUSIONS

MBE Ge12yCy alloys grown at temperaturesTs

5200– 400 °C with total C concentrations up to 4.5 at. %
fully commensurate with their Ge~001! substrates. HR-RLM
and XTEM analyses show that the layers contain no det
able extended defects or C precipitates. We find that C at
incorporate intoboth substitutional and nanoclusters site
The combination of SIMS, HR-XRD, HR-RLM, and Rama
spectroscopy, together with the results of previousab initio
density functional calculations,10 were used to quantitatively
determine, as a function of film growth conditions, the co
centrations of C incorporated in each site.

We find that, in contrast to Si12yCy alloys grown on
Si~001!, it is not possible by MBE to obtain fully substitu
tional C incorporation in Ge12yCy(001) alloys, irrespective
of y and Ts . We attribute this to the fact that while subst
tutional C is the most energetically stable configuration in
C nanoclusters are the lowest energy sites in the Ge lat
jsub in Ge12yCy(001) decreases with increasingTs and/ory
suggesting that the formation of nanoclusters is kinetica
limited by the C–C adatom encounter probability at t
growth surface.

All Ge12yCy(001) layers are stable to 30 min anneals
Ts5450 °C. However, annealing the alloys atTa5550 °C
leads to a significant decrease in tensile strain while 650
annealed layers are strain and defect free as all substituti
C migrates to lower-energy nanocluster sites.
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