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C lattice site distributions in metastable Ge  ;_,C,, alloys grown
on Ge(001) by molecular-beam epitaxy
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Epitaxial metastable Ge,C, alloy layers withy<0.045 were grown on Ge01) by solid-source
molecular-beam epitaxy(MBE) at temperaturesT,=200—-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 functiof g&nd total C concentration

y. HR-RLMs show that all as-deposited alloys are fully coherent with their substrates.
Ge,,C,(001) layers grown af4<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.T;=400°C layers are strain neutral with negligible substitutional C
incorporation. Increasingy and/or T4 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
Ge,_,C,(001) alloys, irrespective of andTs. This is consistent witkab initio density functional
calculations results showing that C incorporation in nanoclusters sites is energetically favored over
incorporation in substitutional Ge lattice sites. Annealing the G€,(001) layers aff ,=550°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 Physic§DOI: 10.1063/1.1448677

I. INTRODUCTION typically have highly defective microstructures containing
L . large concentrations of misfit dislocations which can act as

~ C-containing group-1V alloys are of technological and ;s for incorporated C. These samples are thus unsuitable

scientific interest due to the potential they offer for both bano“Or investigating C incorporation pathways in GeC, .

gap and strain-state engineering of layers used in microelec- There are few reports of the successful growth of meta-

tronic and optoelectronic devices compatible with Si inte—Stalble Ge_,C, alloys on Gé001). Duschlet al® employed

grated circuit technology. There are, however, severe Chakolid-sourcé molecular-beam epitakylBE) to grow thirty

lenges associated with their growth. First, the equilibriumperiods of 30 A-Ge C,/100 A-Ge superlattices witly

solid solubilities of C in Si and Ge are extremely oW, _ 5 015 and 0.021 aﬁemperatur‘észoo and 300°C. The

~10L7 o—3 -3 ; .
—101thcm d anﬂ_lg CT. ' t_res”pectlveli}. L.OW dtempg'rtgture . authors stated that 30% of the total C concentration resided
growth under nighly Kinetically constrained conaitions 1S4, - g pstitytional sites aff;=200°C with only 10% at

therefore required in order to take advantage of the fact th 00°C. The substitutional fractions were estimated based

surface SOIl.Jb'“t'.es are orders qf ”.‘"’?9””“0'9 larger than .bu"(upon strain values obtained from x-ray diffraction measure-
values? while simultaneously inhibiting phase separation

ments. Dashiellet al® demonstrated in-plane tension in

during deposition. Another obstacle to be overcome is th _ o
large lattice constant mismatch, 34% and 37%, between di;%_el_ycy/Ge(OOD layers grown by MBE a=275°C, but

) did not measure.
mond @c=3.5668 A) and the common group-IV semicon- 3 L
ductors Si fig=5.4310 A) and Gedg.=5.6576 A). Yang et al” reported the growth of epitaxial GeCo.os

Si,_,C, has been widely studied experimentally and®" Ge{O_Ol) by MBE_ath _ 200 °C and noted that the layers
Y : Lo were highly defective with rough113 facetted surfaces.
theoretically, but C incorporation in Ge,C, alloys has re- Lo :
i : ) . y ) Raman spectroscopy indicated that only a small fraction of
ceived relatively little attention. Most reported experimental

investigations have focused on the growth of, GE, layers the C was in substitutional sites giving rise to a local vibra-

3.4 . tional mode at 530 cm* (Ref. 7). The peak position is in
(y=0.1) on S{001)."" However, Gg-,C,/Si(001) layers good agreement with an investigation by Hoffman and

co-worker§ who used ion channeling and infrared absorp-
2Electronic mail: d-gall@uiuc.edu tion spectroscopy to characterize Ge wafers implanted with
YPermanent address: Groupe de recherche en physique et technologjﬂt+ and23c* ions at energies and doses chosen to provide
des couches minces, partement de geée physique, Eole Polytechnique . . _ . .

de Montf@l, P.O. Box 6079, Staton Centre-Vile, Monale & relatively uniformly doped 0.7um-thick region withy

Québec H3C 3A7, Canada. =0.007. They observed a Ge-C stretch mode at a frequency
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of 531 cm !, consistent with values between 516 andter sites. This provides direct experimental evidence, con-
563 cn L obtained from local density functional calculations firming calculated result¥) that the most energetically favor-
of the vibrational mode frequencies of substitutional C in Geable configuration for C in the Ge lattice is in the form of
Analyses of channeling rocking curves around ti€0), nanoclusters.
(110, and(111) axes suggested that up to 83% of the
incorporated C was in substitutional sites.

Although the most stable configuration for C atoms in

the Si lattice is the substitutional siteGall et all® have All Ge,_,C,(001) alloy layers were grown in a multi-
demonstrated recently, usingb initio density-functional- chamber solid-source MBE system, described in detail in
theory-based calculations, that the situation is quite differenRef. 13, with a base pressure ok30 ! Torr. A pyrolytic
for the case of C in Ge. They showed that the formationBN effusion cell was used to evaporate 99.9999% pure Ge
energy per C atoml)=U/N¢, continuously decreases with while pyrolytic graphite(purity=99.99% was sublimed in a
increasing numbeN: of C atoms in a given configuration, magnetically focused electron-beam evaporator. Surface
from 2.42 eV for substitutional C, to 2.17 eVrfa C pair on  structural and morphological changes were recoridesitu
a single substitutional site, to 1.66 eV wily=3. This in- by reflection high-energy electron diffractidRHEED) us-
dicates that C has a strong tendency to form nanoclusters ing a 20 keV primary electron beam which intercepts the
Ge. Gallet al. also calculated the strain coefficieatfor =~ sample at an angle a£2°.
more than 50 C configurations in the Ge lattice and found The substrates are polished %.5.5cnf Sb-doped
that the absolute value af is largest for single-C configu- Ge001) wafers with room-temperature resistivities of
rations (Nc=1). For substitutional C, they obtained a strain 1—-20Q cm (n=1X10"°-~6x 10'® cm %). Substrate clean-
coefficientag,, of —0.71 (slightly smaller than the Vegard’s ing consisted of ultrasonic degreasing, rinsing in deionized
rule valug, while « decreases to approximately zero for con-water to remove the native oxide, and oxidation by a UV-
figurations withN-=2. ozone proces¥. The wafers were then immediately inserted
D’Arcy-Gall et al!! using a combination of calculated into the ultrahigh vacuum system. Final substrate preparation
strain coefficients and layer strains measured by highincluded degassing at 250 °Crfd h and desorption of the
resolution x-ray diffraction(HR-XRD), provided evidence oxide layer at 600 °C for 10 min. 500 A-thick G®1) buffer
for C incorporation at nanocluster sites in,GgC, /Ge(001)  layers were deposited at=400 °C followed by the growth
films grown from hyperthermal Ge and C atomic beams.of 1500 A-thick Ge_,C,(001) alloy layers at temperatures
Specifically, they showed that all C atoms are incorporated’s between 200 and 400°C. The Ge deposition rate was
into both substitutional and Ge—C split interstitial sites at0.4 A s, while the C deposition rate was set to obtain the
low y and T values with the relative concentrations con- desired alloy composition. Film growth temperatures were
trolled by the incident Ge-atom enertfy.However, asy measured using a pyrometer calibrated by a thermocouple
and/orTg are increased, a growing fraction of C is incorpo- bonded to a dummy Ge substrate. The chamber pressure dur-
rated in nanoclusters. Ge—C split interstitials are formed during deposition was<2x 10~° Torr.
ing growth from hyperthermal beams as a result of the trap- Deposited film thicknesseis were measured using mi-
ping, by substitutional C, of Ge self-interstitials created bycrostylus profilometry while total C concentratiopsn as-
fast Ge irradiatiort? For Geg _,C, growth from thermal deposited layers were determined using a Cameca IMS-5F
beams, as in the present MBE experiments, self-interstitialsecondary-ion mass spectromei®hiVS) operated with a 10
and hence Ge-C split interstitial, concentrations should b&eV Cs" primary ion beam. Quantification, with an experi-
negligible. The formation energy of Ge—C split interstitials is mental uncertainty of- 10%, was carried out by comparison
1.78 eV higher than that of substitutional'®. to C ion-implanted bulk Ge standards. All SIMS depth pro-
In this article, we determine C lattice site distributions in files were found to be flat showing that C concentrations
Ge during MBE growth of epitaxial Ge,C,/Ge(001) al- remain constant as a function of depth in the G&,(001)
loys as a function of compositiory&0.045) and deposition layers.
temperature (208 T,<400 °C). To accomplish this, we em- HR-XRD and HR-RLM measurements were performed
ploy a combination of high-resolution reciprocal lattice map-using a Philips X-pert MRD diffractometer with CKa
ping (HR-RLM), cross sectional transmission electron mi-radiation (\=1.540597 A from a four-crystal G20
croscopy(XTEM), and Raman spectroscopy. Based upon thenonochromator which provided an angular divergence of
results, together with previouab initio density functional <12 arcs with a wavelength spreAc/A=7x10 5. w—26
calculations® C incorporation pathways during film growth scansw is the angle of incidence anlis the Bragg diffrac-
are deduced. tion angle were obtained with a detector acceptance angle of
We find that irrespective of and T values, complete =2°, while an additional two-crystal G220 analyzer was
incorporation of C atoms in Ge substitutional sites is notplaced between the sample and the detector for high-
possible; a fraction of the total C concentration is alwaysresolution scangdetector acceptance angtl2 arc $. HR-
incorporated in nanoclusters. The latter fraction increaseRLMs were generated by taking repetitiwe-26 scans start-
with y and/orTg due to correspondingly higher C—C encoun-ing at different initial values fok.
ter probabilities at the growth surface. Annealing as- XTEM examinations were carried out using a Philips
deposited Gg ,C,(001) layers results in a further loss in the CM12 microscope operated at 120 keV. Specimens for
substitutional concentration as C atoms migrate to nanoclus<TEM examinations were prepared by gluing two samples

II. EXPERIMENTAL PROCEDURE
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film to film and then cutting a vertical section which was (a) (b)

thinned by mechanical grinding to a thickness=e25 um.
Final thinning to electron transparency was done by fn
milling in which the incident beam angle and energy were

progressively reduced from 15° to 9° and 5 to 3.5 keV in

order to obtain samples with relatively uniform thickness

distributions. (c) (d)

Raman measurements were performed using the 5145 A
line from an Ar" ion laser. The 40 mW laser beam was
incident at 60° to the sample normal and focused to a spot '
size of=300 um. The optical penetration depth at this wave-
length is=160 A® much smaller than the alloy layer thick-
ness. A three-stage 0.8 m SPEX spectrometer equipped with (e) ) ‘

a two-dimensional2D) charged-coupled device array was ”
used to collect the signal perpendicular to the sample sur- ‘

face. Wavelength calibration was accomplished using a Ne &
lamp.

Annealing experiments were carried out at atmospheric
pressure in ultrahigh purity Ar (99.999%). Following FIG. 1. RHEED patterns fronte) a 500 A-thick Ge buffer layer grown at
sample introduction, the annealing chamber was purged witﬂis=0%00 °C and 1500 A;hickb(%%gggzs a"%yoloazfgrsdgrgvsvg ok(J:y MB(;E on
Ar Eor ?1 h. The samples were then rapidly heat(.ad aﬁ%og(gtéﬁg%igt;;iﬁgﬁ (()f)the RHEég pattern&'a(s) )showing’cﬁgvﬁsﬁ-
=8°Cs "tothe annea“ng temperatuTe,, held for 30 min, shaped streaks emanating from the diffraction spots.
and cooled in Ar to room temperature. All samples were
successively annealed at temperatures of 450°C, 550°C,
and 650 °C. fromt=1500 A withy=0.012 tot=680 A withy=0.023 at
T,=350°C. In parallel, vertical intensity modulations be-
come visible along the length of the fundamental diffraction
rods. With further increases in film thickness, the modulated
A. Film growth 1X1 pattern gradually transforms into a bulk 3D pattern
such as the one shown in Fig(d], obtained from a 1500
A-thick Ge, 971Co 024001) layer grown aff¢=350°C. In-
creasing T to 400°C yields extremely rough surfaces
with RHEED patterns exhibiting streaks corresponding to
the presence of113 facets witht>440 A. The chevron-

Ill. EXPERIMENTAL RESULTS

Epitaxial Gg_,C, layers with nominal thicknessets
=1500A and concentrationg<0.045 were grown on
Ge001) at T,=200—-400°C in order to probe C incorpora-
tion pathways. We used HR-RLM to show that all

Ge,,G,(001) layers are fully coherent with their SUt)Str(’ﬂe'shaped streaks emanate from both the tops and bottoms of

SIMS analyses were performed on all films. . . i .
Typical zero-order Laue-zone RHEED patterns are preglffractlon featuregsee Figs. (e) and Xf), obtained from a

o . Gey 970,024 001) alloy grown at T;=400°C with t

sented in Fig. 1. Patterns from ®@1) buffer layers[Fig. . o
1(a)] consist of sharp 21 spots, with nearly equi-intense =1500 A), and are inclined 25° with respect to the surface
fundamental and half-order features and sharp Kikuchi "negormal.
characteristic of a flat surface. Upon initiating growth of
Ge,-,C,(001) alloys withy<0.023 atT ;=300 °C, RHEED
features become streaky, half-order intensities decrease, dif- In this section, we describe the effect of on film mi-
fuse scattering increases, and the fundamental diffractionrostructure and strain state and then consider the influence
rods broaden. These effects are indicative of decreasing awf alloy composition for films grown af¢=200°C, the
erage terrace sizes, increasing step densities, and atomitinimum  growth temperature used. We choose
scale surface roughening. Typical patterns from 1500 A-thickGe, 47Cp 024 001) alloys to illustrate the effect df, on mi-
Ge) 970 024 001) layers grown aT ;=200 and 300°C are crostructure and C lattice site distributions since, while
shown in Figs. (b) and Xc), respectively. The layers remain =0.023 represents a relatively high C concentration, the al-
2D and show no evidence of faceting, in agreement witHoys remain of excellent crystalline quality over a wide range
XTEM analyses described in the following section. How-in growth temperature.
ever, RHEED patterns from Ge,C,(001) layers with C Figures Za) and 2Zb) are typical bright-field XTEM
concentrationsy=0.035 gradually transform from 2D to images, obtained using thg=220 diffraction vector near
three-dimensional3D) with increasing thickness. For ex- the 110 zone axis, from fully strained 1500 A-thick
ample, 3D patterns are obtained frgrs 0.035 alloys grown  Ge, g7/ 024 001) layers grown al ;=200 and 400 °C, re-
at Ts=200 °C when the film thickness exceeds 515 A. spectively. The film/buffer-layer interfaces are abr(gs de-

RHEED patterns acquired during GgC,(001) growth  termined usingg=200 imaging conditionsand there is no
at Ts=350°C reveal increased surface roughening togethesvidence for stacking faults, misfit dislocations, or C precipi-
with evidence for faceting. The half-order streaks rapidlytates (detection limit =50 A), in agreement with the HR-
disappear, resulting inX1 patterns, at thicknesses ranging RLM results presented next. 110 zone axis selected-area

B. Microstructure and strain state
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(a) Ge,,.C, ,,/Ge(001)
; @ T, =200 °C
2|®
e £ T, =300 °C
Substrate I400 AI *‘é © '
<d>,.J\\Ts=_“£C
000 0 1000

®-20 (arc-s)

FIG. 3. HR-XRD w-26 scans through the 004 Bragg peaks from
Gey 97Co.023 alloy layers grown on GE01) at (a) Ts=200 °C, (c) 300 °C,
and(d) 400 °C.(b) A fully dynamical simulation of the HR-XRD scan iia).
The curves are shifted vertically for clarity.

Film
Substrate

small fraction of incorporated C resides on substitutional
FIG. 2. Bright-field XTEM images, obtained with diffraction vectgr sites.
=220 neaf110], from fully coherent 1500 A-thick Gy 1Co.zsalloy layers Finite-thickness interference fringes are clearly visible in
AED S;‘tteerfiogreatsrt]imei;a:ﬁ;ei; :t‘;(f; azn%O(b)C. and(b) 400 °C. 110 Fig. 3@), indicating that the layer is of high structural quality
with a laterally uniform substrate/film interface. This is con-
sistent with the XTEM results in Fig.(3). From the fringe
electron-diffraction(SAED) patterns[see for example, the spacing, we obtain a layer thickness of 1485 A, in good
insets in Figs. @) and Zb)] are composed of single-crystal agreement with growth rate calibrations. A simulated HR-
reflections with symmetric intensities. XRD scan, calculated based upon the fully dynamical for-
Consistent with the RHEED results, XTEM analyses re-malism of Tagaki® and Taupir’ is shown in Fig. &) for
veal that surfaces of Gg;,£y0,4001) layers grown af; ~ comparison. The simulation was carried out assuming a per-
=200°C[Fig. 2(a)] remain flat to within the resolution of fectly abrupt and coherent film/buffer-layer interface with all
the transmission electron microscopy. However, alloys withC atoms residing in substitutional sites. Reproducing the
y=0.023 grown atTs=350°C exhibit extensive surface measured Bragg and fringe peak positions in the simulation,
roughening and facet formation as shown in Fi¢h)2The using the assumptiotverified below that nonsubstitutional
roughening is C induced since we find that the surfaces of atoms exert negligible in-plane strain in the Ge latlfte,
pure G€001) layers grown to the same thicknessesTat yields a substitutional C concentration of only 0.42 at. %
=350-400°C are flat. The peak to valley roughness for thevhile the total measured C concentration is 2.3 at. %. The
Fig. 2(b) layer is 500 A. The angle betwedf01] and a intensities of the calculated Bragg peaks and interference
vector orthogonal to facet surfaces is 25.2°, indicating, afringes[Fig. 3(b)] are in good agreement with measured re-
observed in RHEED patterns, that the facets are terminatesults[Fig. 3@)].
by {113 planes. IncreasingT to 300 °C while maintaining the total C
Typical HR-XRD w—26 scans through substrate and film concentration at 2.3 at. % decreases the degree of in-plane
004 Bragg peaks are presented in Fig. 3 forp 66,03  tension as shown in Fig.(8§), from which we obtaina,
layers grown atTs=200, 300, and 400 °C. Figure(@ is =5.6508 A.T",,_,, for this 1300 A-thick layer is 131 arcs,
from a 1500 A-thick,y=0.023 alloy grown aff.=200°C.  somewhat larger than the calculated value of 111 arcs and
The diffraction pattern exhibits a sharp layer peak, with a fullindicative of a slight decrease in crystalline quality. How-
width at half maximum intensity",,_,, in the w—26 direc-  ever, finite-thickness interference fringes are still visible near
tion of 111 arcs, in good agreement with the theoreticathe substrate and layer peaks. In contrast, HR-XRD scans
minimum value, accounting for strain broadening and finitefrom Ge, 97Cq 924 001) alloys grown af ;=400 °C[see, for
thickness effect$®”of 107 arc s. This indicates that the film example, Fig. &)] exhibit no distinct layer peak demon-
is of very high crystalline quality. The positive angular sepa-strating that these layers contain negligible substitutional C.
ration between substrate and layer peaks=360 arcs, All Ge,_,C,(001) alloy layers are completely coherent
demonstrates that the film is in a state of in-plane tensionvith their substrates as determined from XTEM and HR-
with an out-of-plane lattice constart, =5.6408 A. Our RLM analyses. Representative reciprocal lattice maps around
measureda, value is considerably larger than the lattice asymmetric 224 reflections are presented in Fig. 4. Diffracted
constanta, =5.5652 A, obtained by assuming all C atoms intensity distributions are plotted as isointensity contours as
reside in substitutional sites and applying the corresponding function of the reciprocal lattice vectdks parallel andk,
strain coefficientag,;= —0.711° This result, combined with perpendicular to the surface. The substrate and film peaks
the fact that the layer is fully coherent, suggests that only dom all samples in this study, irrespectiveyfand T, are
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5.660 |- .
Gey 7y Cop /Ge(001) GeyomCam/ Ge(001) .
-—a
T,=200°C 300°C 400 °C Ge
5655} .
(a) 02 o
GeC(224) ~ o}
N —45.650} .
» (b) «
>
P (©) 5.645| 5 -
@, P
Ge(224) sed0f © . .
K ¥ , 200 300 400
: (o]
) — T,(°C)
k 0.01 A ) _ R
[ FIG. 5. Lattice parametea;, along the film growth direction vs the depo-

sition temperaturd , for Ge, 47.Cq 23 alloy layers grown on G€02).
FIG. 4. HR-RLMs around asymmetric 224 Bragg peaks from € o3
alloys grown on Gg01) at (a) T,=200 °C, (b) 300 °C, and(c) 400 °C.

ited as a function of growth temperatuile,. a, (T) in-

creases nearly linearly from 5.6408 A aL=200°C to
aligned along the, direction signifying negligible in-plane 5.6576 A, equal to the bulk substrate vakg,, at 400 °C.
strain relaxation. The diffraction contours in Fig. 4 are nearlyAll data points in Fig. 5, irrespective &fs, are well above
symmetric with the exception of the elongation, due to finite-the value,a, =5.5652 A, calculated using the strain coeffi-
thickness effects, along the growth direction. cient ag,= —0.71:° corresponding to fully substitutional C

The HR-RLM in Fig. 4a) was obtained from a 1500 incorporation.

A-thick Gey47/Co024001) alloy grown afT¢=200°C. The Figure 6 shows out-of-plane lattice constarmts for
layer is under tensile strain with an out-of-plane lattice con-Ge; -, C,(001) layers grown afl=200 and 300°C as a
stanta, =5.6411 A, in good agreement with the HR-XRD function of the total C concentration The data clearly ex-
results @, =5.6408 A). The full width at half maximum hibit two distinct regimes. At low C concentrationy
intensity in thew and w—20 directions for the layer peak are <0.023 at 200°C ang=<0.013 at 300°{; a, decreases

I' ,=54 andl',_,,=43 arcs, close to the substrate values ofwith increasingy to reach a minimum value of 5.6408 A at
35 and 37 arcs indicating negligible film mosaicity and mi-200°C and 5.6466 A at 300°Q, then increases again at
crostrain. Finite-thickness interference fringes are clearhjhigher C concentrations to saturate at the lattice constant of
visible as periodic intensity contours alokg. The diffrac-  bulk Ge,ag,. The dashed line in Fig. 6 corresponds to the
tion intensity distribution passing transversely through thecalculated alloy lattice constant for fully substitutional C in-
substrate peak is due to residual scattering from the mono-
chromator crystal.

Figure 4b) is an HR-RLM from a Ggg7/Cg 24 001)
alloy grown atT¢=300 °C. The substrate and layer peaks are
again nearly perfectly aligned alon, with an in-plane a,
strain relaxation of only 2.810°°, near the instrument de- 5.655
tection limit of =1x 10 °. The layer is under tensile strain
with a lattice constant along the growth direction @f —_
=5.6514A.T, andT',,_,, for the layer peak are 61 arcs ~ 5650k
and 63 arc s, respectively, corresponding to a slight decreas ® ~* [
in crystalline quality compared to th&=200°C results.
IncreasingT to 400 °C causes the layer peak to merge with
that of the substrate suggesting the absence of C in substitt ~ 5.645
tional lattice sites. The diffuse scattering intensity at angles
away from the Bragg peak is high signifying large variations
in the local microstrain induced by C incorporated in nano- 5.640 1 L
cluster sites(see below which cause severe lattice-plane 0.01 0.02 0.03 0.04
buckling distortions. Yy

Since all Gg_,C,/Ge(001) alloys in this investigation
are fully coherent with their Ge substratgs, their qut-.of-p.lanécconcemraﬂony in Gey_,C, /Ge(001) alloy layers grown af,~ 200 and
lattice constant depends only on C lattice site distributionsgggec. The dashed line represents calculatedy) values assuming C
Figure 5 is a plot ofa, for Gey 97/Cp 0,4 001) layers depos- incorporates solely in substitutional lattice sites.

5.660

Ge, C/Ge(001)
o T, =200°C
0T, =300°C

IG. 6. Lattice parametems, along the film growth direction vs the total C
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Z Ge0.977C0.023(00i;) E G e 0.977C o /G e (O O 1 )

T, =200 °C
@ (b)

Intensity (a. u.)

400 450 500 550 600 650 700
Raman shift (cm™)

LJ v L L

- i (b)] 650 °C
sf ‘ e

of 1 0.01 A
<t ]

0 2(')0 360 400 FIG. 8. HR-RLMs around asymmetric 224 Bragg peaks from a 1500

A-thick Gey¢7/Co .03 alloy grown on G€01) at T,=200°C and succes-
Ts (OC) sively annealed for 30 min &t,=450 °C, (a) 550 °C, and(b) 650 °C.

FIG. 7. (8} Raman spectra obtained frofd) a bulk G&€001) wafer and
Gey97/C0.02400D) alloys grown on GE@0D) at (2) Ts=200°C, 3) T gypstitutional C in Gé:2*We note that the area under the C

=350°C, and4) T,=200 °C and annealed for 30 minBf=550 °C. The o o .
inset is a plot of the normalized C 531 cMLVM peak from curve 2 fitted peak from theT,=350°C sample is smaller than that of the

with a Gaussiartsolid line). (b) The integrated areas. under the substitu- 200 °C alloy. In order to compare results as a functiory of
tional C LVM Raman peaks from Gg;£Co0.4001) alloys grown on andTg, all Raman spectra were normalized to the Ge 2TO

Ge(00Y) as a function ofT. peak intensity at 595 cnt and the pure Ge spectra sub-
tracted. The C-related peaks were then well fit using a

corporation. All data points are well above this line indicat-GaUSS'an function centered at 531 cnAn example fit, in

ing that significant fractions of incorporated C atoms occup)}h'S tcafscla:.for the _?r?mplte shct)wdn n ;urvedZ, |tshg|\(/:en mkthe
non-substitutional sites. inset of Fig. 7a). The integrated areA. under the C pea

from Ge) 97 024 001) alloys is plotted as a function ot
in Fig. 7(b). We find thatA. decreases with increasing film
growth temperature. Since the C peak area is directly propor-
Ge,,C,/Ge(001) layers were also probed by Ramantional to the substitutional C concentration incorporated in
spectroscopy. Substitutional C atoms in the Ge lattice arehe Gg_,C,(001) layers, the results show thgt,, de-
known to give rise to a local vibrational modevM ) which  creases approximately linearly with increasihg consistent
has previously been reported to occur at approximatelyith our HR-RLM measuremeni&ig. 4).
531 cmi *.”8 Curve 1 in Fig. Ta) is a reference Raman spec-
trum, over the Stokes shift range between 400 an
700cmt, from a G&001) substrate. We attribute the
595 cm ! peak to two-phonon intensity close to the Bril- Annealing experiments were carried out in order to in-
louin zone centel® The peak at 575 cm' is due to a high vestigate the thermal stability of &g,C,(001) alloys. All
transverse opticalTO) phonon density of states near the X samples were successively annealed in Ar at temperafiyres
point in the Ge phonon dispersion curfewhile the shoul-  of 450, 550, and 650 °C for 30 min. Changes in alloy lattice
der at 550 cm? is related to a two-phonon process involving constants were determined by HR-XRD and HR-RLM after
one longitudinalLO) and one transverse optiqdlO) mode.  each step. All layers remained fully coherent and SIMS C
The feature near 467 cm corresponds to a convolution of depth profiles were found to be identical to those obtained
the Ge two-phonon longitudinal optical and acougti®)  from as-deposited samples.
modest® A typical set of HR-RLMs from an annealed 1500
Curves 2 and 3 in Fig.(3) are typical Raman spectra, in A-thick Ge, 971Co.024001) alloy grown atT,=200°C is
this case from Ggy;Ly024001) alloy layers grown aT;  shown in Fig. 8. The substrate and the film peaks remain
=200°C and 350°C, respectively. The spectra contain aperfectly aligned along thk, direction signifying negligible
additional peak corresponding to the 531 ¢niVM from in-plane strain relaxation. In fact, the 450 °C anneal had no

C. Raman spectroscopy measurements

Cf), Annealing effects on C lattice site distributions
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FIG. 9. Lattice parametem, along the film growth direction as a function
of the annealing temperatuTg, for 1500 A-thick G ¢7/Co 023 alloys grown
on G€001) at Ts=200 °C-400 °C.
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FIG. 10. A bright-field XTEM image, obtained with=220 near[110],
from the Gg 47/Cp.024001) alloy corresponding to Fig.(2) after annealing
for 30 min atT,=650 °C.

at T,=650°C is presented in Fig. 10. The annealed film

still contains no observable stacking faults, dislocations, or
evidence for C precipitates, and the substrate/film interface
remains abrupt. This suggests that changes in layer strain

measurable effect whatsoever, with the HR-RLM remainingyre rejated solely to changes in C lattice site distributions,

identical to that shown in Fig. (4. However, atT,

=550 °C, the layer peak in the HR-RLM moves closer to theprom  our  strain

rather than, for example, C decoration of extended defects.
results (Fig. 5), this as-deposited

Ge substrate peak, as increases from 5.6408 to 5.6472 A, G&y.97Co.024001) sample had the highest substitutional C

corresponding to a lower tensile strain. We obtgip and

concentration, yg,;=0.0042. However, the corresponding

',z values of 41 arcs and 39 arcs, respectively, slightlyiensile strain was completely relaxed during the 650 °C an-

lower than in the as-deposited samfBd and 43 arc)s This

nealing.

is indicative of a slight increase in crystalline quality, asso-
ciated with a decrease in the overall tensile strain, an(N DISCUSSION

changes in C lattice site distributions. Annealing B{
=650 °C relieves the remaining tensile strain such that
=@a,=age, as shown in Fig. &).

a, values are plotted as a function ®f, in Fig. 9 for
Gey 97LC0.024001) layers grown aflT,=200-400°C. For

Ge, ,Cy(001) alloys grown by MBE at Tg
=200-400°C with C concentrations up to 4.5 at. % are of
high crystalline quality and fully coherent with their ®61)
substrates as judged by RHEED, HR-XRD, HR-RLM, and

each curve, the data point at the lowest temperature corre<TEM. Total incorporated C concentratiogsobtained from
sponds toa, for the as-deposited layer. The results clearlyquantitative SIMS measurements agree well with values ex-

show that 450 °C anneals have no effectagn irrespective

pected from growth rate calibrations and were found to be

of Ts. IncreasingT, to 550°C, however, leads to an in- independent off.

crease im, for alloys grown afl ;=200-300 °C, whilea,
remains constant for Gg;LCp024001) films grown atTg

In situ RHEED and XTEM analyses showed that all
Ge,,C,(001) layers grown at 268T;<300°C withy

=350°C. Annealing atT,=650°C reduces the residual <0.035 have smooth>1 surfaces and contain no extended
strain to zero(a, =age) for all layers, suggesting that the defects. However, layers grown &t=350°C exhibit sig-
substitutional C concentrations in these layers become negficant surface roughness with, Bt=400 °C, the develop-

ligible.

ment of {113 facets as observed by both RHEED and

We provide further evidence from Raman spectroscopyXTEM. {113-faceted epitaxial and amorphous;GgC, lay-
for a decrease in substitutional C concentration upon anneagrs grown on G@01) were previously reported by D’Arcy-

ing. Curve 4 in Fig. 7@ is a Raman spectrum obtained from Gall et a

a Gg 970 024001) layer grown afl ;=200 °C[curve 2 in

12° and Yanget al.® respectively. C-induceg113

facets have also been observed during the homoepitaxial

Fig. 7(a)] and annealed af,=550°C. The integrated area growth of S{001),%° and attributed, based aab initio den-

Ac under the C peak has decreased by approximately a factaity functional calculations, to the stabilization {if13 fac-

of 2 during annealing, indicating a corresponding decrease iets by C atoms which tend to favap? rather thansp®

the substitutional C concentration. This is consistent with thenybridization?!

HR-RLM results showing that annealing leads to a decrease Ge, ,C,(001) alloys grown on G€01) at T;=200°C

in tensile strain and indicates that substitutional C atoms miare in a state of in-plane tensile strain whose magnitude, as
grate during annealing to sites which exert negligible latticedetermined by HR-XRD and HR-RLM, decreases linearly

strain.

An XTEM bright-field image, obtained using @= 220
diffraction vector near the 110 zone axis,
Gy 970024 001) alloy grown afT=200°C and annealed

with increasingTg until it becomes negligible for all alloy
compositions aff=400°C. Consistent with these results,

from aRaman spectroscopy analyses provide direct experimental

evidence showing that the fraction of the total C concentra-
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with lower absolute values foég,,. Overall, the substitu-
tional C fraction is small in all Ge ,C,(001) alloys, irre-
spective ofy and Tg. This is consistent witlab initio density
functional calculations showing that C incorporation in nano-
cluster sites is energetically favored over incorporation in
substitutional Ge lattice sitéS.The fact that we observe
Eauster= (1— &gp) increasing withy as well asTg suggests
that nanocluster formation is kinetically limited during film
deposition by the C—C adatom encounter probability at the
growth surface.

No changes were observed in either the in-plane strain or
the areaAc under the C LVM Raman peak during 30 min
anneals of Ggg7LCp0.4{001) layers atT,=450°C. At
higher annealing temperatures, hower,increases while
Ac, and hence the substitutional C concentration, decreases.
The alloy layers remain fully coherent with their (881
substrates and free of extended defects. Thus, 30 min at
=550°C is sufficient to induce C diffusion from substitu-
tional lattice sites to lower-energy nanocluster sites.TAt
=650°C, all residual substitutional C is lost. Using the re-
ported activation energy for substitutional C diffusion in Ge,
2.6 eV® we estimate C mean diffusion distances in our
Ge,-,C,(001) layers during 30 min anneals at 450, 550, and

650 °C, to be<1 A, 11 A, and 85 A, respectively, which are
y consistent with our experimental results. For; G&,(001)
alloys withy=0.023, substitutional C atoms are separated by
=10 A. Thus, we observe negligible changean or &,
values afl ;=450 °C while a fraction of the substitutional C
migrates to nanocluster sites at 550(%&e Fig. 9, and all
substitutional C is converted at, =650 °C.

FIG. 11. (a) The fractioné&,, of C incorporated in substitutional sites in
Gey.97Co.023/ GE(00D) alloys as a function of the growth temperatiiie (b)
&sup @s a function of the total C concentratignin Ge, _,C,(001) alloys
grown on G€001) at T,=200 °C and 300 °C.

tion which ig incorpo_ratgd in su_bstitutional lattice site_s alsoy, coNCLUSIONS
decreases linearly with increasiig. Based upon previous
results using hyperthermal atom beath¥ the only signifi- MBE Ge_,C, alloys grown at temperaturess
cant nonsubstitutional C sites in GgC,/Ge(001) are =200-400°C with total C concentrations up to 4.5 at. % are
Ge-C split interstitials, whose concentration is expected téully commensurate with their G@01) substrates. HR-RLM
be insignificant in the present MBE experiments, and Cand XTEM analyses show that the layers contain no detect-
nanoclusters which induce negligible strain in the Ge latticeable extended defects or C precipitates. We find that C atoms
(aeusie=0). Thus, the out-of-plane lattice constamt of  incorporate intoboth substitutional and nanoclusters sites.
fully coherent Ge_,C, films on G&001) depends solely on The combination of SIMS, HR-XRD, HR-RLM, and Raman
the substitutional C concentratigy,,in the alloys, weighted spectroscopy, together with the results of previabsinitio
by the strain coefficient,;= —0.71. Thusa, is related to ~ density functional calculations,were used to quantitatively
Ysub through the simple relationship, determine, as a function of film growth conditions, the con-
centrations of C incorporated in each site.

a, =acd 1+ asusun)- @ We find that, in contrast to §i,C, alloys grown on
Using Eq.(1) together with our measured values, the total  Si(001), it is not possible by MBE to obtain fully substitu-
C concentrationy obtained by SIMS, and the calculated tional C incorporation in Gg ,C,(001) alloys, irrespective
strain coefficients, we extract the substitutional C fractionof y andTs. We attribute this to the fact that while substi-
Esu=Ysun/Y in our Gg _,C, (001) layers. Figure 1) is a  tutional C is the most energetically stable configuration in Si,
plot of &g, as a function ofT¢ for Gey 75 0204{001) films.  C nanoclusters are the lowest energy sites in the Ge lattice.
ésupdecreases approximately linearly from a maximum valueg,, in Ge,_,C,(001) decreases with increasiiig and/ory
of 0.18 atTs=200°C to become essentially zero &  suggesting that the formation of nanoclusters is kinetically
=400 °C. Figure 1(b) shows the substitutional C fraction as limited by the C—C adatom encounter probability at the
a function of the total C concentrationin Ge, _,C,(001)  growth surface.
alloys grown atT,=200°C and 300°C. We obtain the All Ge; _,C,(001) layers are stable to 30 min anneals at
highest substitutional C fraction, &,,,=0.38, for T¢=450°C. However, annealing the alloys Bt=550°C
Gy 990 003/ Ge(001) layers grown at 200 °C. Increasipg leads to a significant decrease in tensile strain while 650 °C
leads to a continuous decrease d§g,, to 0.08 with y  annealed layers are strain and defect free as all substitutional
=0.041. We observe the same trend in the 300 °C layers, bi@ migrates to lower-energy nanocluster sites.
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