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Quantitative C lattice site distributions in epitaxial Ge 1-,C,/Ge(001) layers
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Epitaxial metastable Ge,C, alloy layers with y<0.035 were grown on G€01) from
hyperthermal Ge and C atomic beams at deposition temperdiy@Es250 and 300 °C. The use of
hyperthermal beams allows us to controllably vary the concentration of C incorporated as Ge—C
split interstitials. Ge_,C, layers grown with incident Ge-atom energy distributions corresponding

to <0.14 lattice displacement per incident atipg are in a state of in-plane tension and contain
significant concentrations of C atoms incorporated in substitutional sites. Increasing the dpa to 0.24
yields layers in compression with C incorporated primarily as Ge—C split interstifdlsnitio

density functional calculations of the formation energies and strain coefficients associated with C
atomic arrangements in Ge show that configurations containing multiple C atoms, referred to
collectively as C nanoclusters, are energetically more favorable than substitutional C and Ge—C split
interstitials and yield a nearly zero average strain. In contrast, substitutional C and Ge-C split
interstitials produce large tensile and compressive strains, respectively. Using the calculated strain
coefficients, measured layer strains obtained from high-resolution reciprocal lattice maps, and
substitutional C concentrations determined by Raman spectroscopy, we obtain the fraction of C
atoms incorporated in substitutional, Ge—C split interstitial, and nanocluster sites as a function of
the total C concentratiopandT,. We find that at lowy and T, values, all C atoms are incorporated

in single-C configurations: substitutional C and Ge—C split interstitials. Their relative concentrations
are controlled by the dpa through the production of near-surface Ge self-interstitials which are
trapped by substitutional C atoms to form Ge—C split interstitials. Incregsémgi T, irrespective

of the dpa, leads to an increase in the fraction of C nanoclusters, while the fractions of substitutional
C and Ge-C split interstitials decrease, due to the higher C—C encounter probability at the growth
surface. ©2001 American Institute of Physic§DOI: 10.1063/1.1402137

I. INTRODUCTION solid-source molecular beam epitayBE) to grow 30 pe-
o _ riods of 30A-Ge,_,C,/100-A-Ge superlattices withy

~ C-containing group-1V alloys are of technological and — 012 and 0.021 at temperatuf@sof 200 and 300 °C. The
scientific interest due to the potential they offer for both g ihors reported that only 30% and 10% of the total C con-
band-gap and strain-state engineering of layers used in Mgt occupied substitutional sites at 200 and 300 °C, respec-
_croelectronlc_ an_d optoelectronic devices compatible with Shvely, based upon strain values obtained from x-ray diffrac-
integrated cwcwt_techno!ogy. 'I_'here are, however, SE€VeIGon measurements and the assumption that nonsubstitutional
challenges associated with their growth. First, the eq7u'|'b'C atoms do not induce strain on the Ge lattice. Dashiell
rium solubility of C in Si and Ge is extremely lows 10 etal’ demonstrated in-plane tension in GeC, layers

_3 . _
and 16 cm™3, respectively. Low-temperature growth under grown by MBE atT,=275°C, but did not provide the total

highly kinetically constrained conditions is required to takeipcorporated C concentrations.

advantage of the fact that surface solubilities are orders o Yang et al® reported the growth of epitaxial GeCo os

e s s oot GAODL by MEE T, 200°C and e h
9p P g dep ) ere highly defective with rough 113 facetted surfaces. Ra-

to be overcome is the large lattice constant mismatch, 34% o .
and 37%, between diamondid=3.5668 A) and the com- man spectroscopy indicated that only a small fraction of the

mon group-IV semiconductors Sag=5.4310A) and Ge C was in substitutional sites giving rise to a local vibrational

(age=5.6576 A). Moreover, C atoms tend to incorporate inmode at 530 cn (Ref. §. The latter is in good agreement

nonsubstitutional lattice sites and/or to form defect com-WIth z;\]n |nV(|a.st|gat|c(;n. bfy Hogfmta)m antq coworktéwho used |
plexes in Si and Ge. ion channeling and infrared absorption spectroscopy analy-

; ; 2+ 13~+
There are few reports of the successful growth of metaS®S to characterize Ge wafers implanted Wi" and**C

stable Ge_,C, alloys on G€001). Duschlet al? employed ions at energies and fjoses: chosen to provide a uniformly
doped 0.7um-thick region withy=0.007. They observed a
) __ ' Ge—C stretch mode at a frequency of 531 ¢nrconsistent
b)E'reeZtéﬁrt“; dg‘:";gg‘_’?;;ﬁ?ﬂfgﬁ-ggﬁgﬁem ique et de e des mawaux, | With values between 516 and 563 chobtained from their
Ecole Polytechnique de Moriai C.P. 68'79‘ Succ. Centre-Ville, Morale 10l density functional calculations of the vibrational mode

Québec, Canada H3C 3A7. frequencies of substitutional C in Ge. Analyses of channeling
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rocking curves around th€l00), (110, and(111) axes sug- substitutional C fractions. Ag and T increase, irrespective
gested that up to 313% of the incorporated C was in sub- of the dpa, the C—C encounter probability on the growth
stitutional sites. surface increases giving rise to C incorporation in nanoclus-
Ge,_,C, alloys have received even less theoretical atter sites with correspondingly lower C fractions occupying
tention. Most reports’ consider only C incorporation in sub- single-C configurations. C incorporation in nanoclusters is
stitutional sites and ignore nonsubstitutional C configurafavorable since their formation energy is well below that of
tions. Although the most stable configuration for C atoms ineither substitutional C or Ge—C split interstitials.
the Si lattice is the substitutional sit®ywe have shown, us-
ing ab initio density-functional calculations, that the situa-
tion is rather different in the case of GkFor fully coherent
epitaxial Gg_,C, layers on GE0J), substitutional C atoms
are energetically less favorable than configurations contain-  a| fiims were grown in a multichamber ultrahigh-

ing multiple C atoms, referred to collectively as nanoclus-ygcyum (UHV) load-locked stainless-steel system. The
ters. Our calculations also indicate that @ 1]-oriented growth chamber is cryopumped with a base pressure of 1
Ge—C split interstitial is the most stable interstitial C con- % 10-1Torr and contains facilities foin situ reflection
figuration in Ge and that while substitutional C atoms exert dhigh-energy electron-diffractiolf. Hyperthermal Ge and C
large tensile strain in the Ge lattice, C atoms incorporated imeutral atom beams were obtained by simultaneously sput-
Ge-C split interstitial sites yield a large compressive straintering an undoped float-zone Ge wafer and a high-purity C
We recently reported the growth, at;=300°C, of target with either 450 or 900 eV Krions, generated by two
Gey.99d0.010/ GE(001) alloys from hyperthermal beams with separate UHV modified Kaufman-type double-grid multiap-
typical average energies of 13—16 E\WVe showed that the erture broad-beam sources with provisionsifositu spatial
layer strain is controllably varied through changes in the in-adjustment. The chamber pressure during deposition is 1.2
cident Ge-atom energy distribution and that the ratio of in-x 10~4 Torr.
corporated C residing in Ge—C split interstitials to that in The sputtering system geometry described in Ref. 15,
substitutional sites is directly correlated with the number oftogether with the use of the higher-mass Kr instead of Ar,
lattice displacements in the growing film per incident hyper-minimizes the flux of energetic backscattered particles. Each
thermal atom(dpa calculated usingrRIM™® Monte Carlo  jon beam is focused by a postextraction unipotential electro-
simulations(Ref. 12. Layers grown with dpa values0.14  static lens that also acts as a mirror to prevent electron back-
are in tension with large substitutional concentrations whilestreaming from the neutralization device. Space-charge
layers grown with dpa0.17 exhibit increasingly higher spreading is suppressed in each source immediately upon
compressive strain due to an increasing concentration admerging from the final lens aperture by electron injection
Ge-C split interstitials. Here we use this finding, as de{rom a circular thermionic W filament. The filament is posi-
scribed below, to obtain new insights into C incorporationtioned external to the beam in order to eliminate W contami-
reaction paths. nation. A detailed discussion of the design, construction, and
In this article we present the results of a series of experioperation of the ion sources is presented elsewttere.
ments, combined with density functional calculations, de-  Incident hyperthermal Ge and C beam fluxes, and hence
signed to probe C incorporation pathways into the Ge lattic&5e,_,C, film compositions, are controlled through the
during the growth of epitaxial Ge ,C,/Ge(00)) alloys. We  choice of beam currents from each ion gun. The Ge and C
vary not only the total C concentrationand film growth  beams are both incident at 20° to the substrate surface nor-
temperaturdl g, but the Ge—C split interstitial concentration mal with average energies per atom of 13 and 17 eV, respec-
as well by utilizing the results of Ref. 12 and varying the dpatively, as determined fromiriM Monte Carlo simulation'$
during deposition through changes in the incident Ge-atonfior 450 eV Kr" ion sputtering. These values increase to 16
energy distribution. We employ a combination of Ramanand 24 eV for 900 eV Kf ions. Even though the increase in
spectroscopy, high-resolution reciprocal lattice mappinghe average energy per atom is relatively small, we showed
(HRRLM), cross-sectional transmission electron microscopyn Ref. 12 that the corresponding dpa increases by almost a
(XTEM), andab initio calculations of the strains and forma- factor of 2 due to an increase in the high-energy tail of the
tion energies associated with possible C configurations in G&e-atom energy distribution.
to determine changes in C lattice site distributions as a func- The substrates are polished %.5.5cnt Sb-doped
tion of y, T¢, and dpa and from this deduce C incorporationGe(001) wafers with room-temperature resistivities of 1-20
pathways during film growth. Qcm (n=1x10"%-6x10"2cm ). Substrate cleaning con-
We find that at lowy and T4 values, all C atoms are sists of ultrasonic degreasing, rinsing in deionized water to
incorporated in single-C configurations: substitutional C andemove the native oxide, and oxidation by a UV-ozone
Ge—C split interstitials. The relative concentrations of theserocess® The wafers are then bonded to the substrate platen
two species are controlled by the dpa through the nearmwith In and immediately inserted into the UHV system. Final
surface production of Ge self-interstitials which becomesubstrate preparation comprises degassing at 200 °C for 10
trapped by substitutional C atoms to form Ge—C split inter-min and desorption of the oxide layer at 450 °C for 15 min.
stitials. Layers grown with a “low” dpa of 0.14 contain sig- 1000-A-thick G&001) buffer layers are deposited &
nificant fractions of substitutional C atomsip to 67%, =300°C followed by the growth of=2000-A-thick
while alloys grown with a “high” dpa(0.24) have negligible Ge,_,C, alloy layers atT values of either 250 or 300 °C.

Il. EXPERIMENTAL PROCEDURE
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The deposition rates are 0.5 and 1.4 A with E,, =450 and
900 eV, respectively.

Ge,_,C, film compositions were determined using a
Cameca IMS-5F secondary ion mass spectromévis)
operated with a 10 kV Csprimary ion beam. Quantification
was obtained by comparison to C-implanted(@H) refer-
ence wafers. SIMS results showed that C concentrations in
the alloys increased linearly with the Kion current at the C
target and are constant as a function of depth in all layers,
irrespective ofy or Tg.

A Philips CM12 microscope operated at 120 kV was
used for XTEM examinations. Specimens were prepared by
mechanical thinning followed by ion milling as described in

Ref. 17. Lattice constanta, along the growth direction, 001 \
in-plane lattice constants , and residual strains were deter- 010 O Ge CC
mined from HRRLMs around asymmetric reflections. The 100

measurements. were perform_eq in-a PhI|IpS X-Pert MRD dlf-FIG. 1. Relaxed C configurations in pseudomorphig G€, /Ge(001) with

fractometer using Ci a, radiation (. =1.540597 A) from in-plane lattice constants,=a,=ag.: (a) substitutional C(b) Ge-C split

a four-crystal G€&20) monochromator. A two-crystal interstitial, (c) five C atoms occupying two substitutional sites, dddeight

Ge220 analyzer was placed in front of the detector and aC atoms occupying two substitutional sites. The asterisks represent the Ge

series ofw—26 scans was acquired at differenbffsets(wis ~ eaullibrium positions.

the x-ray angle of incidence anglis the Bragg diffraction

ngle.

2 glgaman measurements were performed at room temperﬂf-for a given C lattice configuration is defined by the strain

ture using the 5145 A line from an Arion laser. The 40 mw  State of a commensurate §C, layer on G¢€002) through

laser beam was incident at 60° to the sample normal anf@ €xpression

focused to a spot size e¢300 um. The penetration depth at 1

this wavelength is=160 A% much smaller than the alloy a=-

layer thickness. A three-stage 0.8 m SPEX spectrometer y

equipped with a two-dimensional charged-coupled device awhere y is the total C concentration. Thgd01]-oriented

ray was used to collect the signal perpendicular to the samplee—C split interstitia[ Fig. 1(b)], formed by the capture of a

surface. Wavelength calibration was done using a Ne Iamp_Ge self-interstitial by a substitutional C, is the most stable
interstitial C configuration in Ge witlJg,;=4.18eV and
agpir=0.95 (compression In Sec. IV C, we provide experi-

Ill. C CONFIGURATIONS IN Ge; _,C,/Ge(001) mental evidence for C incorporation in both the substitu-

Ab initio density functional methods were used to Cak:u_tional and split interstitial configurations with the relative
late the formation energidd and strain coefficients of C concentrations depending on film deposition conditions.

lattice configurations in Ge,C, alloys. The calculations We showed in Ref. 11 that lattice configurations involv-
were performed using the Vienra initio simulation pack- N9 two and three C atoms can be significantly more stable
age (VASP)® which employs ultrasoft Vanderbilt-type than thg substltuponal C gonﬁguratnﬁﬁg. 1(a)J..Here we
pseudopotentia*fg and a plane-wave basis set to determined€termine formation energies and strain coefficients<f60

the Kohn—Sham ground state using the generalized gradie{;j{fferent nanocluster configurations in which the number of
approximation(GGA) of Perdew and Wan@}: C atomsN¢ is between 2 and 8. Example nanoclusters are

Ge _,C, configurations were calculated in the neutral shown in Figs. fc) and Xd). Figure Xc) is the most stable
charge state using 64-atom tetragonal supercells for whichRonfiguration containing five C atoms and occupying two
a,=a,=a,=age, Whereag, is the relaxed bulk Ge lattice s.ubst|t.ut|onql sngs in the Ge lattice. Thg onvest energy con-
constant. This corresponds to the pseudomorphic growth dfguration with eight C atoms on two sit¢6ig. 1(d)] con-
Ge,_,C, on Ge001) where, for a given C lattice configura- &INS a distorted six-membered C ring.
tion, the lattice constant perpendicular to the film surface The formation energy per C atony=U/Nc, of the
varies linearly with alloy concentration. Equilibrium total en- most stable configuration for each type of site., C atoms
ergies and strain coefficients were obtained for eactPccupying an interstitial site, or one, two, or three substitu-
Ge,,C, configuration by relaxing the ionic positions using tional sites is plotted in Fig. 2a) as a function oNc. The
a conjugate-gradient algorithm for a minimum set of threeresults exhibit a clear trend witd continuously decreasing
different unit cell sizes. Details concerning the computationalwvith increasingNc. For example, the most stable configura-
procedure are described in Ref. 11. tion with Nc=2 is 0.51 eV less stable than the lowest energy

Figure 1a) shows the most stable configuration involv- configuration withNe= 3, which is in turn less stable than
ing a single C atom. Substitutional C has a formation energyhe lowest energy configuration with-=4, and so on.
Uow=2.40eV and a strain coefficientg,, of —0.71 (the We note that for configurations withlc=5, the total
negative sign corresponds to tengiofhe strain coefficient number of possible atomic arrangements is too large to cal-

a; —age

()

Ace
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05F - P FIG. 3. A bright-field XTEM image obtained with diffraction vectar
® _x A ‘_A =220 near[110] from a fully coherent Ggy;:Cy 025 alloy layer grown on
3 00p - - a +V_ - Ge(001) at T,=250°C with the dpa value of 0.24. A 110 selected-area
A electron diffraction pattern is shown in the inset.
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o
-1.0F
f e ot s w s as The qut-of—plane lattice constaat for fully cpherent
012345678 Qq,ycy films on G.QOOD can be expressgd asa Ilnea}r com-
N bination of the strains associated with C in each lattice con-
C figuration,
FIG. 2. (a) Formation energy per C atofd and (b) strain coefficientx vs a, =agd 1+ asusust asplifysp”ﬁ- Aeusted clusted 2

the number of C atombl; per configuration and the number of Ge lattice
sites they occupy in pseudomorphic GgC, /Ge(001). For each value of where

N¢c we pIotU and a corresponding to the most stable configurations occu- _ 4 4 3)
pying the split interstitial, and one, two, and three substitutional lattice sites. Y=Ysub™ Ysplit ™ Yeluster-

Ysub» Yspiit» @NdYeusier@re the C atom concentrations incor-
porated in substitutional, split-interstitial, and nanocluster

culate. Thus, for each high& value, we make reasonable sites, respectively.

choices based upon the results for low&s configurations.
The data plotted in Fig. (8 for Ne=5 may therefore not V. EXPERIMENTAL RESULTS

correspond to global energy minima. That is, the actual for- Epitaxial Ge_,C, layers were grown on Ge01) from

mation energies foN-= 5.may even be lower. Nevgrtheless, Ge and C hyperthermal beams corresponding to a “low” dpa
the clverall set of results is consistent and conclusively shows, e of 0.14 and a “high” dpa value of 0.24. For each set of
thatU continuously decreases with increasMg indicating  growth conditions, C incorporation pathways were probed by
that C in Ge has a strong tendency to form nanoclusters. yarying the total C concentration between 0.07 and 3.5 at. %
Figure 2b) is a plot of calculated strain coefficienisas  for film growth temperatures, of 250 and 300 °C. We show,
a function ofN¢ for th~e C configurations corresponding to using a combination of XTEM and HRRLM, that all layers
the formation energie® in Fig. 2a). The absolute value of are high-quality single crystals with no detectable extended
the strain coefficients is largest for single-C configurationsdefects or C precipitates. In order to determine the fractional
(Nc=1), with agy;=0.95 andag,;= —0.71, and decreases C concentrations incorporated into substitutional, Ge—C split
dramatically to approximately zero for configurations with interstitial, and nanocluster sites as a function of the total C
Nc=2. This trend is not surprising sineeis defined in Eq.  concentratiory, film growth temperature, and dpa, we first
(1) as the strain per C concentratign measurey by SIMS and then obtain the substitutional C con-
Knowledge ofa for each configuration is essential for centrations from Raman scattering results. The next step is to
carrying out quantitative analyses of the layer strain in termsgleterminea, values from HRRLM and, finally, we substitute
of C lattice site distributions. As discussed in Secs. IV and Vy, y ., a, , and calculated values into Eqs(2) and(3) and
we use a combination of Raman spectroscopy and HRRLMolve foryy; andyyster-
to provide experimental evidence for C incorporation in sub-A Microstructure
stitutional and Ge-C split interstitial sites in our GeC, '
layers. Analyses of layer strains measured in the full set of Figure 3 is a typical bright-field XTEM image, obtained
samples suggest that C configurations Witg=2 (for con-  using the diffraction vectog=220 near the 110 zone axis,
venience, collectively termed C nanoclusjersre also from a Gg ¢7:Cq gz5layer grown aff ;=250 °C with the high
present in Ge_,C, . In order to simplify quantitative analy- dpa of 0.24. The film contains no observable stacking faults,
ses, we assign the nanoclusters an effective strain coefficiedtslocations, or evidence for C precipitat@tetection limit

of aguse=0. Based upon the calculated strain fig=2 we =50 A). The surface is flat to within the resolution of the
estimate this adds an uncertainty in the determination of OEM and the film/buffer layer interface is abrupdeter-
lattice site distributions of less than 12%. mined fromg=004 images, not shownThe 110 zone axis
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FIG. 4. HRRLMs around the asymmetric 224 Bragg peaks from
Ge,_,C, /Ge(00)) alloy layers deposited al;=300 °C: (a) G& g9d 0.010
dpa=0.14; (b) Gey.g7£0.026 dPa=0.14; (c) GeygaiCo.010 dpa=0.24; and(d)
Gep.o6sCo.035 dpa=0.24.

Intensity (arb. u.)

selected-area electron-diffraction pattern in the inset consists
of single-crystal reflections with symmetric intensities.
All alloy layers are completely coherent with their sub-

strates as determined from XTEM and HRRLM analyses. 500 600 _1700
Representative reciprocal lattice maps around the asymmet- Raman shift (cm )

ric 224 reflection from Gg_,C, layers grown using low and _
high dpa values are presented in Fig. 4. Diffracted intensitie§/C: 5 (@ Raman spectra obtained froff)) a G&001 substrate and2)—

.. . . 5) Ge,_,C, /Ge(00)) alloys deposited at =300 °C. (b) Difference spec-
are plotted as isointensity contours as a function of the reg; fom 2 G&ooloon dpa=0.24: (3) GeyeoCoors dpa=0.14: (4)

ciprocal lattice vectors, parallel andk, perpendicular t0  Ge,gfCo 010 dpa=0.14; and(5) Geyg7LCo026 dpa=0.14. The thick lines in
the surface. The substrate and the film peaks are, for alb) are Gaussian fits to the experimental data.

samples, perfectly aligned along tkg direction indicating
negligible in-plane strain relaxation to within a detection
limit of 1 X10~°. The layer peak appears beldgabove the
Ge substrate peak for alloy films in compressitension).

I, that a large fraction of C atoms incorporated in the high
dpa samples occupy split interstitial sites. Numerous interfer-

The diffraction contours in Fig. 4 are nearly symmetric with ence fringes are clearly visible as periodic intensity contours

the exception of the elongation along the growth directionpos't'o.ned alongk, in '.:'g' 4c), with theApgrlodmny corre-
due to finite-thickness effects. sponding to a layer thickness of 1750 A in good agreement

The HRRLMs in Figs. &) and 4b) were obtained from with the value expected_from growth raf[e _cal?brqtions. The
G.500C0.010 AN G 9740 06 ll0ys, respectively, grown at presence of the frmges in all HRRLMs is |nd|c.at|ve of. the
T.=300°C with the low dpa value of 0.14. Both layers arehlgh structural quality of the Ge ,C, layers, consistent with

. . . . XTEM results.
under tensile strain with out-of-plane lattice constaats
=5.649 A fory=0.010 anda, =5.636 A fory=0.026, sug-
gesting that a significant fraction of the incorporated C atom
reside in substitutional sites. Figure&yand 4d) are recip- Substitutional C atoms in the Ge lattice give rise to a
rocal lattice maps from Ge,C, layers grown atTs local vibrational mode(LVM) which has previously been
=300 °C with the high dpa, 0.24. G&Coo1s [Fig. 4c)] reported to occur at approximately 530 ¢ in
and G@ 96:Co 035 Fig. 4(d)] alloy layers are both in compres- Ge, _,C,(001) 87 The curve labeled 1 in Fig.(8) is a refer-
sion with a, =5.694 and 5.682 A, respectively. This indi- ence Raman spectrum, over the Stokes shift range from 425
cates, based upon our calculated strain coefficients in Seto 700 cmi’?, from a Ge substrate. In agreement with Ge

g. Substitutional C concentration
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phonon dispersion curvé$,we relate the peak near 575 1.00 r r

cm ! to the Ge two-phonon transverse opti¢2TO) mode, Ge, C /Ge(001)

while the feature near 467 cm corresponds to a convolu- [ o dpa-=yo.{4, T, =250°C

tion of the Ge two-phonon longitudinal optical and acoustic 0.75} m dpa=0.14,T =300°C .

(2LO/2LA) modes. O dpa=0.24,T =250°C E
Curves 2-5 in Fig. &) are typical Raman spectra from 2g [ ® dpa=0.24, T, =300°C

Ge,_C, alloy layers grown afTs=300°C. Spectrum 2, é 0.50} E J

which is obtained from a GgydCo.010layer grown with the o %

high dpa value, is essentially identical to that of the Ge sub- >,a ]

strate and does not exhibit any C-related features. Spectra ! 0.25} o ® .

4, and 5 correspond to Ge,C, layers grown with the low L ®

dpa and having values which increase from 0.008urve 3 § E

to 0.010(curve 4 to 0.026(curve 5. In addition to the two 0.00} $$ ; . . i

peaks already assigned to bulk Ge, spectra 3—5 exhibit ai 1 3

additional C-related feature, appearing as a broad shoulde 3/
whose intensity increases with increasingon the low en- y ( °)
ergy side of the Ge 2TO peak. TO quantify this C-related IG. 6. Substitutional C concentratign,;,, as determined by Raman spec-
featurg, all spectra were normalized to the Ge 2TO pe?‘ oscopy, in Ge_,C, alloys as a function of the total C concentratign
intensity and the pure Ge spectra subtracted. The resultingpen squares: dpa0.14, T,=250°C; closed squares: dp@.14; T
Gel_ycy alloy difference spectra are plotted in Fighb =300 °C; open circles: dpa0.24, T;=250°C; and closed circles: dpa
Curve 2 in Fig. %b), corresponding to a G@oCo o1 024 Ts=300°C.

layer grown with the high dpa value, exhibits no evidence of
C—relatgd f_eatqres, |nd_|cat|ng t_hat the substitutional C Cor:]from Veus=0.002 with y=0.003 t0 yo;=0.007 with y
centration in this layer is negligible. In contrast, the C-relate 2 .

! A . . =0.035. Nevertheless, the substitutional fractiéy, de-
peaks in spectra 3—5 were well fit using a Gaussian function

centered at 531 cnt. We attribute this peak to the local creases with increasing (s_ee Sec.-V and F|g.)3jue to a
o L . . rapid increase in the fraction of C incorporated in nanoclus-
vibrational mode for substitutional C in Ge, in agreement

with previous report§.’ The intensity of, and integrated area
under, the C peak increase wigthshowing that the substitu-
tional C concentration in layers grown with the low dpa
value increases with the total C concentration.

Obtaining a quantitative measure of the substitutional
concentration in our Ge,C, alloys requires reference

samples. For this, we use alloy layers grown with the low.
dpa value and having very low total C concentrations. Layeg

strain analyses in high dpa samplsse Fig. 7, next sectign

ters. Lowering the growth temperature Tg=250°C with
the low dpa(open squargsyields Gg_,C, alloys with
slightly larger substitutional fractions.

Increasing the dpa to 0.24 decreases the substitutional C
concentrationyg,, in Ge,_,C, alloys at ally and T values.

his is consistent with the results reported in Ref. 12 show-

ing that the concentration of substitutional C decreases with
increasing dpa>0.14. Figure 6 shows that,,,is negligible,
rrespective ofTg for layers with total C concentrationg
=<0.010 and grown with dpa0.24. The concentration of

;hpw that for alloys .W'WSO'OOS. grown 'a.frs='300°c':, c substitutionally incorporated C only becomes significant in
is incorporated only in Ge—C split interstitial sites. Since the,

reaction path for nanocluster formation depends solely on thgamples with dpa 0.24 wheny>0.010.
total C concentration andg, we expect that C will also
incorporate only in single-C configurations in GgC, al-
loys grown at the low dpa with very low C concentrations. In this section we present the results of;GgC, strain
However, in this case C will occupy substitutional, in addi- measurements as a function of film growth parameters and
tion to split interstitial, sites. These alloys can thus serve ashow that they provide qualitative insight into C lattice site
our reference samples since we can obtain the substitutiondlstributions. A quantitative analysis is carried out in Sec. V.
concentrationy,, from the measured out-of-plane lattice Figure 7 is a plot of the out-of-plane Gg,C, lattice
constant combined with calculated strain coefficients. parameter, , obtained from HRRLMs, as a function of C
Using Egs. (2) and (3), we determine that the concentratiory for the four sets of growth conditions intro-
Gy 990 003 layer grown atT,=300°C with a dpa of 0.14 duced in Fig. 6. The three dashed lines correspond to the
has a substitutional C concentratigg,;=0.002. Thus the lattice constants predicted by our density functional calcula-
fraction &,,,=Ysu/y Of incorporated C atoms occupying tions assuming that C is incorporated solely in substitutional,
substitutional sites in our reference samples is 8%, with  Ge—C split interstitial, or nanocluster sites, respectively. The
the remaining C occupying split interstitial sites. Ge,_,C, layers grown af ;=300 °C with the low dpa value
Figure 6 is a plot of the substitutional C concentrationof 0.14 (closed squargsare all in a state of in-plane tension
Ysub @S a function of the total incorporated C concentration and the magnitude of the strain increases linearly with
in Ge,_,C, alloys grown at 250 and 300 °C with both high This observation is consistent with our Raman spectroscopy
and low dpa values. For all Ge,C, layers,yq,;<y. For  results(Fig. 6) showing an increase in the substitutional C
layers grown aff =300 °C with the low dpa value of 0.14 concentratioryg,,with increasingy. We note that all experi-
(closed squaresthe substitutional C concentration increasesmental data points are well above the calculated substitu-

C. Layer strain
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5.72 —Tr—r higher compressive strain. Thus, as was the case for low dpa

L4 ' v ' Ld
| Gecopie Ge,, C/Ge0n) | ecrenses wih nceasing. T
interstitials "high" dpa = 0.24 y g

, O T =250°C
S ® T =300°C |
= V. DISCUSSION

Ge, _,C, alloys grown from hyperthermal atom beams at
568 i temperatures of 250 and 350 °C, and containing C concen-
trationsy=<3.5 at. %, are of excellent crystalline quality and
| fully coherent with their GE#01) substrates as judged by
? . HRRLM and XTEM. Moreover, XTEM investigations show
/ - that the layers contain no extended defects or C precipitates.
" low" dpa=0.14 | Total C concentrations obtained from quantitative SIMS
O T =250°C - measurements agree well with values expected from growth
& T =300°C rate calibrations and are constant as a function of depth in all
* - layers, irrespective ol ;. Based on both our experimental
results andhb initio density functional calculations, we have
identified three types of C lattice configurations in our
Ge, _,C, films: substitutional C, Ge—C split interstitials, and
5.62 — C nanoclusters. The results in Fig. 7 clearly show that the
0 1 2 3 4 5 layer strain, and thus the C lattice site distributions, strongly
y (%) depend upon the total C concentratigrthe growth tempera-
ture Tg, and the dpa.
FIG. 7. Lattice parametea;, along the film growth direction vs the total C We provide direct experimental evidence for C incorpo-
CogclintTfati%”% '“C G?i—ycdy/Ge(OOD allgyl 4la¥erséo<glgtén Squar€52| dpa ration in substitutional and Ge—C split interstitial sites
e e o v S g e through Raman speciroscopy investgations and layer sran
dashed lines represent calculatgedy) values for the three limiting cases in analy;e;, respectively. Ge-C S'p|lt interstitials form due to
which all incorporated C atoms occupy either substitutional, Ge—C splitSUbSUtUtlona' C atoms trapping near-surface Ge self-
interstitial, or nanocluster sites. interstitials Ge produced by the incident hyperthermal Ge
atomst? A similar reaction path was reported in electron-
irradiated C-implanted Si where Si self-interstitials produced
tional C line clearly indicating the additional presence ofby the electron bombardment reacted with substitutional C
nonsubstitutional C atoms. More importantly, Fig. 7 showsatoms to produce Si—C split interstitidfsThe Ge—C split
that increasing the total C concentration in,GgC, alloys interstitial configuration, with a formation energy per C atom
grown with low dpa values, irrespective of, results ina, 1.78 eV higher than that of substitutional C, becomes ener-
moving increasingly further above the substitutional C line. getically favorable in the presence of Ge self-interstitials. We
For a given alloy concentration, the out-of-plane latticefind that the Ge—C split interstitial formation energy associ-
constanta, moves even further above the substitutional Cated with the reaction of substitutional C and, @&e—1.20
line for layers deposited at lower growth temperatures. HoweV.
ever, Fig. 6 shows thay,,, increases with decreasintg. In the following, we combine our calculational and ex-
The increase im, can therefore only be explained by a large perimental results to determine quantitative C lattice site dis-
increase in the fraction of C incorporated in split interstitialstributions in Ge_,C, layers. Using measured Gg,C, lat-
which induce compressive lattice strain and more than comtice constantsa, and substitutional C concentrationg,,
pensate the tensile strain associated with higher substituegether with the calculated strain coefficiemtswve employ
tional C incorporation at lowef. Egs. (2) and (3) to determine the C occupancy in substitu-
HRRLM a, (y,T) results from Ge_,C, alloy layers tional, split interstitial, and nanocluster sites.
grown at the high dpa are plotted in the upper part of Fig. 7.  We first consider C lattice site distributions as a function
All high dpa films are in compression. Measuredy) val-  of y and T for Ge,,C, films grown with low dpa. These
ues for alloys with C concentrationg=<0.005 at T  layers contain significant substitutional C concentrations as
=300°C andy<0.007 atT,=250°C are essentially equal determined by Raman spectroscopy. Figufa 8hows that
to values calculated for samples in which all C atoms arghe substitutional C fractiorég,, in layers grown atTg
incorporated as Ge—C split interstitials. This is strong evi-=300°C is 0.67 at low total concentrationss=0.003, but
dence for complete C incorporation in split interstitial sitesdecreases rapidly with increasiggThe C fractionégy;; in-
since C incorporation in any other site would lead to smallercorporated as Ge—C split interstitials in these layétig).
a, values than we observe. At higher total C concentrations8(b)] also decreases witly, ranging from 0.33 withy
the measured out-of-plane lattice parameters fall increasingly: 0.003 to essentially zero with=0.025. In contrast, Fig.
below the split interstitial line revealing the presence of C in8(c) shows that the fractioi e Of C in nanoclusters in-
sites with lower strain coefficients. For a givgndecreasing creases rapidly with increasing total C concentragdnom
Ts from 300 to 250°C withy>0.007 yields layers with zero at lowy values to 0.73 withy=0.034. That is, we ob-

a, (A)

5.66 = = = . C nanoclusters

S64F

. Substitutional C
\
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FIG. 9. C concentrations of incorporated C in substitutional sitgg
(squarey split interstitial sitesyqy; (circles, and nanoclusterg s (tri-

angles as a function of the total C concentratigrin Ge, _,C,(001) layers
deposited using the high dpa value of 0.24Ta+ 300 °C.

0.75F

0.50 |-

E-’ split

tion is kinetically limited by the encounter probability of C
atoms on the growth surface. Bulk diffusion of C in Ge is
negligible at the temperatures used in these experiniénts.
We now turn our attention to the high dpa samplegs.
8(d)—8(f)]. We find that just as in the case of the low dpa
LY layers, the fraction of nanoclusters increases with increasing
(t) total C concentration and film growth temperatlifey. 8f)].
- - There are, however, significant differences in C lattice site
distributions. Ge_,C, alloys grown with the high dpa ex-
hibit much larger Ge—C split interstitial concentratidirsg.
- - 8(e)]. As discussed above, increasing the dpa leads to a
higher concentration of Ge self-interstitials Ge the near-
surface region, and hence an enhanced concentration of
Ge-C split interstitials due to trapping of Gey substitu-
tional C atoms. As a result, the substitutional C fractigp,
- for a given Ge_,C, alloy concentration ¥<0.035), de-
1 2 3 1 2 3 crease$compare Figs. @) and &a)] while the split intersti-
y (%) y (%) tia_ll fraction fsplit increaseg compare Figs. @ and 8b)]
with increasing dpa.
FIG. 8. The fractions of incorporated C {a) substitutional sites,,, (b) At very low C concentrationsy=0.005 in the high dpa
split interstitial sitesfq,;, and () nanoclusters:y,qeras a function of the  samples, essentially all C is incorporated in Ge—C split in-
i‘:ﬂec gfongizﬂzttigﬂinzgoelogc(é(ognl)S{aﬁzrrzgzﬁgs;fed ;ggngéhzlfsvégpa terstitials. Even with increasingup to=0.010,&,,, remains
squares (d)—(f) shO\S}v corresponging dgta for gieyCy(SbOl) layers grown _negllglble. H.Owever’gs‘)”‘ decreases rapidly a.s C. begins to
with the high dpa of 0.24. incorporate in nanoclusters gt>0.005. At still higher C
concentrations,y>0.010,¢4,, begins to increase slowly,
&spit cONntinues to decrease rapidly, aégl,sirincreases rap-
serve a decrease in the fraction of C incorporated in single-@ily. We note that even though the fractigg,;; of C incor-
configurations(substitutional C and Ge—C split interstitinls porated in split interstitials decreases, the concentratigp
with increasingy due to increased incorporation in C nano- increases witly until it reaches saturation gt,;=0.007 for
clusters. Both{s,, and &g are slightly higher in layers y>0.010. This is shown in Fig. 9, a plot gt,, Yspit, and
grown at lower temperature@ig. 8, open symbojs Thus Y VSY for Ge, _,C, alloys grown aff ;=300 °C with the
increasingy and/orTg in layers grown with a low dpa favors high dpa. The saturation iyg,;; suggests that even for
the incorporation of C in nanoclusters. Ge, _,C, layers grown at high dpa, the near-surface Ge self-
These results are consistent with our density functionainterstitial concentration is not large enough to convert all
calculations showing that C nanoclusters are significanthsubstitutional C atoms into Ge—C split interstitials. THug,
more stable than either substitutional C or Ge—C split interincreases continuously with increasigg-0.010. Figure 9
stitials. In fact, based on formation energy considerationglso shows that the C concentration incorporated in nano-
alone, all C atoms should reside in nanoclusters. The fact thalusters increases with increasiggOverall, the fraction of
C atoms do occupy single-C configurations whose fractionaincorporated C residing in single-C configuratidiise sum
concentrations in Ge ,C, increase with decreasesymand  of &g ,andégy,) decreases with both increasipgnd higher
T, [Figs. 8a) and 8b)] suggests that C nanocluster forma- T in high dpa samples, just as for low dpa layers, consistent

0.25

0.75

0.50

F’ cluster

0.25
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with our proposed mechanisms for the formation of C nanothat nanocluster formation is kinetically limited by the C-C
clusters being kinetically limited by the C—C encounteradatom encounter probability which increases with bpth
probability at the growth surface during deposition. andTs.

VI. CONCLUSIONS ACKNOWLEDGMENTS

In summary, we have grown commensurate epitaxial The authors gratefully acknowledge the financial support
Ge,_,C, alloys on G€001) with C concentrations up to 3.5 of the Materials Science Division of the Department of En-
at% at temperatures of 250 and 300°C. The layers wer€rgy under Contract No. DEFG02-96ER45439. They also ap-
deposited from hyperthermal beams in order to probe C inpreciate the use of the facilities of the Center for Microanaly-
corporation pathways. HRRLM and XTEM analyses showsis of Materials, which is partially supported by the DOE, at
that the layers contain no detectable extended defects or e University of lllinois. J.0.-G. and P.D. were partially
precipitates. The combination ab initio density functional ~supported by the Natural Sciences and Engineering Research
calculations, SIMS, Raman spectroscopy, and HRRLM wa&ouncil of Canada and the Fonds pour la Formation de cher-
used to quantitatively determine the concentrations of C incheurs et d'aide ala recherchéQuebec, Canada
corporated in substitutional, split interstitial, and nanocluster1
sites as a function of film growth conditiong: T, and dpa. Z?T'- Scircepﬁ”d ‘-;- A E'?VCL" é](')scoh(ig]égm' 1551(1959.

. . 2J. Tersoff, Phys. Rev. Let?4, .

Based upon the overall set of Ca_ICUIatlons ar_]d EXperi-sg. Duschl, O. G. Schmidt, W. Winter, K. Eberl, M. W. Dashiell, J.
mental results we propose the following mechanisms, as akolodzey, N. V. Jin-Phillipp, and F. Phillipp, Appl. Phys. Left4, 1150
function of deposition conditions, for C incorporation in  (1999.
commensurate CIeyCy aIons grown on G&®01). At low “M. W. Dashiell, J. Kolodzey, P. Boucaud, V. Yam, and J.-M. Lourtioz, J.

. ) Vac. Sci. Technol. BL8, 1728(2000.
tOta! C Concentra_tlon_s and growth temperatures, all C atom“;’B.-K. Yang, M. Krishnamurthy, and W. H. Weber, J. Appl. Ph§8, 3287
are incorporated in single-C configurations. In the absence of (1997.
a significant Ge self-interstitial populatioftreated in our  °W. H. Weber, B.-K. Yang, and M. Krishnamurthy, Appl. Phys. L&,
case through growth from hyperthermal beams with control-{zgglff’rggr-] 3.C. Bach, B. B. Nielsen, P. Leary, R. Jones, andir)
lable energy distributionsthe incorporation of substitutional Phys. Rev. B55, 11167(1997). e ’
C is strongly favored due to its formation energy being 1.788p. C. Kelires, Phys. Rev. B0, 10837(1999.

eV lower than that of Ge—C split interstitials. Thus, C is °C. Guedj, J. Kolodzey, and A. Hairie, Phys. Rev66 15150(1999.

. L . oo . . . 103, Tersoff, Phys. Rev. Let64, 1757(1990.
primarily incorporated in substitutional lattice sites in the,, Gall, J. D'Arcy-Gall, and J. E. Greene, Phys. Rev6B 7723(2000.

low-dpa Gg—yc%y samples grown at. lowl'g With Smal! Y %23 D'Arcy-Gall, D. Gall, P. Desjardins, I. Petrov, and J. E. Greene, Phys.
values. Increasing the dpa through increases in the incidentrev. B62, 11203(2000.
hyperthermal energy distribution yields a higher formation™*J- g%ijg(lsr, J.P. Bierliackg(ankd fé;gtmaﬂmpping and Ranges of lons

i sy . . In Solids(Fergamon, New YOrK,
rate pf Ge self'lnterstltlals, therepy 'resultl'n'g ina corresppndMN__E. Lee. M. Matsuoka, M. R. Sardela, Jr.. . Tian. and J. E. Greene, J.
ing increase in the Ge-C split interstitial concentration, appi. Phys.80, 812 (1996.
through capture of Ge interstitials by substitutional C, and &°G. A. Tomasch, Y.-W. Kim, L. C. Markert, N.-E. Lee, and J. E. Greene,
decrease in the residual substitutional C concentration. CorThin Solid Films223 212 (1993.

L o . X.-J. Zhang, G. Xue, A. Agarwal, R. Tsu, M.-A. Hasan, J. E. Greene, and
versely, we do not expect significant split interstitial concen- ' Rockett. J. Vac. Sci. Technol. AL, 2553(1993.

trations in Ge_,C, alloys from thermal beame.g., MBB, 173. P. Noel, N. Hirashita, L. C. Markert, Y.-W. Kim, J. E. Greene, J. Knall,
irrespective of the total C concentration or film growth tem- W.-X. Ni, M. A. Hasan, and J.-E. Sundgren, J. Appl. Phg§, 1189

erature. (1989.
P 18D, E. Aspnes and A. A. Studna, Phys. Rev2B 985 (1983.

As the total C concentratiopand film growth tempera- 1sg’ kresse and J. Hafner, Phys. RevaB 558 (1993; 49, 14251 (1994
tures T increase, our layer strain analyses clearly indicate G. kresse and J. Furthifter, Comput. Mater. Sci6, 15 (1996; Phys.
that C atoms incorporate in nanocluster sites. This is consi%aRev. B54, 11169(1996.
tent with the results of ouab initio calculations showing that ,,D- Vanderbilt, Phys. Rev. &1, 7892(1990.

E Ie es']:' S0 9Mb qca culations sho I 9 ah 213, P. Perdew and Y. Wang, Phys. Rev4g 13244(1992.
the nanoc L_JSter Or_matlon energies p_er C atom are lower t 5_"'39 Briesch,Phonons: Theory and Experiment$3pringer-Verlag, Berlin,
those of C in the single-carbon substitutional and Ge—C split 1982, p. 129.
interstitial configurations. Quantitative C lattice site distribu-**G. Davies and R. C. Newman, Handbook on Semiconductoesdited by
tions reveal that the fraction of C atoms incorporated in,,S: Mahajan(Elsevier, New York, 1994 Vol. 3, p. 1557.

. . . N - See annealing experiments in: J. D’Arcy-Gall, P. Desjardins, |. Petrov, J.
nanocluster sites increases rapidly with increasing total C g Greene, J-E. Paultre, R. A. Masut, S. C. Gujrathi, and S. Roorda, J.

concentratiory and film growth temperaturg. This shows Appl. Phys.88, 96 (2000.

Downloaded 28 Sep 2001 to 130.126.25.129. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



