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The effect of composition on the thermal stability of Si 1-x-yGexC,/SI
heterostructures

L. V. Kulik,? D. A. Hits, M. W. Dashiell, and J. Kolodzey
Department of Electrical and Computer Engineering, University of Delaware, Newark, Delaware 19716

(Received 14 November 1997; accepted for publication 17 February) 1998

The thermal stability of molecular beam epitaxy grown Si ,Ge,C, /Si heterostructurefd=<x
<0.30,y~0.008 was studied using infrared absorption spectroscopy. The local vibrational mode
of Cin Siand §j_, ,Gg was used to quantify the loss of C atoms from substitutional sites with
high temperature annealing. The activation energy=4.9 eV) for the loss of substitutional C
achieved a maximum for the strain compensated altoy @.1). An additional increase of Ge
content resulted in a rapid decreaseHpR, which was found to be 3.4 eV fax~0.27. The
nonmonotonic behavior oE, on Ge content is explained by the effect of the interface strain
between the epitaxial layer and Si substrate. 1898 American Institute of Physics.
[S0003-695(198)00716-3

Band-gap tailoring and lattice matching of in the layer. The procedure is similar to that used by Strane
Siy_x—,G&C, /Si heterostructures have the potential to im-during the SPE growth of implanted ,Si_,GgC, layers
prove the performance and capabilities of Si basedvhich resulted in nearly all C atoms occupying substitutional
optoelectronicg.Although remarkable progress in molecular sites* X-ray diffraction and Raman spectroscopy were ap-
beam epitaxy(MBE),"? chemical vapor depositiofCVD),>  plied to quantify the amount and uniformity of substitutional
and solid phase epitax{SPB* of Sih_x—yGgC, /Si hetero-  C and Ge in our samples. X-ray rocking curve analysis of the
structures has been achieved, important questions concernisgmmetric(004) and asymmetri¢224) reflections revealed
growth kinetics and thermal stability are not yet fully under-that the Sji_,_,GeC, layers with x<<0.2 were fully
stood. These growth techniques occur far from equilibriumstrained. Further details on the MBE growth conditions can
forming metastable alloys with C concentrations exceedinde found in Ref. 8
the equilibrium solubility by up to four orders of magnitude. Samples were cut into 1 éhpieces and annealed in a
The magnitude of the C supersaturation in these alloys imeguartz furnace purged by pure, it atmospheric pressure in
poses limitations on thermal processing, beyond which th¢he temperature region from 750 to 1000 °C for various
alloy will relax to its equilibrium state. Under high tempera- times. Fourier transform infrared spectroscqfIR) was
ture treatment, the relaxation of metastable_$C, alloys  used to analyze the amount of substitutional C during anneal-
occurs by the formation of thermodynamically stajgl&SiC ~  ing through the integrated absorbance of the local vibrational
precipitates of small grain siz€8—5 nm).> However, post- mode of C in Si.
growth device processing of these heterostructures requires The left inset in Fig. 1 displays the room temperature
that the structural properties and alloy compositions remaifFTIR spectra of the §ig,Cp gog(s0lid ling). The full width at
stable during heat treatments. There have been a number b&lf maximum(FWHM) of the substitutional C local vibra-
reports on the measurements of thermal stability oftion mode (C-LVM) at 607 cni? of Siyge/Co oo is about
Sii_yC,/Si heterostructure¥,” but little is known of 14cm, close to that found by Stranet al® The dashed
Si—x—yG&C, /Si alloys! We report on the effect of Ge on line shows the absorbance of the $iGe, »/Co.00s all0y, il-
the thermal stability of §i,_,Gg,C, /Si heterostructures in |ustrating the spectral shift of the C-LVM to lower energies
the most technologically interesting region of Ge contentsjue to the effect of Ge on the bonding strength.
(0=x<0.30). Figure 1 shows absorption spectra of 5 1o.008

Sih_yGgC, layers were grown by MBE omp-type  annealed at 908 °C for different times. The spectra consists
float zone Si100) substrates. The Si—C beam was formed byof two main lines at 602 and at 815 ¢t The asymmetric
thermally heating a float zone refined silicon ingot containedine at 815 cm* with FWHM ~ 66 cni ! is associated with
in a pyrolytic graphite crucible. Zone refined intrinsic Ge the vibration of coherent SiC precipitatesThe line at
was evaporated from a pyrolytic BN crucible. The substrates02 cm® is the vibrational mode of substitutional C. With
temperature during growth was 400 °C. All layers wereprogressive annealing, the absorbance at 602 atacreases
grown approximately 150 nm thick and were recrystallizedwhile that of the 815 cm* mode increases showing that C
at 650 °C for 30 min prior to the annealing experiment andatoms transfer from substitutional sites to SiC precipitates.
compositional analysis. The recrystallization temperatureSsamples were annealed until the C vibrational mode disap-
and time were chosen so to maximize the integrated absorpeared(the uppermost spectrum in Fig).1The spectrum
tion of the local vibrational mod&.VM) of substitutional C  without the C mode was then subtracted from the others as a
reference to remove all irrelevant spectral features when de-
90n leave from The Institute of Solid State Physics, Russian Academy of€rMining the integrated absorbance of the C-LVM. This pro-

Sciences, Chernogolovka, Moscow Region, Russia. cedure was especially important for, S§_,GegC,/Si het-
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FIG. 1. Effect of annealing at 908°C on FTIR spectra of
Sip.god5€.1C0.008/Si heterostructure. Annealing timets,{) are shown on the 1 E
right side of the figure. The right inset shows the integrated absorption —=roX exp{ ]
coefficient of substitutional C vibration mode) vs t,,. Solid line is the T

best fit of the experimental points. The left inset shows the FTIR spectra o : :
substitutional C vibration mode in Si,,GeC, /Si heterostructures with The magnitude ok, for the SpeeLCo.og alloy found from

x=0 (solid line) and 0.27(dashed ling the best fit of the experimental points is 4:46.15. TheE,
for the Sp gofo8y 1Co o0 layer is 4.9-0.2 eV. The values of
E, for Si;_,C,/Si and Sj_,_,GgC,/Si (x~0.1) hetero-
&ructures are in good agreement with the prior results mea-
sured in the high temperature annealing regid®00—
1130°Q for this same composition4.5 and 5.3 eV,
respectively,” and far exceeds the activation energy of C
diffusion in bulk Si near the C solubility limit3.1 eW).° A
discrepancy between our activation energy for $C, ver-
sus a lower value obtained by Fischatral. (E,=3.3 eV)
aIaOXeXp{—E], 1) may be due to surface oxidation during their annealing
T sequencé.Due to volume considerations, the formation of
SiO, will inject one silicon self-interstitial for each of the
with @, and 7 being the initial absorption coefficient and two-oxygen atom&® Carbon diffusion is enhanced in the
decay constant, respectively. To ensure the accuracy of thesence of a supersaturation of Si self-interstitials, as C dif-
fitting procedurea was measured over a duration in which fusion is believed to be dominated by a mobile interstitial
its magnitude decreased by at least one order of magnitud&—-Si pair!® For the temperature range of 800—1100 °C,
see the right inset in Fig. 1. Similar to Straeeal,’ we Laddet al.measured an increase in C diffusivity by approxi-
found a rapid nonexponential decreaseriduring the initial ~mately one to two orders of magnitude during annealing in
annealing steps at annealing temperature less than 900 °@n oxidizing ambient and during a phosphorus in-diffusion
which was followed by a continuous exponential decayrof when compared to annealing in a nitrogen ambtérithe
for the remainder of the annealing sequence. X-ray diffracformer two environments produce a Si self-interstitial con-
tion measurements, however, showed the layer strain deentration in excess of the equilibrium concentration. The
creased exponentially for the entire annealing sequence witsurface oxide observed during Fischer's work may have been
the same decay constant as the exponential pa#tddcay. a source of excess Si self-interstitial defects, resulting in in-
We believe that the initial drop ok is the result of the creased C diffusivity and thus a lower barrier to loss of sub-
formation of a transitional Si—C phase partially preservingstitutional C. During our experiments, we took great care to
the layer strain, which precedes the precipitatio3&iC>®  ensure all annealing was performed in a purgedviron-
In fact, during the initial drop ofy, no characteristig3-SIC ~ ment. Combining our results with those of Ref. 7, a unitary
absorption was observed in FTIR spectra. Therefore, onlactivation behavior for the loss of substitutional C for
the onset of the exponential part of thedecay curve willbe  Si;_,C,/Si and Sj_,_,GgC,/Si (x~0.1) heterostructures
considered further. in the entire temperature region 830—1130 °C is concluded.
Figure 2 presents the Arrhenius plot relating the mea-  As shown in Fig. 3, th&, vs Ge content achieves maxi-
sured decay constant for loss of substitutional C versus amnum atx~0.1, and decreases rapidly at higherSuch a
nealing temperature for Si,_,GeC,/Si heterostructures behavior can be understood as the competition of opposing
with x=0, 0.1, and 0.23. For each value of Ge content, 1/ contributions toE,: (i) the mismatch between Si—Si and
reveals thermally activated behavior over the entire tempergsi—C bonds becomes larger with Ge content which acts to
ture region decreaseE, '3 and (i) the interface strain between the

@

erostructures because of the strong difference betwe
refractive indexes of the layers and the Si substrates.

The integrated absorption of the C-LVMa) for
Sio.805 10 00s alloys versus annealing time at 908 °C is
presented in the top right inset to Fig. 1. It can be fit with an
exponential decay function
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(x~0.10 andy=0.008 and rapidly decreases as the Ge frac-
5 { tion is further increased. Thus, ternary unstrained layers
P grown on Si substrate might hold the greatest potential for
% 4' { device processing at elevated temperatures for Si based het-
\u} { erostructure technology.
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