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The substitutionacarba reduction in Si; _,_,Gg,C, strainel layers anneald at high temperatures,
increass the compressie stran in the originally strain-compensatialloys From the rocking curve
simulation the maximun amoun of carban reduction was below 0.9% for the various samples
which were anneald below 1000 °C in the nitrogen flow. The interstitid silicon injection by thermal
oxidation of the Si cap on the Si; _,,Gg,C, layer enhance the reduction of substitutionacarbon
to aconcentratia of 1.3% Oxidation of Si, _,_,GgC, alloys yields a Ge-enrichd Si, ,Geg_ layer
with the Ge concentratia large than the initial content ard the formation of 3C silicon carbide
precipitak is observe by the Fourie transfom infrared spectroscopy © 199 American Institute

of Physics [S0003-695(99)04641-(

Recently there has been impressie progres in the
growth"? and characterizatiofr® of Si;_,_,GeC, alloys,
which offer gred flexibility to tailor the stran and the elec-
tronic properties of growp |V heterostructure$’ The substi-
tutiond incorporatian of C can compensat the compressive
stran of Si;_,Ge, layels grown on Si substrate ard sup-
press the boron outdiffusion in the base of
SilSk_x-,GegC,/Si heterojunctio bipolar transistors.
However the reductiom of substitutionh carba in
Sii_x,GgC, alloys during high temperatug processing
limits the applicatiors of this material The study’® on thick
80-160 nm Si; , ,GgC, sampls with x=0 or 0.11 and
y=0.00 ard 0.01 grown by rapid therma& chemic& vapor
depositim (RTCVD) showel tha the reduction of substi-
tiond carbam at 1000-1130°C was causeé by 3C silicon
carbice precipitates The study on thick 230 nm
Sio.9854C0.0145grown on molecula bean epitaxy also showed
that the carban relatad defecs or silicon carbice precipitates
were responsil# for the strain-relievirg processBoth stud-
ies concluce tha the width of carbo profiles does not
chang during the annealily process The study*® on thin
Si—x-yG&C, (~20 nm) sample showel the reduction of
substitution&carba increasd the compressie stran in the
epilaye and thus yields misfit dislocatio relaxation while
the film thicknes is below the critical thickness In this let-
ter, we repot the quantitative analyss of the substitutional
carba reduction in the Si;_,_,GgC, alloys with various
sampe structuresThe substitutionacarba reduction can be
enhancd by the interstitid silicon injection.

The Si; . yGg,C, single quantum wells were grown on
Si (100 substrate by RTCVD. The Si,_,_,GgC, layers
with carba contert less than 0.012 were grown at 625°C
using methylsilare as the C source For highe carba con-
tent sampls (y=0.022, the growth temperatue was
550°C. The highe substitution& carba incorporation at
lower temperatue is consisteh with the previots report!!
The growth pressue was 6 Torr. The gas flows were 3slpm

3E|ectront mail: chee@cc.ee.ntu.edu.tw

0003-6951/99/75(15)/2271/3/$15.00

2271

for a hydrogen carrier, 26 scan for dichlorosilane ard 0.8
scan for germaneThe Si cap layers for less-carbon-content
sampls (y=0.12 were grown at 700 °C, using a 26 sccm
dichlorosilare flow and a 3 slpm hydroge flow. The Si caps
of high-carba contert samples (y=0.022 were grown at
550°C, using a 4 scan silare flow ard a 3 slpm hydrogen
flow. The Ge fraction and thicknes of Si;_,Ge, was ex-
tractad by fitting x-ray rocking curves The detaik of the
Si;_,,GgC, growth can be found in Ref 2. As small
amouns of methylsilare were addel to the sour@ gaseswe
observe a shift in the (400) x-ray diffraction pe& of the
resultirg Si; . ,Gg,C, layers away from tha of a similar
layer without addition of methylsilane Vegards law with a
compensatio ratio of 1% C to 8.3% Ge was used* to esti-
mat the carba concentratia in alloys The carba content
was obtainal from the shift of the (400) pe& by assuming
the Ge concentratio was unchangd as methylsilare was
added The thicknes of the as-growm Si; _,_,Gg.C, quan-
tum well was alo extracte by fitting the rocking curves,
which has been calibratel by Auger electro spectroscopy
depth profiles on thick samples Secondar ion mas spec-
troscopy (SIMS) also has confirmad flat C profiles and that
Ge concentratio was unchangd by addirg the methylsilane
on calibration samples.

Quantum well structure were investigatel in this study.
The nomind thicknes of the Si caps was abou 60 ard 30
nm for 625°C-grown Si;_, ,GgC, layers and 550°C-
growmn Si;_,_,GegC, layers respectively All as-grown
samples are pseudomorpluiand fully strainel due to the low
temperatue growth No defed was observe in thee as-
grown films after defed etching using four part of 49% HF
ard five parss of 0.3V CrQO;.

To study the substitutionh carba reduction of the
Si/Sh_x-yGeC, /S quantun wells, the x-ray rocking
curves from as-grow and anneald samplas were measured.
The samples were anneald at temperatue from 800 to
1000°C in nitrogen To avoid the nonuniformiyy on 100 mm
wafer, a cumulative annealiig schene is adopted In other
words the annealilg treatmem at different temperaturewas
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FIG. 1. The high-resolutim x-ray diffraction specta of a 29 nm
Si/Sy 701G 27C0.022/Si quantum wells. The annealiig time is 2 hfor each
temperature.

performeal on the sane piee of samples The peals of
the (4000 x-ray rocking curves for a 29 nm
Si/Siy 701G 27C0.022/SI quantun well sampé shifts away
from Si pe& continuousy (Fig. 1), when the sampé was
anneald for 2 h from 800 to 1000 °C. The slight shift of
800 °C annealiry proces indicates the structue stars to re-
lax. The low growth temperatue of this sampé may be re-
sponsibé for this, sinee 625 °C-grown sampla are stabk at
800°C annealiy for 2 h.1° From the positiors of the (400)
diffraction peaksthe verticd lattice constan can be obtained
for various sample (Fig. 2). The 37 nm Siy 7,456y 577 and
20 nm Siy /G&y o3 contrd sampls revead a continuots de-
creae of verticd lattice constan for the 2 hannealirg from
800 to 100 °C. Thisis due to the Ge out-diffusion ard misfit
dislocation formation1® The annealiy is performel in the
ultrapue nitrogen flow. For the 18 nm Siy 76556240 008
sample the verticd lattice constam drops slightly for the 2h
annealing from 800 to 1000°C. For the 18 nm
Sio 75856 2L0 012 Sample the verticd lattice constam de-
creass at 900 °C annealig for 2 h, but increases for the 2 h
annealig from 900 to 1000°C. For the thick 29 nm
Sig. 701G 270022 SamMple the verticd lattice constan in-
crease for the 2 h annealig from 800 to 1000°C. This
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FIG. 2. The difference betwea verticd lattice constam of Si;_,_,GgC,
and Si substrag normalizel with respetto Si lattice constan at different
annealilg temperature Solid symbok indicaie the annealirg in nitrogen.
The empy squae indicates the oxidation.
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FIG. 3. The concentratia of the substitutionhcarba reductian for various
Si,_x-,GgC, sampls processé at differert temperature The empty
squae indicates the oxidation.

complicatel behavio of Si;_,_,GegC, relaxatio is most
likely due to the combinel effects of Ge out-diffusion misfit

dislocation formation and the reduction of substitutionacar-
bon The Ge out-diffusion and misfit dislocation formation
increag the verticd lattice constant but the reduction of

substitutiona carba decreasg the verticd lattice constant.
For thin samplesthe Ge out-diffusion is importart to change
the verticd lattice constantsince the diffusion can lower the
avera@ Ge concentratio more significantly, as compare to

thick samples However the effed of substitutiona carbon
reductian on the verticd lattice is more pronounced in thick

samplesTo obtan the amoun of substitution& carbon the
box profile of substitution& C distribution is assumd to fit

the (400 diffraction rocking curves From the seconday ion

mas spectroscop (SIMS), the width of carba profile is

unchanged?® The Ge profile is taken from the solution of

one-dimensiorainterdiffusion equation‘? The relaxatio of

misfit dislocation is determiné by the (422 asymmetrical
reflex The substitutiona carba contert in Si; ,,Ge.C,

epilayes can be obtained The detaik can be found in Refs.
10 ard 13.

Figure 3 shows the amoun of substitutiona carbo re-
duction for various sample at different annealig tempera-
tures It is clea tha the substitutiond carba reductio in-
creass as the temperatue increass for all the samplesThe
reduction of substitutionh carban reachs a maximum
amourt of 0.0 for all thee samples A 40 nm
Sip.7015& 270,022 S@MpPE Was continuousy anneald from
800 to 900 °C for 2 hin the nitrogen flow. The verticd lattice
constan (Fig. 2) and the substitutionacarba reductio (Fig.
3) of this sampe increass for ead annealig step For the
annealiig at 850 °C, this sampé was anneald two times.
The verticd lattice constan of the 40 nm Siy 70:G & 270 022
sampek continues to increag after the secom annealiiy step
at 850°C. This indicated substitution& carba reduction
does nat read thermd equilibrium at the annealig time.
Similar resuls have bea reported® To further investigate
the substitutionacarba reductian behavior we performel a
2 h oxidation proces a 950°C on the 40 nm
Sig. 701568 27LCo.0225ample This oxidizes the 3 nm Si cgp and
injects interstitid Si into the Siy 70:G&y 270 022 alloys the
verticd lattice constam continues to increag as determined
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FIG. 4. The high-resolutim x-ray diffraction specta of a 40 nm
Si/Sy.70:1G& 27C0 022/Si quantum well.

from the (400) rocking curves (Fig. 4) ard the substitutional
carba reductian increass from 0.0 to 0.013 This indi-
catal tha the interstitid silicon injection can kick out sub-
stitutiond carba ard redue the concentratia of the substi-
tutiond carbon Pleag note tha the concentratio of
interstitid silicon at therma equilibrium is very low
(10%cm™2 a 1000°C).** The interstitid silicon canna be
the sole soure of the substitutionhcarbo reduction at ther-
md equilibrium The substitutiond carba may jump out of
the lattice site with its own kinetics but it is clea tha the
interstitid silicon can enhane this process.

After further oxidation of the Sig 70:G&y 27/Co 022 S@aMple
at 100°C for 2 h, the oxidation reaches the
Sio 701G 270 022 layer, and the layer thicknes decreaseto
14 from 40 nm estimatel from the (400) rocking curves (Fig.
4). The Ge contert in this layer become approximate} 0.66,
assumig the negligible substitution& carbon content and
the layer was completey relaxed obtainel from the (422
reflex The Ge contert will be even higher, if there is some
residud substitutionhcarbon This sevee Ge enrichmet ef-
fect was not observe in the pure Si; _,Ge, contrd samples.
The oxidation of Si;_,Ge, alloys resuls in the Ge pile-up at
the oxide/Si_,Ge, interface’® The Ge diffusion into
Si;_x—,Gg undernedt may be enhancd by the interstitial-
carbon-relaté defect® and yields a Ge-enrichd layer. The
Fourig transfom infrared spectrun of the 1000 °C-oxidized
Sig. 70168 270022 SaMpe with referene to the as-grown
sampe reveas adecreas of 600 cm™ ! substitutionhcarbon
vibration peak and an increass of silicon-carbide-lile ab-
sorpticn peak similar to the 3C silicon carbice absorption
spectrun (Fig. 5).1°

The quantitative analyss of substitutionhcarba reduc-
tion in Si; _,_,Gg.C, at high temperatug proces was per-
formed A maximum reduction of 0.0 was observe for
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FIG. 5. The Fourig transfom infrared spectrun of a 40 nm
Sio.70106.27C0 022 Sample oxidized at 1000 °C for 2 h. The spectrum of 3C
silicon carbick is also shown for reference.

various sample for annealiig belov 1000 °C in nitrogen but
kinetics of the substitutionh carba reduction is nat clear.
The interstitid Si injection can enhane the substitutional
carbo reduction to 0.013 The oxidation of Si; _,_,Geg.C,
can inject the Ge into the unoxidized layer and can form a
Ge-enrichd layer.
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