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The thermal stability of Si/$i _,Ge,C,/Si quantum wells was studied by high resolution x-ray
diffraction, Fourier transform infrared spectroscopy, and defect etching. There are different
pathways of strain relaxation in this material system, depending on the annealing temperature. The
lattice structure of Si_,_,GgC, was as stable as the;SiGeg, alloys at an annealing temperature

of 800°C for 2 h. At an annealing temperature of 900°C for 2 h, the structures of both
Si;_,,GegC, and S{_,Ge started to relax. The addition of C enhanced the Ge outdiffusion in
Sih_x-yG&C,, compared to that of $i,Ge;. For the annealing temperatures of 950 and 1000 °C

for 2 h, the Sj_,Ge, continued to relax with the decrease of strain in the quantum wells, but the
S yGgC, relaxed with thencreaseof the strain due to the formation of SiC precipitates. Misfit
dislocation formation was observed in thg Si_,GgC, alloys with initial thicknesses below the
critical thickness after annealing at 1000 °C for 2 h. This relaxation is probably caused by the SiC
precipitation, since SiC precipitates can reduce the strain compensation and, therefore, decrease the
critical thickness. ©1999 American Institute of Physids50021-897@9)06704-3

I. INTRODUCTION of the single thick MBE-grown $i.,C, samplé® showed no
significant change in the strain and thickness. In this article,

Recently there has been impressive progress in th@e have investigated the stability of,Si_,GgC, alloys

growth*? and characterizatidn® of Si;_,,GeC, alloys,  grown by rapid thermal chemical vapor depositi&T CVD)

which offer great flexibility in tailoring the strain and the at different annealing temperatures by using high resolution

electronic properties of group IV heterostructuté®ecause x-ray diffraction (XRD), Fourier transform infraredFTIR)

the lattice constant of cubic carbddiamond is 0.356 683  spectroscopy, and defect etching.

nm? which is 34% smaller than that of Si, substitutional

incorporation of C can compensate in the compressive strain. GROWTH

of Si;_,Ge, layers grown on Si substrates, where the lattice ) )

constant of Ge is 4.17% larger than that of Si. This leads tq The Si_,-yG&Cy single quantum wells were grown on

an increase in the critical thickness of pseudomorphicSi (100 substrates by RTCVD. The Si,_,GeCy layers

Siy_x,GgC, layers on Si. Since the formation of SiC pre- \{_Vsre gral\f[\;]n at 625°C u5|gngetr_l1_3r/1I3|laneﬂas the C s??ulrce.
cipitates is thermodynamically favored, the thermal stabilit €gro pressure was © 1ort. 'ne gas Tows Were < sipm

of the Si_,_,GeC, alloys will not only be affected by the yfor a hydrogen carrier, 26 scem for dichlorosilane, fand 0.8
misfit dislocation formation and GE€)/Si interdiffusion, scem for germane. The maximum content of carbon incorpo-

S o . R
which are inherent in i Ge, alloys®-2 but also by the ration is around 2%. The Si cap layer was grown at 700 °C

SiC precipitation. It was also reported that the carbon incor—usmg a 26 scem dichlorosilane flowda 3 slpm hydrogen

poration into Sj_,Ge, layers has the effect of suppressing ﬂQW' The Ge_ fr action and thicl_<ness OhSiGe, were deter-
the boron outdiﬁ:uxsion in Si/$i ,,GeC,/Si heterojunction m'lned by fitting x-ray rocking curves. Details of the
bipolar transistor§. Therefore ixt |ys important to investigate Shox—yGaLy grovvt'h can be found in Ref. 2. As smal

. o amounts of methylsilane were added to the source gases, we
the thermal S.tab'“ty of ,SLX‘VGQ‘CY aII'oys for further de- observed a shift in thé400 x-ray diffraction peak of the
vice applications. Previous stufyon Si_,C,/Si superlat- resulting Sj Ge,C, layers away from that of a similar
tices grown by molecular beam epitadyiBE) showed that e

X o s N layer without the addition of methylsilane. Vegard’'s law
SiC precipitated at annealing temperatures of 1000 °C an ith a compensation ratio of 1% C to 8.3% Ge was t2¢d

above, and that the structure relaxed only by interdiffusion afgtimate the carbon concentration in the alloys. The carbon
900 °C and below. The low temperature annealiig00°Q  ontent was obtained from the shift Gf00) peak by assum-

ing the Ge concentration was unchanged as the methylsilane
dElectronic mail: chee@cc.ee.ntu.edu.tw was added. The thickness of the as-grown_gJi,GeC,
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guantum well was also determined by fitting the rocking
curves, which had been calibrated by Auger electron spec-
troscopy depth profiles on thick samples. Secondary ion
mass spectroscopysIMS) also has confirmed the existence
of flat C profiles, and that Ge concentration was unchanged
by adding the methylsilane on calibrated samples.

Three quantum well structures were investigated in this
study. The well compositions were SiGe,,s,
Sio.7655€.280.008: ANd Sp 7565€.24C0.012 With thicknesses of
20, 18, and 18 nm, respectively. The nominal thickness of
the Si cap was about 60 nm. The Ge content and thickness
were obtained from dynamic simulation of the rocking
curves, assuming a box profile. All as-grown samples were
pseudomorphic and fully strained due to the low temperature
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growth (625 °Q. No defect was observed in these as-grown Pl . . X
films after defect etching, using four parts of 49% HF and 3000 2500 2000 450 1000 500 O 500 1000
five parts of 0.3 M CrQ. For a reference, the critical thick- Diffraction angle(arcsec)

n.esses of the &G SbrcL&2d 000 and FIG. 1. High resolution x-ray diffraction spectra of SYSiGe, »3/Si quan-

S_|0-75SGQ)-23C_:0.012 samples were 10, 17, and 23 nm, F€SPECiym wells annealed at different temperatures. The well thickness is 20 nm.

tively, estimated from Matthews and Blakeslee’s The(400) diffraction peak of the Si,/Ge, »3layer continued to shift towards

theory!2151'The thickness of the $i/Gey ,3control sample  the (400 Si peak as the annealing temperature increased.

was above its critical thickness, indicating that further relax-

ation could be caused by dislocation formation and/or atomic _ _

interdiffusion. The thickness of the highest carbon-contento relax. To further probe the relaxation, the x-ray rocking

sample (S 7556 280012 IS Well below its critical thick- — curves were fitted with simulation profiles. The diffused Ge

ness, indicating that the relaxation mechanism could be inProfile was taken frpn’:g the solution of the one dimensional

terdiffusion and/or SiC precipitation. However, misfit dislo- interdiffusion equatiort;

cz_itlon formatlpn can be _also o_b_served in these thin xGe(z)=x°G€IZ{—erf[(—W/2+ 2)/2L ]

Sy ,GeC, films, if the SiC precipitates can reduce the

strain compensation and thus decrease the critical thickness. +erf (W/2+2z)/2L 1},

Flea?e no?a that thlfj |(;1terd|ffu5|3|11 and/t(_)r tlhle tT|sf|t dls?ca}[Wherexge is the initial Ge concentrationy is the quantum

tl)o:lthorrggclon W.O% i ecrease the Vetrhlca ? lCIeI ‘;t‘?”s antyell thickness,z is the position along the growth direction
utthe oIt precipiation can increase the vertical lattice cony, _ g 4t the well center erf is the error function, and is

stant because of the consumption of Si and C atoms durin

the f tion of SIC ipitates. The fih ical® diffusion length. As the result of the SIMS profifethe
€ fofmation of SI%, precipriates. 1he Increase otthe VEICay iy of carbon profile is relatively unchanged during the

. o ; B
!attlce cpnstant by 1 at.% of SiC formation 'nlS**VGQ(CV annealing. We, therefore, assume a box carbon profile and
is effectively the same as that by 8.3 at. % of Ge incorpora-

tion.
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Ill. CHARACTERIZATION AND DISCUSSION 10

To study the thermal stability of the SifSi,_,GegC, /Si
guantum wells, the x-ray rocking curves from as-grown and
annealed samples were measured. The samples were an:
nealed at temperatures from 800 to 1000 °C in nitrogen. To 100
avoid nonuniformity of the 100 mm wafer, an accumulative
annealing scheme was adopted. In other words, the annealing 2 Sy 15580 ,Cotte
treatment was performed on the same pieces of samples at 3 asgrown (18nm) gl
different temperatures. For all three samples annealed at%
800 °C for 2 h, there was no change in the rocking curves,
indicating that these structures are stable during a low-
temperature process. This is similar to previous restiithe
C incorporation into Si_,Ge, does not degrade the thermal
stability of the lattice structure at 800 °C. However, for all 1 - : - ,
samples continuously annealed at 900 °C for 2 h, we ob- 28002000 4500 000 S0 0 S0 1000
served a shift toward the Si peak in tt&00) x-ray rocking Diffraction angle(arcsec)

curves shown in Figs. 1, 2 and 3 for theo 36 s, FIG. 2. High resoluton x-ray (4000 diffraction spectra of

Sio.76ZGQ).23C0.008:_ and_ %.75@@).2@0.012 quantum well  gjsi - Ge ,.Coo0s/Si quantum wells annealed at different temperatures.
samples, respectively, indicating that all the structures startethe well thickness is 18 nm.

co

Inten

Downloaded 30 Jul 2002 to 128.112.49.151. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



2126 J. Appl. Phys., Vol. 85, No. 4, 15 February 1999 Liu et al.
-2500 -2000 -1500 -1000 500 0 500 1000 -4000 2000 0 2000 4000
1000 — T T T T T T T T r———1 T T T
100000 - 2 i ——data 1
SOl N e | e simulation
. 10000 Fs 4
950C = ) .
100 b 1000°C i @ oo S 159€.2:C 141, 950°C annea
n . < 1000 H Ge diffusion length 6.1nm 1
’S:-,’\ SlﬂJiEGeﬂ.ZSCU.IMZ \ ﬁ © g
2 asgrown (18nm) o S 100 [ W At a8 kg R
s \ 8 thickness(nm 3
8 2 9
& 2
2 10 8
Ko £ 1
=
1 | ] | L. 1 [ L L B
2500 2000 1500 1000 600 0 50 1000 0 2000 4000
Diffraction angle(arcsec) Diffraction angle(arcsec)
FIG. 3. High resolution x-ray (400 diffraction spectra of FIG. 4. Typical simulation curve to fit thet00 diffraction spectrum. The

SilSiy 7545 280 012/Si quantum wells annealed at different temperatures.Insert shows the Ge and C profiles used in the simulation.

The well thickness is 18 nm.

The same pieces of samples were annealed again at
950°C for 2 h. The(400 peak of the Sj;/Ge,»3 control

the width remaining constant, but the carbon concentration i§ample continued to shift towards the @00 peak. The
left as a fitting parameter. The diffused Ge profile and thepeak of the Si7655 280 003 SAMple shifted less than the
box carbon profile yield the narrowing ¢#00 diffraction  control samples. The peak of high carbon-content sample
peak of Sj_,_,GeC, in the diffraction spectra after succes- (Sip 75658 20,019 €ven had a slight tendency to shift to-
sive annealings. The simulation also shows that the carbogards the opposite direction, which indicated that the lattice
box prOf”e enhances the amplitude of the thickness fringe ir(bonstant of this Samp|e starteditecrease This is probab|y
the (400) diffraction Spectra. Therefore, the fringes are moregque to the formation of SiC precipitates, since On|y a de-
visible in the carbon-containing samples than in thecrease of carbon content in the, Si_,GeC, can increase
Si;—xGe, samples. The relaxation parametr describing the vertical lattice constant. To confirm this observation, we
the misfit dislocation formation, is defined by annealed these samples at 1000 °C for another 2 h. Similar
(1) behavior was observed. The vertical lattice constant of the

) ) . ] Siy. 7556 23 control sample continued to decrease, and that of
wherea, is the in-plane lattice constant of ;Si_\G&Cy  the Sj .G, 4o osSample decreased very slightly, but that

alloys, a, is the lattice constant of fully relaxed of the Sj ,sqGe, 24Co 012 SAMple continued to increagEig.
Sii_x—,GgC, layers, andhg; is the lattice constant of the Si 6).

substrates. The shape of tt&00 diffraction is determined

by the diffusion length.. The relative position of thé400
diffraction peak with respect to the $400 peak is deter-
mined by the carbon concentration, the relaxation parameter,
and the diffusion length which changes the center concentra- —a—Si_Ge.C. (18nm)
tion in Ge profiles after the annealing. The diffusion lenigth o 0758 7023 ~0412

R=(a,—ag)/(a,—ag),

900 950 1000
10 T T T T T

can be extracted by fitting the simulation profiles with rock- [ Slozs381,Copny(180M)
ing curves. The carbon concentrations and relaxation param-
eters cannot be extracted individually without further mea-

surements. A typical simulation curve is shown in Fig. 4, s ///-/—"‘—4 -
where the relaxation parameter is assumed to be zero. Note £ sl . I ]
that we can have different sets of carbon concentrations and & ¢

relaxation parameters to fit the experimental curves. The ex- = 4 / 1
tracted diffusion length increases as the carbon content in- § sl . / i
creases in the alloy&-ig. 5 for all the annealing tempera- &

tures. This indicates that the incorporation of carbon can r / i
enhance the Ge diffusion in Si. Since transient enhanced dif- 1+ A .
fusion was observed in CVD-grown SiGe quantum w#lls, ol . . , ) ,

the diffusion coefficients could not be extracted directly from 900 950 1000

the diffusion length. We have also observed some nonlinear Temperature(C)

diffusion in our samples, but details of it are still under
investigation.

| ——Si,,,Ge,,,{20nm)
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FIG. 6. Difference between the vertical lattice constant qf i, GeC, FIG. 8. Asymmetrical(422 diffraction spectra of the 1000 °C annealed
and the Si substrate, normalized with respect to the Si lattice constant &amples. With the peak positions @00) and(422) diffraction, the in-plane
different annealing temperatures. The 700 °C data are from the as-growiattice constants can be obtained.
samples because the Si cap is grown at 700 °C.

To further resolve the relaxation due to misfit dislocation

formation and the residual carbon content in the

To study the change of the material structures afteiSi;_,_,GgC, alloys, we measured the asymmetri¢422)
1000 °C annealing, FTIR absorption measurements were pediffraction of all three 1000 °C-annealed sampl&sg. 8).
formed. The FTIR spectrur(Fig. 7) of an as-grown 40 nm Following the approach in Ref. 21, the in-plane lattice con-
Sip 69656260 022 1ayer shows a sharp absorption peak at 600stant can be obtained, which is a function of the relaxation
cm 1, which is characteristic of the vibration frequency of parameter and the residual carbon contddg. (1)]. Note
substitutional carbon in silicohNote that in the FTIR mea- that the Ge content at the center of the quantum well is
surement a thick layer is used to increase the absorption sigletermined by the diffusion length, and is not a free param-
nal. However, in the spectrum of the same sample after areter. To fit the relative position of tHd00) diffraction of the
nealing at 1000 °C, the 600 crhabsorption peak vanished Si,_«-yGgC, alloys with respect to thé400 Si substrate,
within the detection limit, and a broad peak from 670 to 900we can have different sets of relaxation parameters and car-
cm ! was observed, very similar to the absorption spectrunbon contents. A unique solution to the relaxation parameter
of amorphous silicon carbide?® This indicated that some and residual carbon content can be determined to satisfy both
carbon atoms came out of the substitutional lattice andhe in-plane lattice constants and (4€0 diffraction spectra
formed silicon carbide precipitates. of the Si_,_,GgC, alloys. The results of the relaxation
parameters and the residual carbon contents are given in
Table I. The difference between the initial carbon concentra-
tion and the residual carbon content is the amount of SiC
T -----asgrown 8 precipitates. The atomic fractions of SiC precipitates are
L 00% o amealed at 1000°C 4 0._0072 and 0.0084_ for S 2L0008 z_ind_
Siy 75658 2L 012, respectively. The degree of relaxation in-
creased with the amount of SiC precipitates. The SiC pre-
. cipitates may be responsible for the misfit dislocation forma-
tion in the thin layers, because the precipitates reduce the
strain compensation and decrease the critical thickness to
approximately 15 nm for these two,Si,_,Gg,C, samples.
. Therefore, after annealing, the thickness of these two
Si,_«—yGgC, samples(18 nm was beyond the critical
thickness and misfit dislocation formation occurred. These

Absorption

TABLE |. Summary of the rocking curve simulation results after 1000 °C

500 600 700 800 900 annealing for 2 h.
Wavenumber(cm) Relaxation Residual carbon Atomic fraction of
Sample parameter content SiC precipitates

FIG. 7. FTIR spectra of a 40 nm SiydGey »4£Co.022 Sample before and after
annealing at 1000 °C. After annealing, the substitutional carbon absorptionSio7/G& 23 0.17 0 0
peak at 600 cm! vanished, and a broad peak from 670 to 900 twas Sio. 7655€.280.008 0.21 0.0008 0.0072
observed, very similar to the absorption spectrum of amorphous siliconSiy 75d5€ 240 012 0.26 0.0036 0.0084
carbide.
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1000 °C-annealed films also showed a lot of dislocation net-'J. L. Regolini, F. Gisbert, G. Dolino, and P. Boucaud, Mater. L8}.57
work after defect etching, while no misfit dislocation was (1993.

. . . .2 H H
observed in the as-grown films after defect etching. This C-W-Liu, A. St. Amour, J. C. Sturm, Y. R. J. Lacroix, M. L. W. Thewalt,

confirms that misfit dislocation is formed after the annealing. - - Magee, and D. Eaglesham, J. Appl. PI§@. 3043(1996.
P. Boucaud, C. Francis, F. H. Julien, J.-M. Lourtioz, D. Bouchier, S.
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X—y :
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thermal budget of device processing would not be degradedang N. . Theodore, IEEE Electron Device Let7, 334 (1996.

due to the C incorporation. After annealing at 1000 °C for 2 8L. b. Lanzerotti, J. C. Sturm, E. Stach, R. Hull, T. Buyuklimanli, and C.
h, the substitutional carbon absorption in the FTIR spectra Magee, Tech. Dig. Int. Electron Devices Meet., 24996.
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due to the consumption of Si and C atoms after annealing at . 69, 1444 (1996,
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Si;_«—,G&C, layer with an initial thickness below the criti- **M. S. Goorsky, S. S. lyer, K. Ebert, F. Legoues, J. Angilello, and F.
cal thickness shows misfit dislocation formation after annealzscafdone' Appl. Phys. Let60, 2758(1992.

ing at 1000 °C for 2 h. This is probably due to the decrease in C. Penn, S. Zerlauth, J. Stangl, G. Bauer, G. Brunthaler, and F. Schaffler,
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