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Effective compliant substrate for low-dislocation relaxed SiGe growth
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An effective compliant substrate was fabricated for the growth of high-quality relaxed SiGe
templates, by synthesizing a 20%@, concentration borosilicate glagBSG) in the silicon on
insulator wafers. Substrates with 5%, 10%, and 20%@Bwere used for 150 nm §}Gey o5
epitaxy. Double-axis x-ray diffraction measurements determined the relaxation and composition of
the Si_,Ge, layers. Cross-sectional transmission electron microscopy was used to observe the
lattice of the SiGe epilayer and the Si substrate, dislocation density, and distribution. Raman
spectroscopy was combined with step etch to study the samples. The strain sharing effect of the 20%
BSG substrate was demonstrated. Thus, we concluded that this compliant substrate is a highly
promising candidate for the growth of low-dislocation relaxed SiGe layers20@1 American
Institute of Physics.[DOI: 10.1063/1.1351520

In recent years, there has been considerable interest the SiGe epilayer to the thin Si lay&tthe temperature is
relaxed SiGe buffer layers, which are used as “virtual sub-1100 °C. However, for 20% BSG, the temperature drops to
strates” for the growth of high electron mobility transistor, 500 °C. In this work, the substrates with different concentra-
metal—oxide—semiconductor field effect transistor and theions of B,O; in the SiQ layer of SOl wafers were fabri-
integration of I1lI-V devices on Si-® However, the large cated and referred to as BSG substrates.
lattice mismatch(~4.17% between Si and Ge results in a The SOI substrates used in this work were bonding and
high density of dislocations in SiGe buffer layers with high etch back SO(BESOI) wafers produced by Sibond, Inc. The
Ge content. Moreover, threading dislocations propagatéabrication process of our BSG substrates was as follows:
through the SiGe buffer layer into the active layers and deBESOI wafers with a 60 nm Si layer and a 400 nm buried
teriorate the device performant@o date, several strategies SiO, were implanted with boron and oxygen. The implant
such as a graded composition groweind using a low tem-  dosage and energy were selected according to the stoichio-
perature buffer layérhave been explored to prepare relaxedmetrical ratio of BO; and the target concentration by
SiGe layers minimizing the threading dislocation density. weight!® After implantation, a two-step annealing process

The concept of compliant substrate was proposed by Lavas performed to form the single crystal Si layer and the
in 1991 and was later realized experimentally by Powell BSG layer. Solid phase epitaxy was performed at 500 °C for
et al. in 19942 The ideal compliant substrate would be a2 h in nitrogen ambient. The wafers were subsequently an-
freestanding thin substrate, which could elastically accomnealed at 900 °C o5 h in nitrogen ambient to form the
modate the misfit strain and absorb threading dislocations. IBorosilicate glass as well as minimize implantation damage.
practice, however, a thin membrane acting as a substrate ¥he top Si layer was thinned down to about 20 nm by ther-
prohibitive. Currently, there are several approaches to fabrima| oxidation and HF dip. The surface morphology was ana-
cate a compliant substrate by wafer bondii§.The thin  |yzed by atomic force microscopy and found suitable for
silicon on inSUlatOl(SOD substrates have been used as COMmpolecular beam epitaxy with the root mean Squared rough_
pliant substrate for GaN and SiGe epitay?In the case of ness measured as 0.3 nm. The substrates were cleaned and
SiGe, the SiQis expected to be rigid at the growth tempera-immediately loaded into a Perkin—Elmer molecular beam ep-
ture range(typically between 450 and 700 JCAs a result, itaxy system.
conventional SOI is not an effective compliant substrate and BsG substrates with three weight ratios, 5%, 10%, and
the relaxed SiGe layers grown on these kinds of substratesgoy, B,O;, were used for SiGe epitaxy. For comparison, a
exhibited a large number of dislocatiolfsTherefore, to 5o and a planar Si substrate were loaded simultaneously.
achieve an effective compliant substrate, it is necessary tgpe epitaxy sequence consisted of a 10 nm Si buffer layer, a
realize that the SOI could deform at low growth temperature 50 nm Si7:G&, 5 layer an 500 °C. The nominal deposition
It is well known that the addition of g5 in SiO; [borosili-  rates of Si and Ge were 1.2 and 0.4 A/s, respectively. The
cate glas§BSG)] decreases the viscosity of the $i&? For sample grown on the 5% BSG substrate was named as 5%
example, to have a 15 Poise viscosity in $iQvhich is  BsG sample in this letter, and it was the same way for other
roughly the critical viscosity for the strain to transfer from samples.

The double-axis x-ray diffractiofDAXRD) results of
dElectronic mail: yuhao@ee.ucla.edu symmetric(004) and asymmetri€113) scan for the as-grown
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(b) too. In Fig. 2Zb), it is found that after annealing the mismatch

_ _ becomes larger than that of the as-grown sample, which im-
FIG. 1. Symmetriq004) and asymmetri¢113) DAXRD measurements for . . .
(a) the as-grown 5% BSG sample atti) the as-grown 20% BSG sample. plies that the SiGe layer relaxes more after annealing. For the
The structure of the sample is 150 nm $Ge, .10 nm Si/20 nm Si/BSG. ~ as-grown 20% BSG sample shown in Figc)2 every{100

double layer of the Si substrate continues into the SiGe layer,

and annealed 5% and 20% BSG samples are shown in Fig. Which indicates that the SiGe layer makes a coherent inter-
illustrating the relaxations of the SiGe layer. For the 5%face with the Si layer. Therefore, it appears that the Si sub-
BSG sample, due to the presence of misfit dislocations at thétrate becomes tensily strained to match the SiGe layer. After
SiGe/Si interface, the SiGe peaks are broad as a result @nnealing, as shown in Fig(®, stacking faults are observed
mosaic structures. For the 20% BSG sample, the much naid the Si layer and the strained Si layer relax partially after
rower SiGe peaks indicate a much lower density of misfitannealing and dislocations form in it.
dislocations. This would be expected if the thin silicon layer ~ Densities of misfit dislocations were estimated from
had become strained during growth. XTEM images with different magnifications. The largest ob-

The quality of the SiGe layers was compared by crossservation range is about sm. For the as-grown 5% BSG
sectional transmission electron microscoP€TEM) mea- sample, as shown in Fig.(®, the diffuse contrast arises
surement using Philips CM200 FEG microscope. The imagefom the misfit dislocations and corresponding stacking
are shown in Figs. 2 and 3 and all of them are bright fieldfaults are clearly observed in the SiGe/Si interface. The den-
cross-sectiondl110] images. In Fig. @), from careful mea- sity of misfit dislocation was estimated to be 2
surement of the interatomic spacing, it is found that for thex 10° cm™!. After annealing at 850 °C for 30 min, the den-
as-grown 5% BSG sample there is a lattice mismatch besity of misfit dislocations at the SiGe/Si interface increased
tween the epilayer and the Si layer. A misfit dislocation andto about 4<10° cm™*, as shown in Fig. @). For the 20%
stacking fault can be observed in the SiGe/Si interface regioBSG sample, as shown in Fig, no misfit dislocations are
observed at the interface of the SiGe layer and Si layer in all
images, suggesting that the density is below1®® cm !

(the limit of detection. After annealing at 850 °C for 30 min,

a threading dislocation is observed to propagate downwards
into the Si buffer layer, as shown in Fig(d@. The density of
misfit dislocation at the SiGe/Si interface increased to about
1x10* em L.

The plastic strain relieb is related to the misfit disloca-
tion with densitypmq by 6=beiXpmd, Wherebg is the ef-
fective Burger's vector, the component of the Burger’s vec-
tor responsible for misfit strain relief. For 60° dislocation in
SiGe, by is agigd2/2. For fully relaxed §j;:G&,,5 on Si
substrate /=1.04. Then if the strain is completely released
by plastic relaxation, i.e., due to the formation of misfit dis-
locations, from the above relation, we have
Pmdo=5.36X10° cm !, where the subscript “0” indicates
full relaxation. For partially relaxed §i<Gey,5 with R%

relaxation,pmg=pPmdoX R%.
FIG. 2. High resolution transmission electron microscopy imag&othe 0 ofi ; ;
as-grown 5% BSG sampléh) the 5% BSG sample annealed at 850 °C for For the 5% samples, the measured misfit dislocation

30 min in nitrogen ambientc) the as-grown 20% BSG sample, aithe ~ d€Nsities are a little lower than the calculated values. The

20% BSG sample annealed at 850 °C for 30 min in nitrogen ambient. ~ reason is that the threading dislocations release part of the
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layer, the intensity of this peak increased. The as-grown 5%
BSG sample was measured in the same way. There were
only two peaks which were around 513 and 521.5 ¢rfor

all samples. This further confirmed that the peak around
518.5 cm' ! came from the strained thin Si layer beneath the
SiGe layer. Using the formula from the literature, the strain
in the thin Si layer was calculated from the shift of the Si—Si

Intensity (a.u.)

peak Awgi_g.t” For the 3 cm?! shift Awg_g, using

_ : : As=34 cm’l, the normalized strain X s
500 510 520 530 540 Awgi_gi/A5=0.088. As the full(100% mismatch strain be-
Raman shift (cm") tween pure Ge and pure Si makes-1, considering the Ge

FIG. 4. Raman spectra from the as-grown 20% BSG saniglenithout ~ COMPOSItion 0.25, the normahz_ed strain in the thin Si layer
etching, and(b), (c), and (d) after etching steps. The dash curves are theWas 0.088/0.2535.2%. Assuming the strain of the Si layer
fitted peaks using iterated Lorentzian fitting to the Raman spectrum. Theccommodated all the relaxation of the SiGe layer, then the
letters with arrows in the figure indicate that the peak is the Si—Si mode ofg|axation of the SiGe layer was about 1%—35:264.8%.

that layer. The SiGe means the SiGe layer. The top Si means the 5 nm .h' | tch Il with the 64% | ti b-
layer on the top of the SiGe layer. The thin Si means the thin Si substrat .IS value matches very well wi e o relaxation .O .
beneath the SiGe layer. The bulk Si substrate means the bulk Si substrat@ined from the DAXRD measurement. Therefore, the thin Si
beneath the Siplayer of the SOI. layer of the 20% BSG substrate worked as a compliant sub-

strate to accommodate part of the mismatch strain since the

mismatch. In the XTEM images, stacking fault con'[rastBSG was soft at the grow_th temperature. .
: ) i, : . In summary, an effective compliant substrate was fabri-
decorates the region of the SiGe/Si interface. Threading dis- . . o
. . . cated by forming 20% concentration,®; borosilicate glass
locations propagate downwards into the Si layer, as well as L .
. . D ._In a SOl wafer and thinning down the Si layer on top of the
upwards into the SiGe layer. The measured misfit dislocation - .
. borosilicate glass. It was demonstrated that the compliant
densities for the 20% sample are much lower than the Calcu'ubstrate accommodated part of the misfit strain between the
lated values and no threading dislocation is observed in thg: : . S
g iGe layer and the Si layer during the growth. This kind of

SiGe layer and the Si layer. The reason for the fewer misfi . . .
dislocations is that thé10G} lattice of the thin Si substrate substrate therefore has the potential to provide low disloca-
tion density growth of relaxed SiGe layers for device appli-

expands to become strained to match that of the SiGe Iaye(r:.atiorls
To confirm the strain in the thin Si substrate below the '
SiGe layer, Raman spectroscopy combined with step etch  Thjs work was in part supported by the Semiconductor
was used to further characterize the strain of the sampleResearch Corporation.
Raman spectra were taken with a microscope entrance, giv-
ing a 0.7um laser spot on the sample. The exciting source
- .
Wa(;s a 457.9 nm A laser line. .The. Raman .SpeCtra _Of the 1yY. H. Xie, D. Monroe, E. A. Fitzgerald, P. J. Silverman, F. A. Theil, and
20% BSG ;arnple are shown in Fig. 4. Using the |tera_ted G. P. Watson, Appl. Phys. Lets3, 2263(1993.
Lorentzian fitting to the spectrum, three peaks were obtainedJ. J. Welser, J. L. Hoyt, and J. F. Gibbons, IEEE Electron Device Lett.
and shown by dash curves. The sources of the peaks araé;—VD'-S15\}v100(1934l>-B Bhat, J. Eleciron. Mat@d. 1047(1998
: . . : . L. ang and . b. at, J. electron. val 3 .
indicated by dotted I|ne§ and arrows in the figure. For the4|_. B. Freund, J. Appl. Physs8, 2073(1990).
as-grown 20% sample without etching, as showtejnthree  sp. kyan and F. Namavar, Appl. Phys. Lei8, 2357 (1992).
peaks around 513, 516, and 521.5 Cnare observed. For °Y.H. Luo, J. Wan, R. L. Forrest, J. L. Liu, G. Jin, M. S. Goorsky, and K.
the sample after some etching, as shown(lin the peak L Wang, Appl. Phys. Lett78, 454(2001.
itions are similar. However, the intensity ratio of the 516 5 - 1- M0 APPI- Phys. Lett59, 2311(1991.
pOS_Il : ! Yy 8A. Powell, F. K. Legeous, and S. S. lyer, Appl. Phys. L&#,.324(1994).
cm™ ~ peak to other peaks decreases. The 513, 516, and 5219 E. Ejeckam, Y. H. Lo, S. Subramanian, H. Q. Hou, and B. E. Ham-
cm ! peaks were assigned to the SiGe layer, the strained 150m0ns, Appl. Phys. Lett70, 1685(1997). o
nm Si cap |ayer on the top of the SiGe |ayer and the bulk Si C. Carter-Coman, A. S. Brown, A. Metzger, N. M. Jokerst, J. Pickering,
bstrate under the BSG layer, respectively. Due to the etch and L. Bottomiey, Appl. Phys. Leti1, 1344(1999.
.Su S ; y ! .p : y: B M. A. Chu, M. O. Tanner, F. Y. Huang, K. L. Wang, G. G. Chu, and M.
ing of the top Si layer, the relative intensity of the 516 ¢m S. Goorsky, J. Cryst. Growth75176, 1278(1997.
peak decreases. After some more etching, as showa),n **J. Cat(x D-S)Pavlidisi Y. Park, J. Singh, and A. Eisenbach, J. Appl. Bgys.
= ; ; 3829(1998.
peaks around 513 ?r?d 5.21'5 cindo not shift, ﬁvillhlle the 130. V. Mazurin, M. V. Streltsina, and T. P. Shvaiko-Shvaikovskayand-
peak around 5]_-6 cnt shifts to abou'; 518"_5 ¢ : After book of Glass DatdElsevier, Amsterdam, 1983p. 563.
even more etching, as shown(d), the intensity ratio of the  4M. A. Chu and K. L. Wangunpublished data
513 cm ! peak to other two peaks drops significantly. Thelsg- \Cf; HuakngyAM- IA-Pihu, '|\_/I T7OéTzaer:grz)e(rz,OFE)-O)L- Wang, G. D. Uren, and M.
= : ; ; ; . Goorsky, Appl. Phys. LetiZ6, .
peak at 518.5 cm’ wa; assigned tp the Stramed thin Si 161, Ryssel and |. Rugdon Implantation(Wiley, New York, 1986, p. 383.
substrate beneath the SiGe layer. With the etching of the top; ¢ tsang, P. M. Mooney, F. Dacol, and J. O. Chu, J. Appl. PFgs.

Si cap layer, the peak appeared. With the etching of the SiGeg098(1994.

Downloaded 01 Aug 2001 to 128.97.88.35. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



