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Tensely strained silicon on SiGe produced by strain transfer
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An approach for the controlled formation of thin strained silicon layers based on strain transfer in
an epitaxial Si/SiGe/$100 heterostructure during the relaxation of the SiGe layer is established.
He* ion implantation and annealing is employed to initiate the relaxation process. The strain transfer
between the two epilayers is explained as an inverse strain relaxation which we modeled in terms
of the propagation of the dislocations through the layers. Effcient strain buildup in the Si top layer
strongly depends on the Si top layer thickness and on the relaxation degree of the SiGe buffer. 100%
strain transfer was observed up to a critical thickness of the strained silicon layer of 8 nm for a
150 nm relaxed {i,/Ge, o6 buffer. © 2004 American Institute of Physics
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This letter presents a process for strain transfer withinan  We have studied the strain transfer betweep ,Sie,
epitaxial Si/SiGe/SiL00 heterosystem and the involved buffers and Si top layers as a function of Si film thickness.
theoretical rationale. As strained silicésS) permits a sig- The Si/S|_Gg, heterostructures were grown by chemical
nificant improvement of nanoelectronic devices, due to a/apor depositioCVD) on 150 and 200 mm- and p-type
large enhancement of the mobility of the electrons and holesSi(100 wafers in different CVD reactors. All wafers were
this material presently receives enormous intere€ur ap-  implanted with  7< 10" He'/cn?® with an energy of
proach permits the formation of a sSi layer by epitaxial30—50 keV, such that ions stopped about 150 nm below the
growth of a thin~200 nm heterosystem, unlike the most SiGe/Si substrate interface. Then the samples were annealed
common approach, which involves the growth of a thickat 850°C for 10 min in Ar flow. It is important to note that
(several um) relaxed SiGe buffer layer, and the polishing the annealing produces interdiffusion of oy nm.
and overgrowth of the strained Ia)?erHere, a cubic The strain in the 88| and SiGe epilayers was analyzed by
Si/strained SiGe/$100) heterostructure is formed first, kaman spectroscopy.”We use a wavelength of 415 nm for

Then the elastic energy stored in the pseudomorphicGé, excitation at low laser-power density. No interference effects
layer is relaxed in a controlled way to transform the cubicfror':j i?]e underlyl_ng S'I'.Con .Su%t:catgst Werle (IJt{[setrr\:edé_WSe_
top layer into sSi. In order to initiate this inverse strain re-Us€d the expressions given in iket. ¢ 10 calcuiale e Si=ol

laxation process a Heimplantation into the $1L00 sub- optical phonon.frequencypl., in relaxed Sl.'—XGQ“ The de-

trat q i " ducted. During thi ree of relaxation of the §i,Ge, layer, R, is calculated as
strate and an agnfeatlnbg sdep e:jre conthu;:he 'S.Gur;nsg 'S Ft)r t'e ratio of the frequency change due to the actual relaxation,
_cessfa harrow de ecd ?n un_derneah_ h g e f' c?'ul S raco?—wo, to the corresponding difference for full relaxation,
;pter ace is generated. It provides a high density of dis 0Ca%,) — o, i.€., R= @, — wol @~ g, Wherewy is the Si—Si opti-
ion loops as sources for misfit dislocatiofdDs) yielding .5, phonon frequency for pseudomorphig_S&e, layers.
efficient strain relaxation during annealing with low densities

> ) ' A ! Elastic strain buildup in the Si layers and simultaneous
of threading dislocation€TDs). =" For the strain transfer we - girain relaxation of the SiGe layers are shown in Fig. 1 by the
make use of the propagation of the dislocations from the
bottom of the relaxing SiGe layer towards the surface into
the Si cap. This process differs from purely thermally in-
duced strain relaxation where low densities of dislocations
are nucleated randomly at the surface. We model the strain
buildup in the Si layer by considering the forces acting on
the dislocations and their resulting motion through the layers
in detail. Our approach also differs from strain transfer be- , , J
tween a film and a compliant substrate where only limited ~ S
areas can be transformed and the misfit strain is diluted due S PO . SO A S U SO
to the elastic energy balance the two layers. Wavenumbers (cm ")
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FIG. 1. Raman spectra of Si—Si modes from SiGe and sSi epitaxial films of
dAuthor to whom correspondence should be addressed; electronic maif Si/Sj,1Ge, .o/ Si heterostructure after growth and different strain relax-
d.m.buca@fz-juelich.de ations. The bulk Si spectrum is shown for reference.
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Raman spectra of an as-grown and two differently relaxed o 15 0 . s
SiGe layerdR=52% and 68% The heterostructure consists 08 T ]
of 145 nm Sj 71G&, ,9and a 5 nm Si top layer. The presence _ og] [
of the deconvoluted Si peak at 520 Ehtonfirms the cubic & 7] coMBteoy 7 ]
structure of the Si film in the as-grown state. The peak shift  06] ' i)
of the Si modes in the Si layers, resulting from the @ 05 ]
Sig.71G&) o9 layer relaxation, reveals the tensile strain in the B 04 ) -
film. The wave-number shift was converted to elastic strain § 03 * Si,,Ge,, R ~53-60%]
€g; Using an expression given in Ref. 7 021 * Sy, B8y R ~65-73%]
i i i /s A Si,Ge,, R=52%
For further discussion, we introduce parameters charac- o1 s SipnGopn R=68%
terizing strain rela_\xatlon and generation in the_ SiGe and_ Si e
top layer, respectively. The change in the strain of the SiGe 17dg (™)

layer upon relaxation may be expressed by the relaxation
degree,R, as ASSiGe: Rfoe’ Si where fGe, s=4.2% is the FIG. 2. Measured strain in the top Si layer vs reciprocal Si layer thickness
mismatch between the Ge and the Si lattice arigithe Ge  for a series of heterostructures with differétThe inclined and horizontal
content n at. 9. To quaniiy the eficiency of the sirain trans-+19 1% SPEserL s o eoernent das corespordn 0 980
fer we define the ratio of the strain induced in the Si tOpreIatlon according to MBRef. 9.
layer, eg;, to the strain change in the SiGe layAggico as
the strain transfer efficiency, such thatg; may be written  the Si-substrate/SiGe interface, the extension of the segments
as eg=nAegige= MRXfge s; Full strain relaxation (R of these loops towards the SiGe/top Si interfd@mnd the Si
=100%) and ideal strain transfer af=100% would resultin  surface and the spreading of the TDs through both layers. As
a maximum in-plane strain in the silicon cap layer, i&;, shown previously, He-filled cavities, underneath the SiGe
=1.21% for a §j/Ge) 9 layer. ForR=68% of the SiGe layer are responsible for the format|on of dislocation loops
layer we measureds;=0.85% in the 5 nm Si layer which which glide towards the interfadeUnder compressive plane
corresponds to strain transfer efficiency of 100%. Obviouslystress in SiGe, one segment of such a loop is held at the
the Si film follows perfectly the change in the in-plane lattice interface where it forms a MD segment while the other one is
constant of the /G g layer. Deconvolution of the sSi driven through the SiGe layer towards the SiGe/Si top inter-
and SiGe signals results in a negligible width change of thdace.
sSi peak indicating a uniform strain distribution in the sSi  When a dislocation segment has passed the interface, the
layer. surface image force pulling it towards the surface must be
In order to investigate the strain transfer systematicallysufficiently strong to overcome the counter force resulting
we also studied Si/ §i/Ge, 56 heterostructures with a buffer from the fact that Si is elastically stronger than SiGe and
thicknesses of 150 nm and Si cap thicknesdgsup to  from the tensile plane stress already built up in the top Si
30 nm. For comparison of the strain accumulated in the Slayer. Equilibrium between these three forces suggests a con-
layer versus its thickness we first analyzed the relaxation oflition of a form equivalent to that defined by Ed). For this
the Si_Ge, layers as a function of Si layer thickness. We intermediate stage of the deformation process, the term cor-
found that Sj,/Ge&) .6 layers relaxed independently of the responding toA/dg; in Eqg. (1) represents the strength of the
top Si layer thickness. surface image force andf the critical thicknesg59 nm ac-
Our data indicate that the main parameters controllingcording to our data fitabove which this force is no longer
strain generation in the Si top layer are its thicknelgs,and  able to pull the dislocation away from the interface.
the degree of relaxation of the SiGe layRr(more precisely Once a dislocation loop has reached the surface of the Si
the change in the strain upon relaxation in the SiGe layerop layer, the two TD arms connecting the MD segments in
Aesicd. On the basis of the reciprocal relationship betweerthe SiGe/Si-substrate interface with the surface will spread
the critical thickness and the strain in all existing strain re-to both sides, depending on the specific conditions as will be
laxation models we plot the data of Si straiy;, versus discussed in detail in the followingsee Fig. 3. During the
reciprocal Si thicknes§l/dg) as shown in Fig. 2. At small motion of a TD three types of forces are in stationary equi-
1/dg; (ds;>8 nm), the data for all degrees of SiGe relaxation

lie close to one single straight line intersecting thegl Axis. X1 5
This observation indicates a relationship of the form \I
Loy T

egi=A ad) dsi<d, (1)
where A andd” are parameters for which linear regression
yielded 8.16< 1072 and 59 nm, respectively, apparently in- ® ¥
dependent of the degree of relaxation of the SiGe lgiyer s“s‘i‘
clined line in Fig. 3. At large 1/Mg; (ds;<8 nm), on the ® (c)

other hand, the straipg; seems to saturate at a level deter-
mined by the relaxation degree of the SiGe |a@¢1: 100% FIG. 3. Sketch of different situations in the motion of TDs through a SiGe

. _ . . . . . buffer and a Si top layera), (b), and(c) illustrate completdeg=Aeggd,
i.e., 5= Aesgic. IS used for the horizontal lines in Fig).2 partial (0<eg<Aegge, and vanishing(e5;=0) plastic strain transfer, re-

In the following, we make an attempt to rationalize thesespectlvely Full thick, full thin, and open arrows indicate forces due to stress,

results in terms of the formation of the dislocation loops inline tension, and friction, respectively.
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librium with each other: forces due to stress, line tension,
and friction. In the SiGe layer, the TD motion is driven by
the compressive stress counteracted by line tension and fric-
tional forces. In the Si top layer, the curvature of the TD,
being tracked by its segment in SiGe layer, changes its sign
such that the driving force for its motion becomes the line
tension force, counteracted by forces due to friction and the
tensile stress being built up. FIG. 4, The dark field XTEM showing
For smalldg; [Fig. 3@)], the segment of the TD within 15 nmsSi/100 nm $i..Ge, »¢/Si(100 (left) and bright-field XTEM of a

the top Si is able to follow that in the SiGe layer during the 6 nm sSi/145 nm $i;Ge, ¢/ Si(100) (right) heterostructure. The MDs at
whole deformation process because of the large line tensiohe 15 nm s_Si/SiGe interface are marked with arrows. This case corre-
force associated with its large curvature, allowing completes ponds to Fig. &).
plastic strain transfer or 100% strain-transfer efficiefigy

=100%, eSi=Agsige- As shown in Fig. 2, this ideal regime yp to the surface. In this case, at both interfaces of the SiGe
extends up to a top Si layer thicknesses of about 8 nm. Fgayer, two similar MD networks form upon the spreading of
nanoelectronic applications such a sSi layer bonded on @D segments which are now fully confined to the SiGe layer.
second oxidized wafer is thick enOUgh for the realization of According to the above described exp]anation of our ex-
ultrathin  silicon-on-insulator metal—oxide-semiconductorperimenta| results, strain generation in a thin Si layer by
field-effect transistors! It can be used also as a Si seed layersirain relaxation in an epitaxially attached SiGe buffer layer
for optional epitaxial overgrowth. _ may be considered as an inverse strain-relaxation process. In
In an intermediate range afs; values[Fig. 3b)], the  contrast to conventional strain relaxation, where dislocations
segment of a TD within the Si top layer follows the SiGe TD myst be nucleated, here dislocations are provided by the He
segment only at the beginning of the deformation processmplantation. This explains why the critical thickness versus
but falls back when the line tension foren maximumis  the strain relation according to the MB theory is much better
compensated by the force due to the tensile stress built ugyifilled for strain generation in our Si top layers of medium
This transition occurs at a critical straig;, independent of  thickness than for conventional strain relaxation where large
the further relaxation of the SiGe layer, determined by theyjscrepancies between theory and experiment are observed.
critical thlcknegss relation according to Matthews and In conclusion, we have studied strain transfer in a
Blakeslee(MB). Si/SiGe/S{100) heterosystem during the relaxation of the
(1 -vcog 0)) adg; SiGe layer. Dislocations propagating from the SiGe layer
W | A 2 into the Si layer establish elastic strain in there. The strain
generated depends on the layer thickness and the degree of
wherev is Poisson’s ratioP is the angle between the Bur- relaxation of the SiGe layer. We found three thickness re-
gers vector and the dislocation ling,is the angle between gimes. For top Si thicknesses up to 8 nrton
the Burgers vector and the normal to the dislocation line inl50 nm S 7,Ge, »9), 100% strain transfer is observed. In this
the interfaceb is the magnitude of the Burgers vector, and case a coherent strained Si layer on the relaxed SiGe layer is
is the dislocation core parameter. Using=0.23, b  formed with only one epitaxial growth step. For intermediate
=0.38 nm,(cos’ ©)=1/2,A=60°, anda=2 (1<a<4), we  thicknesses the strain buildup is described by inverse strain
find for 60° TDs in Si(dashed line in Fig. R eg;ds;  relaxation, which is well described by the MB theory. The
=(8.87+0.15x 1072, in surprisingly good agreement with third regime refers to thicknesses beyond a thickness of
the value of 8.1& 1072 obtained from our experimental data ~59 nm, where no strain transfer by dislocation propagation
for the parameteA in Eq. (1). The limiting value ofegds;  through the Si layer is possible.
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