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Strain effect in silicon-on-insulator materials: Investigation with optical phonons
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We report a detailed experimental and theoretical investigation of the effect of residual strain and strain
relaxation, which manifests itself at the Si/Sitterfaces in commercial silicon-on-insulat(8Ol) wafers.
SOI material is made of a single-crystal silicon overlag®@OL) on top of an insulatofburied SiQ layen
sitting on a handle silicon wafer. Infrared reflectivity spectra show that the buried|®j@r relaxes continu-
ously when thinning the SOL. At the same time, the SOL surface roughness and the linewidth of optical
phonons in Si near the Si/SjOnterface(probed by micro-Raman specroscopycrease. In the as-delivered
wafers, this comes from a slight expansion of Si on both sides of the buriedl&i€r, which, conversely, is
compressed. Thinning the SOL modifies these initial equilibrium conditions. To get quantitative results, we
have modeled all our Raman spectra using a theory of inhomogeneous shift and broadening for optical
phonons, which takes into account the phonon interaction with the static strain fluctuations. From the variation
of linewidth versus interface distance, we have found that the mean-squared strain continues to relax in the
bulk of the wafer through a depth on the order of sevenal. We also show that the SOL surface roughness
is related to strain fluctuations near the Si/gSiBterfaces.

DOI: 10.1103/PhysRevB.63.035309 PACS nunider78.30—j, 63.20.Mt, 79.60.Jv

[. INTRODUCTION a recent survey of literature data, the SOL surface roughness
ranges from less tma2 A in Unibond b 5 A in high dose

Silicon-On-Insulator (SOI) technology emerged in the SIMOX, whereas the density of dislocations in the SOL runs
early 1980s and became increasingly poptfanitially lim-  from 100 cni 2 in Unibond to 16 cm™2 in SIMOX. Since
ited to space and military applications where radiation hardany direct bonding of two oxidized wafetsr any oxygen-
ness is more important than cost and performance, SOI maen implantation followed by a high-temperature annealing
terial was rapidly considered for P@artially depleteland ~ step must introduce a finite amount of stress at the
FD (fully depleted C-MOS (complementary—metal-oxide- interface? it is obvious that the primary source of defects in
semiconductgr technology. The net consequence is thatthe SOL is the stress located at the Si/Sitterface. Upon
IBM announced recently the mass-production of (@ge-  relaxation, this stress leads to the generation of dislocations
grated circuity on SOI using PD-MOS architecturs. which, in turn, affect the silicon parts of the material.

The main reason for success in the case of ICs on SOl is The study of the interaction between dislocations and a
that, unlike conventional bulk silicon, they do not have anystrain field is an old problem. In recent years, it has been
direct electrical connection between the active devices andctively pursued(see, for instance, Refs. 6x8ut many
the underlying substrate. This renders easier the productidﬂija“taﬂve observations are still not satisfactorily under-
of low power/low voltage/high frequency ICs. However, stood. For instance, in a recent wdrkye have reported
since FD-MOS remains difficult to master, there is still Some preliminary results concerning the strain in SOI that
room for deep scientific interest. In this work, we report a
detailed consideration of the strain and strain relaxation ef- z
fects which appear in such nontraditional bonded silicon
substrates.

Whatever the manufacturing techrjolo_gy, all standa_lrd SOlg;j overlayer
wafers have the appearance shown in Fig. 1. On top is a thir
film of single-crystalline silicon, next a buried oxide film,
and, finally, a thick(handlg silicon wafer. Usually the sili-
con overlayer(SOL) is 0.2 um thick and the buried-oxide 810, —»
(BOX) is 0.4 um thick. Basically two different techniques
can be used to produce the buried oxide layer. One is
oxygen-ion implantation, which results in SIMOpepara-
tion by implantation of oxygen The second is hydrophilic
bonding of two(previously oxidizedl Si wafers, which re-
sults in BESOIl(bond and etch back SDand Unibond' Of
course, the topmost SOL and the BOX should be defect-free, g, 1. schematic drawing of the Raman backscattering geom-
stress-free, and uniform in thickness. The handle Si wafegtry used in this work to investigate the strain relaxation in the
should also be defect-free. silicon-on-insulator(SOI) system. The strain relaxation is probed

The real situation departs from this ideal viewpoint. Fromby displacing the laser spot in tizedirection.

handle
Si wafer
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need to be quantitatively discussed. We have used SIMOXew threading dislocations. The effect of the smooth part of
and Unibond materials and, in both cases, started fronthe strain on the phonon frequencies can be compared with
~200 nm (nomina) SOL thickness. Then we thinned pro- the influence of pressure. In this respect, our theory is con-
gressively down to~5 nm and observed three different sistent with the well known results for the pressure depen-
phenomena(i) a change in the 1050 cm infrared reflec- dence of phonon frequencies. This was previously observed
tivity structure associated with the internal vibrational modesunder homogeneous stress in Si, Ge, and G@&%s. 12 or
of the SiQ tetrahedra located in the BOXij) an increase in  thin films of cubic SiC on S{Refs. 13 and 14and results in
the SOL surface roughness probed by ARMomic force  well-known phonon shift and splitting.
microscopy and, (iii) a variation in the linewidths of the The specific effect of strain fluctuations is to give rise to a
optical phonons in the bulk of the handle Si wafer as a funcphonon-scattering process which induces additional phonon
tion of the distance from the BOX/wafer interface. This waswidth and shift. Despite the fact that the effect of disorder on
probed using micro-Raman spectroscopy. It was found thatibrational modes has been studied for a long titha, de-
roughly speaking, given a specific SOL thickness, the linetailed model has only been proposed recently. Taking into
width becomes narrower as the distance from the interfacaccount the optical-phonon scattering due to disorder, the
increases. Conversely, given a distance, the linewidth wakheory describes the inhomogeneous phonon width
larger for the samples with the thinner overlayer. This behavassociated with phonon scattering by the strain fluctuations
ior corresponds with surface roughness modification. Thend explains satisfactorily all relevant experimental
roughness of the free surface increases when the thickness refsults
the overlayer decreases. One important point to notice is that the most distinctive
Since the same distance-to-interface dependence of tHeatures of the optical-phonon scattering by static imperfec-
linewidth is found in different kinds of SO(BESOI and tions is the influence of the DOS singularity at the zone
SIMOX material$, it is necessary to propose a common center. If the optical-phonon branch has a maximunmi-
model to explain the physical origin of this phenomenon. Fomum) value w, at the zone center, the cross section of the
instance, because the natural width of a Raman phonon linghonon-impurity scattering vanishes@at wg and increases
is mainly determined by the anharmonic decay of an opticafor w?<wj (w?> w2, respectively. Then the Raman line
phonon(with frequencyw,) into two phonons of opposite shape as a function of the frequen@yshows asymmetry,
wave vectors, additional contributions near the interfacebeing broader on the lowhigh-) frequency side. The asym-
could result from the decay into two surface phonons or, ifmetry is sensitive to the dimensions of the disorfeFhis
the long-wave limit, into two acoustic surface Rayleighimportant role of the “density-of-state” effect was noticed
waves. The excited surface phonons have frequenei$®  only recently for films subjected to laser heatihgnd ex-
and wave vectork=wo/2s,{ (wheres; is the transverse- plains satisfactory the final line shape observed in this
acoustic velocity and the constatit of the order of 0.9, work.
depends on the elasticity constants of the maferigere- Our paper is organized as follows. To analyze the experi-
fore, in the direction normal to the surface, the correspondingnental data in detail, we discuss the theory of probing the
penetration deptld~ 1/k, being on the order of wavelength, strain by Raman spectroscopy in Sec. Il. In Sec. Il A, we
is not larger than a few tens of lattice parametr¥hen the recapitulate the equation of motion of optical phonons in the
contribution to the Raman spectra must be of the order ofong-wave approximation and show that the effect of homo-
oldg, wheredy is the diameter of the laser spot. Such a smallgeneous strain gives rise to the splitting and shift of the
contribution is not observable in our experiments. optical-phonon triplet. In Sec. Il B, we show how the static
An alternative reason for broadening could be related tastrain fluctuations involve the phonon scattering and result in
imperfections localized near the interface. In a single crystalincreased phonon linewidths. Since the increase in linewidth
only the phonon modes with a well defined wave vectorcan be larger than the natural phonon width in the anhar-
(close to the zone center because the incident and scatteratbnic decay channels, we consider the effect of fluctuations
photons have very small momejtzn contribute to the Ra- self-consistently using Dyson’s equation for the phonon
man spectra. All departures from this “perfect crystal” con- Green’s function. We obtain the inhomogeneous broadening
dition are known as a “relaxation of the momentum selec-and shift in terms of the strain correlation function. Suppos-
tion rule.”® A simple (qualitative description is usually ing that the main strain effect is connected to the disloca-
obtained!! by integrating the naturalLorentzian phonon tions, a two-dimensional form of the correlation function is
line shape with a Gaussian distribution function of phononused. In Sec. Il C, we discuss the effect of surface roughness.
stategthe width of which is determined by the space scale ofin Sec. Ill, we summarize all experimental details and com-
the imperfections However, such a description does not ex-pare them with theory. In Sec. lll A, we discuss the results
plain the physical source of broadening. obtained from the infrared spectra collected as a function of
In this work, we challenge a model which takes quantita-SOL thickness for various SOI wafers. We show that they
tively into account the scattering of phonons by structuralgive evidence of residual permanent strain in the as-delivered
imperfections. The central point is strain induced at the Sitvafers. Within the BOX, the strain relaxes more and more
SiO2 interface because of the large difference in thermalvhen the SOL thickness decreases. This is independent of
expansion coefficients. This results in structural deféots the SOl wafer fabrication process as well as the thinning
misfit dislocationg in the adjacent layers. Away from the method. In Sec. Il B, we show that this decrease of residual
interface, the strain relaxes at some finite distance, involvingtrain in the BOX correlates directly with an increase in the
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Raman linewidth in the handle silicon wafer. This is ob- ®2(k=0)= 0§+ Mxxsd £22) + 2\ xxyy Exx) 3
served from micro-Raman spectra collected on the cleaved

edges of wafers. Near the interface, Raman spectra show thiatr the phonon polarization normal to the interface and
the threefold degeneracy of the=0 optical-phonon is split

indicating a largglocal) strain. We deduce a noticeable in- wi(k=0)= wi(k=0)
homogeneous contribution to the linewidth, which extends )
down to several micrometers. Finally, we show that the sur- = 05+ Moot My (80 T Moy 822 (D)

face SOL roughness is directly related to the strain fluctua]; he oh larized in the bl f the interf Thi
tions near the BOX/wafer interface. or the phonons polarized in the plane of the interface. This

is merely the well-known phonon splitting into zasinglet
and anxy doublet under the effect of a homogeneous

12-14

Il. THEORY strain

A. Summary of strain effect on optical phonons

In Si, at theI' point of the Brillouin zone the optical- B. Effect of strain fluctuations on the optical-phonon linewidth

phonon displacements;(r,w) (wherei=x,y,z) belong to The contribution to the linewidth arises in the second-
the threefold representatidiys of the diamond grouff.  order perturbation theory for the strain components. It could
The interaction of these phonons with the static stegj(r)  be calculated using “the golden rule” of quantum mechan-
corresponds to the third-order ternpwhich are linear in ics. However, due to the singularity in the phonon density of
&ij(r) and bilinear inu;(r,w) ] in the total energy expression. states atw=w,, this contribution is strongly frequency-
The first derivatives of the total energy with respect todependent and may be larger than the natural phonon line-
ui(r,w) give then the equation of motion width. Therefore, we calculate it self-consistently using a
2, 2n i (i) 2 B Green’s-function techniqu]é*.For the first-order Raman scat-
[(wp+sA-iel ®%) &+ Vij(N]Juj(r,@)=0, (1) tering, the corresponding cross section is bilinear in the pho-
where the zone-center optical-phonon frequenay, Non displacements. Then the Raman cross section
=520 cm ! for Si and the corresponding natural width

'Y js about 3 cm*. The optical branches in cubic crystals do el([;i)e(ys)egi?e(ysr)gaﬁyga’ﬁryr
are dispersive and, for instance, the dispersion_ of the § s dQ(S)OC T—exp(—iwlkeT) IMD o (K, )
x-polarized optical branch has the form?=w3—sik? ®)

—s5(ki+k2). The neutron-scattering experiments give

an estimate of the dispersion parametesg~s, is determined by the imaginary part of the phonon Green’s
~0.8x10° cm/s for Si. This shows that the dispersion termfunction D,/ (k,®), wherew andk have the sense of fre-
can be written in a more simplésotropig form s?9%ax?in  quency and momentum transfees) ande’? are the polar-

the vicinity of the branch maximum at the Brillouin-zone ization vectors of the incident and scattered photons, respec-

center. tively, and 9,4, is the By component of the Raman
The interactionV;;(r) describes the changes in “spring polarizability tensor for thex-phonon branch. It is easy to
constants” due to straiaj;(r): see that, for thd’ 55 representation, the tensgy,g, is com-
pletely antisymmetric and reduces to the comporggt.
Vix(N) = Mo xxl 1)+ Mxyl £y (1) 8,41 ] This means that, when the incident and scattered fields are

— polarized along thex and y axes, respectively, only
aNd V(1) =Ay(1, @ z-polarized phonons can be excited.
where we take into account the fact that only three indepen- The phonon Green'’s function has to be averaged over the
dent components;j, exist in a cubic crystal. The other strain distribution. The calculation has been performed in
elements o;;(r) can be obtained by circular permutations detail in a previous wor¥ and we shall simply summarize
of the indices in Eq(2). It is evident that they are of order the results. The average phonon Green’s function has the
w3. From experiments with homogeneous sttésge find  diagonal form
the coefficient values )\XXXXEDZ—l.BwS, Mxyy=0=
—2.20§, and\,yx,=2r=—1.30j, where the generally ac- Dji(k,0)=[QF(k,) = s?k*~iwlj(k,0)~ w?] "%, (6)
cepted notatiomp,q,r is used. .

Because of the strain fluctuations, all quantities have to b¥here the unknown real functior(k, ) and I'j(k, »)
averaged over physically small distanceshich are still ©bey the system of Dyson’s equations,
large on a microscopic scaleThe averaged straifz;;) con- ) ) ) int
serves cubic symmetry in the plane parallel to the interface$| (K, @) — 05— (Vjj) —io[Tj(k, @)= T™]
but depends smoothly on the distance to the interface. In Fig.
1, this is chosen as the direction. We do not write this _ Wim(a—k) 7

dependence in explicit form. The average compongnts are q Qﬁ](q,w)—szqz—inm(q,w)—wz.

such that(eyy) =(ex,) =(&y,) =0 and(ey,)=(ey,), which

gives for the shifted phonon frequencies at the Brillouin-The average interactiofV;;) is defined in Eqs(2)—(4) and
zone center the correlation function in real space is

035309-3



J. CAMASSEL, L. A. FALKOVSKY, AND N. PLANES PHYSICAL REVIEW B63 035309

ij(f—f')=<5ij(f)5ij(f')> (8) where d¢ is the strain fluctuatiqn. _ _ .
If we assume that the strain fluctuations are mainly in-
with 8Vm(r) =Vm(r) = (Vjm)- duced by dislocations, then
Several points should be emphasized. First, one can see
from Egs.(5) and(6) that the line center as a function of the B=cv?(k=0)/4mwys>. (11

frequency transfero is determined by the equation . ) . . ] )
02(k,0) — s?%k?= w?, wherek is the momentum transfer In this expressiong is the dislocation concentrations(k
] 1 1 . - . . . .

Here we can s&=0, since the photon wave vector is small. _Zo)z_grcz)‘*’(z)_ is the phonon-dislocations interaction, where

Second, in the limiting casE;(k,w)—0, the bypass around 'S @ dimensionless constant of the order of unity, apds

the pole in the right-hand side of E() gives the Dirac delta the radius of a dislocation core. . .

function 8[Q2(q,»)—s2q°— w?]. We then arrive at the In the following, we will solve numerically Eq(9) in
m 1 . . .

well-known golden rule and see that the strain fluctuationd?i(®) andI'j(w) to find the values 0By, andr, which

make a contribution into the linewidth only fap?< Q2 give a fit of Egs.(5) and (6) to the experimental Raman
m’ spectra. Notice that the effect of the strain fluctuations on the

i.e., on the low-frequency side of the Raman line. The oppo:, h . litativel dent f For inst
site situation occurs when the phonon branch has a minimu € shape Is qualitatively evident from E@). orinstance,
if there is only one phonon mode, its widifi{ w) is governed

at the center of the Brillouin zoh&but, in both cases, the by th 0
line shape shows asymmetry. y the equation

. . . _ _ wyB 0= Q% w)+5r}
C. Simplest model of two-dimensional disorder ]“(w)—]“('m)z ” arctan ol (a)
Equation(7) can be simplified if we assume that the cor-
relatorWjy(q) has a constant valud;,(q=0) in the region 0’—0%(w)
q<1/r, and vanishes elsewhere. On the other hand, the —arctanT(w) : (12)

strain fluctuations may be considered as imperfections where

W;n(q=0) is proportional to the concentration of imperfec- Let us consider the case of smgl(ro<s/ JwT'). The terms
tions andr, is the domain size in which a phonon interactson the right-hand side of E412) compensate for each other
with the imperfection. The final form of Eqé7) depends on  on the high-frequency sideof>Q?) of the Raman line,
the dimensionality of the imperfections. In our previouswhere the line has a nearly Lorentzian form with a widith
work,!* we have concluded that the imperfections involved=T"{"_ For the low-frequency side«?<0?), these two

by interfaces are mainly two-dimensional, i.e., that they beterms give a contribution to the linewidth which is propor-
have like dislocations. In that cagg, is the dislocation core tional to the squared strain fluctuations. For the situation of a
and the correlation functiow(r) in Eq. (8) depends on the minimum in the phonon branch at the center of the Brillouin

two-dimensional vector, . Then Eq.(7) has the form zone, the Raman line drops more rapidly on the low-
frequency side. This effect has its origin in the singularity of
Qf(w) = wh—(Vjj) —io[T(w)-TM] the phonon density of states at the branch extremum. In the
opposite caser,y>s/\wl', the line shape is symmetric but
1 [52/r§+wz—Qé(w)]ZﬂszF,Zn(w) non-_Lorent2|an_. _
=woBjy| 5In >3 T _Slnce F(w)_ is w-dependent, we must connect its vglue
2 [0°= Q@) ]+ 0T (@) with the full width at half maximum(FWHM) of the experi-
w2— 02 (w)+s2r2 mental spectra. The simplest way is to U3gv) at the line
—i arctan m 0 peak, where the equatidd (w) = w is satisfied. In the case
ol (o) where T' is independent ofw, this definition gives the
0= 02(w) FWHM. Th:e firsthte:_m in thi Ig_rge"pakr)entheseshindl_il‘clfﬂ)
: m remains only at the line peak. Finally, because the difference
1 arcta ol () ) © between the line position (w) and w (including and ig-

noring the effect of disorder, respectivehg small, we ob-
Wherijm:ij(kL=O)/477$2w0, and the sum can be taken tain forI" at the line peak
over two split modes, which are the normally polarized sin-

glet and the doublet parallel to the interface. Notice that the _ 52
functions(};(w) andl';(w) are independent & (we omitk r-rim=g arctan-——. (13
in the argumenjsbecause of its smallness in comparison to rowol’

the value\woI'/s=(m/a)\T/wy, Which is essential in the
integral (7). Again a is the lattice parameter.

Let us estimatdB;,,. According to Egs(1) and(2), V(r
=0)=\e~ we, where we omit the tensor indices. We have
for the Fourier component8) Wjy,(k=0)~27wg(de)?rg
and for the phonon-strain scattering probability

Notice that, in the limiting case,<s/\wI', Eq. (13) coin-
cides with the result of the perturbation thedFy=T"("
+ 7B/2. In the opposite case, arctatitw,l’)=sr3wel" and
we arrive at a quadratic equation which gives

r

14
B~ w3(rodels)?, (10) 2 .

2 2’

F(int) (F(im))z BSZ
= +
U)Oro
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This shows that, in the general case, the effect of disorder
which is represented by the parameggiis not simply addi-
tive with the natural widtH™ ("9,
203 nm
D. Surface roughness induced by dislocations \

Because of the interface strain and related dislocations \jffl
there must be a finite surface roughness contribution. Due t( omm
the very complicated nature of the interactions between the2 e
surface and dislocations, it seems impossible to reach a hig@ — 11 nm
degree of sophistication in this problem. However, we can$ - B .
estimate the mean roughness using a qualitative approact w%
We suppose that the strain has large fluctuating component
and calculate the mean-square roughness.

Any rough plane may be conceived as a g45) — T T T

900 1000 1100 1200 1300

=3>,b(s—s,) of randomly located “hills” at pointss,, _1
wheresis a two-dimensional vector of the free surface plane. Wave number (cm )
If we suppose that the hills originate from dislocations, the
heightb must be on the order of the Burgers vedigr We
specifyl as the size of the hill§i.e., the domain size where

the functionb(s—s,) has a nonzero vald@nd, by averaging etching process was applied to the second Unibond wafer.

over the distribution of points,, we obtain the roughness This resulted in the third series of sampleamplesC).
correlation function

FIG. 2. Infrared reflectivity spectra collected on S@kibongd
material for different SOL thicknessee labels on the curves

A. Influence of the SOL thickness on the IR

Lo(s=8)=(U9L(s))=c2 [b(a)[?e ), reflectivity spectra
4 To control the SOL thickness,infrared reflectivity spec-

whereb(q) ~byl? is the Fourier component of the function {ra were systematically collected at room temperature with a
b(s) andc is the hill concentration at the surface. Brucker IFS 66v Fourier transform spectrometer fitted with a

The mean-square roughness is given ky(s=s) DTGS detector. Measurements were made in the spectral
~cbZl2, which is connected to the strain relaxation by the'@n9€ 400-7500 cm and a standard “near normal inci-
dislocation concentration. Of course, some initial rough- 9€nce” configuratior(finite value of the angle of incidence
ness{% does exist, which is not strain-dependent. Takingdose_ t(?mZO delgre¢3/\:ca§_ usid. '(I;he dlrt(:cUor; of |nC|d((ejnc<f
both contributions into account, we write for the effect of Was IN th€yz plane ot Fig. 1 and no attempt was made 1o

; larize the incident light.
strain on the surface roughness PO . .
9 Apart from the change in interference patterns which

2= 2+ chRl2. gives the final sample thicknesses, a strong effect was found
in the 1000—1100-cm* range. This is the narrowing of the
This expression and Eqgél1) and(13) enable us to compare SiO,-related feature displayed in Fig. 2 for sampkedt has
the change in roughness with the phonon linewidth. We gehothing to do with the change in the interference pattern, but

correlates with the change in SOL thickness. Notice that
2

i) A2 2 s there is a large effect when reducing the SOL from 203 to 95
F=TT"=A(L go)arctanrm, (15 and 42 nm. Notice also that, starting from 42 nm, it seems to
0o saturate.
whereA=g?rjw3/4ms?bil?. The 1070—1080-cm* doublet structure is well known. It
manifests itself in every silicatelike materighot only in
IIl. EXPERIMENTAL RESULTS AND COMPARISON crystals*"**but also in vitreous silicd or, even, in sol-gel
WITH THEORY derived glassé&9) and corresponds with internal vibrations of

the building SiQ tetrahedra. It is very important to notice

Most experimental details have already been given in Refthe stability of the corresponding frequency which does not
9 and will not be repeated here. To summarize briefly, threehange in going fronB to a quart?? or, even, when Si is
different (commercial 4-in. wafers from SOITEQREef. 4 replaced by Al or P in AIPQ, which is the ternary analog of
were considered. One wafer was high-dose SIMOX and twayuartz?® In the literature it has been classified as an AS
were Unibond. In all three cases, the nominal SOL thicknessasymmetric stretchingnternal modé&*2°in which one oxy-
was 0.2um. In two cases(one Unibond wafer and the gen atom bonded to two neighboring Si moves parallel to the
SIMOX wafen, a wet SO(sacrificial oxidation process was  Si-Si direction. This oxygen motion is strongly infrared ac-
used. This resulted in two series of samples dendtaddB,  tive and, despite the lack of long-range ordering, in many
respectively. In order to evaluate the effect of the repetitivecases the associated LO frequency resolves around 1260
high-temperature oxidation steggat 1050°C) on the final cm™. Due to the finite value of the angle of incidence, this
results, a low-temperature oxygen-assisted I beam feature appears also in the present work.
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Concerning Fig. 2, a second point should be emphasized. ' ' '
In the specific case of a thin Sj@ilm on Si, one expects two |
equivalent in-plan& andy modes and only one out-of-plane unibond
z mode. In other words, because we are dealing with a thin (203 nm)
layer in which the threefold degeneracy is lifted, one expects
to find a doublet structure with a 1:2 intensity ratio. This is
exactly what is found. Starting from one broadresolved
feature for nominal SOL thickness 200 nm, one goes rapidly
to two distinct vibrational modes when the SOL thickness
reduces below 40 nm. From the corresponding intensity ra-
tio, we deduce that the mode appears lower. Since the
average energy difference with respect to thg modes
comes from the thermal strain, the strain is compressive.
Making the length of the Si-O bonds oriented in theplane
shorter, it shifts thex,y modes to higher energy. Of course
there are some finite deviations with respect to the average
energies and, since we find evidence of a clear reordering
(within the thin dielectric film when thinning the SOL, we
must conclude that the SOI system is not at all rigid but,
instead, at the atomic scale constitutes a rather flexible me-
dium.

Since the simplest way to shift the frequency of an inter-
nal mode is to change the bond length, our results suggest
that we are dealing with oxide relaxation. To explain from 510 52'0 530
the very beginning the narrowing of the Si-O related feature, frequency transfer (1/cm)
one must assume an initighermal strain inducedlistortion
which relaxes when the SOL thickness decreases. Starting FIG. 3. Experimental Raman spectra collected on Si wafers with
from a broad feature 100 cm 1) for the as-delivered ma- SOL thickness 203 nm. The SOL is separated by a 400-nm oxide
terial (broad distortion of the equilibrium bond lengtihe  film from the handle wafer. The distance from the interfége2, 1,
narrowing of the Si-O bond signature demonstrates a reo@nd 0um) of the laser spot is indicated on the curves. The solid
dering of the Si-O distances as the SOL thickness decreasdi§es are fits to Eqs(5)—(7). The results of the fits are given in
This is true from the very beginning, when thinning the SOLTab_Ie I. The natural width is 3.1 cnd for all lines, the correlation
from 200 to 100 nm, and does not depend on the type ofadiusrowo/s=16.

material investigated. This observation has been checked afi|  Now we consider what happens in the silicon overlayer
SIMOX (seriesB) and similar results were found. _. and wafer. First we investigated in detail the Si handle wafer
Finally, to ch_eck that this was not due to any parasmcby using micro-Raman spectroscopy. We use a Jobin-Yvon
effects of the high-temperature SO steps, we repeated th&a T 64000 spectrometer fitted with an Olympus micro-
thinning process using oxygen-assisted IB&eries C).  gcope and a cooled CCD detector. The 488 nm line of a
Again, similar results were found. This lends support to thegpecira-Physics argon-ion laser was used as the excitation
proposition that we are dealing with real and intrinsic prop-frequency. To achieve in-depth resolution, a transverse back-
erties: the experimental improvement found in the oxide r®scattering configuration was ugédwith both the incident
lies on an internal stress relaxation mechanism, where thg,q scattered light propagating along thdirection of Fig.
stress originates only from the difference in thermal expanq gecause of the large experimental aperture, we probe both
sion coefficients between Si and SiQ~80% at room tem- y- and z-polarized phonons.
peraturg¢. There is no artifact associated with the high-_ Typical results are shown in Figs. 3—6 for the series of
temperature SO steps and, to the best of our knowledge, thb%\mplesA (Unibond. Figure 3 corresponds to nominal ma-
provides the first clear experimental evidence that all SOlgrigl with SOL thickness 203 nrtstandard value Fig. 4
materials are plastic systems, soft enough to relax when thgiin 42 nm (thinned, Fig. 5 with 11 nm(thinned and, fi-
SOL thickness decreases. . _ . nally, Fig. 6 with 5 nm. Given a specific SOL thickness, the
To estimate the relaxation, we write the interatomic po-gifferent spectra correspond with the different laser spot dis-
tential energy proportionally to~", wheren should be of  {ance from the wafer surface. To quantify in full detail the
the order of 5 for a typical oxide. Because the relative changgjfferent contributions, they have been fitted using the theory
of the vibration frequency i$w/w=(n+2)ér/2r and the  of phonon interaction with static strain fluctuations presented
|Iﬂ€y¥ldth of the reflectivity signal changes by around 50in Sec. II. The results are shown as solid lines on the differ-
cm = when thinning the SOL, we deduce that the averagent figures. The complete series of parameters is given in
change in Si-O bond length is a reduction of about 1%.  Tgple |I.
The fits with Eq.(5) and Eq.(6) were made simulta-
neously for all spectra. The best value of the parameter
We have mainly shown that, because of internal stressyw,/s=16 gives a reasonable value for the correlation ra-
relaxation, the BOX properties improve when thinning thedius (or the dislocation coder,=1.3 A . Equationg9) were

Raman intensity (arb. units)

surface

B. Raman investigation of nominal and thinned SOI
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FIG. 4. Same as Fig. 3 for 42-nm Si-overlayer thickness. In the
right panel, the inhomogeneous shift and linewidth are shown as a
function of the frequency. The position of the line peak in fully
relaxed material is shown as a dash-dotted line. The inhomogeneous R .
shift (right pane] is positive, whereas the total shifteft pane) 510

520 530

resulting from the strain is negative. frequency transfer (1/cm)

solved numerically to obtain the matrix elemeBts, which FIG. 6. Same as Fig. 3 for 5-nm SOL thickness.
determine the inhomogeneous linewidth and the shift of the

lines. One example of the solutidriunctions I'j(w) and Every time, focusing far from the interfac@ typical

Qj(0) —wo—(V};)/2] is presented in the right panel of Fig. value is around Sum for the complete series of samples

4 for the z phonon (=2). The resulting valuesi.e., the  one finds an identicalstandardl “bulk” Raman linewidth
matrix elementsB,, and B,;) are given in Table | for for the silicon handle wafers. In the following, this is taken
samples A. as “reference material” and the line position for the refer-
ence material520 cm'!) is shown by the vertical dash-
dotted line as a guide for the eye. Moving toward the surface
I (first to 2 um and, then, to um) has two consequences

_ ! one shifts significantly the phonon frequency to lower energy
unibond /! and (ii) one broadens considerably the width of the Raman
(11nm) Ly peak, especially in the cases of the thinner SOL. This is
evident starting from 42 nm.

A first contribution to the phonon line shift towards the
low frequencies comes as a result of the expansion of the Si
lattice near the Si/Si© interface!?>!* This homogeneous
shift is described by Egs3) and (4) but, because of the
small energy difference, the strain-induced splitting into a
singlet and a doublet states resolves only for the thinnest
SOL thicknesse$5 and 11 nm, respectively; see Tabje |

The second contribution comes from the strain relaxation
mechanism, which manifests itself experimentally when
probing at different positions along the direction. It is
frequency-dependent and gives the inhomogeneous linewidth
and shift contributions displayed in the right panel of Fig. 4.
Notice that, when focusing on the active part of the SOI
wafers (upper part of the handle Si wajeithe inhomoge-
surface : neous linewidth and shift contributions at the line center be-
come very large. They range from 1.1 ¢th(width) and
+0.14 cm'* (shift) for the 42-nm SOL sample to 6.1 ¢rh
and +0.36 cm !, respectively, for the 5-nm SOL sample
FIG. 5. Same as Fig. 3 for 11-nm SOL thickness. (see again Table)l The inhomogeneous contribution to the

Raman intensity (arb. units)

510 520 530
frequency transfer (1/¢cm)
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TABLE |. Zone-center optical-phonon frequencies and corresponding linew(alihglues are in cm?)
in the Unibond sample@vith various top-layer thickneg relation to the distancefrom the interface. The
results refer to the fits with the present theory. The adjusted coupling parartteeetast columpB,,,B,,
are probabilities for the phonon intrabranch scattering by strain fluctuations. The splitting of Ejpleto
the doublet ,) and the singlet®,) is resolved for samples with 5 nm and 11 nm top-layer thicknesses.

Sample Distance from LinesT 55 Linewidths Interactions
interface (wm) Wy Wy r,;ry B, Byx
203 nm 5.0 520.0 3.10 0.0
2.0 519.76 3.21 0.20
1.0 519.28 3.32 0.39
0.0 519.18 3.61 0.97
95 nm 5.0 520.0 3.10 0.0
2.0 520.0 3.10 0.0
1.0 520.0 3.32 0.38
0.0 519.28 3.69 1.16
42 nm 5.0 520.0 3.10 0.0
2.0 520.0 3.21 0.19
1.0 519.18; 516.13 3.69; 3.26 1.16; 0.29
0.0 519.17; 519.08 4.25; 3.42 2.51; 0.6
11 nm 5.0 520.0 3.10 0.0
2.0 520.18; 520.15 3.32; 3.1 0.38; 0.0
1.0 520.27; 520.22 3.86; 3.42 1.54; 0.58
0.0 519.55; 519.13 6.23; 3.70 9.6; 1.2
5nm 5.0 520.0 3.10 0.0
2.0 519.73; 519.70 3.32; 3.1 0.39; 0.0
1.0 519.26; 519.27 6.44; 3.61 10.6; 0.96
0.0 519.14; 519.00 9.44; 4.65 29.0; 3.67
line shift remains, however, smaller than the homogeneous C. Surface roughness and Raman width
ones: —0.9 cm?! for the 42-nm SOL sample and —1.2 tin
for the 5-nm SOL sample. From the Raman investigations, we have found that the

Similar results are found for SIMOX. They are displayed morphology of the upper part of evefgominal and thinned
in Fig. 7 for the SOL thickness 50 nm. The natural width is SOl wafer experiences a complex stress distribution. More-
slightly larger(3.4 instead of 3.1 cm® for Unibox) but the  over, the strain in the wafer near the BOX/wafer interface
correlation radius has the same valye,/s=16. The main  becomes larger when thinning the SOL. In this section we
distinction is that the depth of strain relaxation is larger:show that independent evidence can be found from the con-
there is still a noticeable difference in the linewidths at dis-sideration of root-mean-square roughness of the SOL sur-
tances 5 and 20 nm to the interfacgee Table ). Finally,  face. We reported already that there is a strong degradation
some homogeneity at the interface is found. Two spectrgf the surface when the SOL thickness decreddamically,
(last rows of Table Il collected from different points at the gecreasing the SOL thickness from 203 to 5 nm, one in-
interface show practically the same characteristics. Howeveg aases the mean-square AF{dtomic force microscopy
other regions were detected, where more dramatic differfoughness from 1.5t4 A RMS.
ences do exist. We shall come back to this point in Sec. IV. To show that the Raman width and mean surface rough-

To summarize th|§ sect|o_n,_ we have f(_)und from OUr ass have the same origimhomogeneous strain and dislo-
analysis of the linewidth variation versus distance that all

strain-induced effectésuch as the homogeneous and inho—catlons' we show in Fig8 a correlation of the Raman line-

: . : widths (cni'!) obtained at the surface of wafess with
mogeneous shifts and broadenimgve a maximum near the . . . o
Si/SIO, interfaces. Because they depend directly on the SOIEilfferent SOL thickness with AFM date?). The solid lines

thickness, they should affect primarily the thinned SOLs.2 Plots of Eq(15). The experimerltfll vialzues are shown by
The surprising effect is that they affect also the upper part ofiOtS: A single parametek=2.1 cm A % was chosen to

the handle wafers and relax through a depth on the order dft the values of thez-phonon width and roughness in the
severalum. case of the SOL thickness of 5 nm. Notice that the doublet
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unibond

Raman intensity (arb. units)
Raman width (1/cm)

roughness (A)

510 520 530
frequency transfer (1/cm) FIG. 8. Linewidths of the two components of the optical-phonon
triplet in Si near the Si/Si@interface as a function of the root-
mean-squaréRMS) roughness of the SOL surface. The lines are
&he result of the theoretical modisee Eq.(15)]. The points give
the width found from the fit of spectra to the theory. The corre-
sponding RMS value is extracted from AFM measurements for the
various thicknesseR03, 95, 42, 11, and 5 nnof the Si overlayer.

FIG. 7. Same as Figs. 3-5 but now for a SIMOX wafer with
50-nm Si-overlayer thickness. Results of the fits are given in Tabl
Il. The natural width is 3.4 cm! for all lines, the correlation radius
rowo /S: 16

splitting resolves only for the 5- and 11-nm SOL thickness.
The valueA=0.28 cm A ~2 for the x phonon was ob-
tained in the comparison of the interaction constajsand It has been known for a very long time that any direct
B,,from Table I. From these data, it is interesting to estimate?onding of two oxidized waferéor any oxygen-ion implan-

the parametelrof the surface roughness using this valugiof @tion followed by a high-temperature annealing step, for in-
(o is obtained in this work and is known. Taking into stance introduces a finite stress at the Si/Si@terface. This
O .

. . . comes directly from the difference in thermal expansion
account the expression éf given after Eq(15) and setting coefficients between Si and SiO(2.6x10°° K1 and
g=1 andby=1 A, we get a very reasonable valle '

{ : U€ 0.56x10°6 K1, respectivel§). Because this constitutes a
=88 A for the average diameter of the hills. The main dif- proplem with the technology, low-temperature bonding using
ference from one thinning process to the next one is in thgow viscosity oxides such as BPS@oroPhosphoroSilicate
initial roughness. In this respect, all results obtained usingslass or SOG(Spin on Glasgis under active development.
SO (1.2 A, seriesA) appear better than the one obtainedIn some cases, they will offer alternative solutions. The prob-
with IBE (2 A | seriesC). lem of process-induced defects is totally different. To the
best of our knowledge, it is much less documented. For in-
stance, there is no clear report of a critical SOL thickness,
TABLE II. Same as Table I but for a SIMOX sample with 50 similar to the critical Iayer.t.hickngss encountered in hgt—
nm top-layer thickness. The splitting of the triplet was not resolved 8"0€pitaxy. Above such a critical thickness, the SOL material
would be homogeneously strained but stable. It would

IV. CONCLUSIONS

Distance from LinesT'}g Widths Interactions strongly relax around_ that _thickn_ess, with a maxi_mum ir_1 in-
interface (xm ) oy T, B,, homogeneous behavior. Finally, it would be heavily strained,
but more homogeneous and again stable below that value.

20.0 520.0 3.40 0.0 Our experimental results suggest that such a critical thick-
5.0 520.01 3.50 0.20 ness does exist. It is about 40-50 nm and corresponds with
2.0 520.02 3.60 0.38 the experimental situations illustrated in Fig(B0OX), Fig. 9
1.0 519.76 3.70 0.58 (Unibond, or Fig. 10(SIMOX). In all three cases we find a
0.0 519.50 3.79 0.77 critical regime where, simultaneously, the BOX achieves a
0.0 519.30 3.79 0.77 better relaxation while there is a very large inhomogeneity in

the SOL. The spectra displayed in Figs. 9 andddlid lines
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unibond
(42 nm)

standard
surface

specific
point 1

Raman intensity (arb. units)
Raman intensity (arb. units)

specific
point 2

510 520 530 490 500 510 520 530

frequency transfer (1/cm) frequency transfer (1/¢cm)
FIG. 9. Experimental Raman spectffar Unibond wafersA) FIG. 10. Full series of Raman spectfar SIMOX) collected up

collected for different points at the BOX/wafer interfacgpper to 5 um from a specific point at the BOX/wafers interface. The
line: normal situation; bottom lines: specific points discussed in thehickness of the Si overlayer is 50 nm.
text). The thickness of the Si overlayer is 42 nm.

fact, SOl wafer conforms to equilibrium conditions which

. . . depend on every technology stage.
are again theoretical curvegould be understood in the P y gy stag

terms of_phonon splitFing of the o_rd_er of 7-15 éi"nd_ue to ACKNOWLEDGMENTS
a very high local strain in some finite parisr domain$ at
the interface. This work was supported in part by the EU commission

To summarize, we have evidenced in this work that SOunder Contract No. BRPR CT96 0261. We greatly thank
is not a perfectly strain-relaxed system. It behaves more like
a balanced-strain structure schematically drawn in Fig. 11.
The interesting point is thdt) compressive straifabout 1% JSOL 810, 5« Sl wafer
in absolute valugis always present in the buried oxide of :
as-delivered SOI wafers. This strain diminishes when the
SOL thickness decreases;) on the contrary, tensile strain
exists in the silicon overlayer. Dislocations near the interface
release the strains and manifest themselves in final surfac

/
r
'

'
roughnessup to 4 A RMS. The dislocations can be consid- /
I
(
i
1
'
[

strain

ered as the origin of the strain fluctuations which result in
optical-phonon scattering; finally, jitensile strain and strain
fluctuations(again on the order of 1%) also exist in the
bulk of the underlying wafer. Every time, the strain origi-
nates from the Si/SiQinterfaces and comes from the differ-
ence in bond length and thermal expansion coefficient be-

tween the two materials. Since both the Si-overlayer and the [ -] distance
bulk Si wafer keep the buried oxide stressed, when thinning
the SOL the strain decreases in the buried oxide and in- [~ N

creases in the handle wafer. The overall strain relaxes very
slowly and extends from the BOX/wafer interface over afew F|g. 11. Schematic drawing of the in-plane strain in the Si
micrometers range. This is in contradiction to the most comoverlayer, the buried oxide, and the handle silicon wafer for two
mon belief that the SOL/BOX/underlying handle wafers aredifferent SOL thicknesses: nominal value 200 (solid line) and
made of very stable and strain-free materials. As a matter ahinned SOL(dashed ling
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