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Lattice strain and static disorder present in_SGe, alloys forming Si/Sj_,Ge /Si heterostructures with a
Ge atomic fractiorx equal to 0.1, 0.2, and 0.3, have been studied by convergent beam electron diffraction and
large-angle convergent beam electron diffraction. These techniques have been used in order to perform struc-
tural analysis of the alloys with a spatial resolution comparable with the dimensions involved in Si/SiGe
applications. Strain values along directions both perpendicular and parallel to the sample surface have been
determined from a single high-order Laue zone deficiency lines pattern. The resulting relaxed alloy lattice
constant has been found to depend on the Ge atomic fraction following a nearest-neighbor model alloy, where
the Si-Si, Ge-Ge, and Si-Ge bond lengths combine themselves with a negligible dependence on the Ge atomic
fraction. From lattice strain values, both the strain-induced bond bend in the plane of the interface, and the
strain-induced bond stretch have been determined. Static disorder measurements, performed by comparing the
integrated intensity of high-angle diffracted beams in the silicon substrate and in the SiGe layers, allow the
determination of the atomic mean-square displacements produced by the presence in the same coordination
shell of Si-Si, Ge-Ge, and Si-Ge atomic pairs with different bond lengths. The measured atomic displacements
are greater than the ones predicted by both the nearest-neighbor solution(winidbl only accounts for the
different bond lengths, and not for both bond bend and straim a relaxed alloys structure Monte Carlo
simulation(which accounts for differences in bond lengths and bond bend, but neglects the effect 9f strain
The component of the atomic displacement related to the macroscopic strain has been determined as the
difference between the experimental values and those computed by Monte Carlo code. A linear correlation
between the strain-induced atomic displacement and the strain-induced bond bend in the plane of the interface
has been found.S0163-1829)04343-X]

[. INTRODUCTION depend on the strain level present in the laydtss known
that the layer, when grown on the Si substrate, is tetragonally
Recently much interest has been devoted to Si-based hedtrained in an attempt to conserve its unit-cell volume. This
eroepitaxy from both a fundamental and application point ofdistortion is usually described in the frame of the
view. In particular, the SiGe/Si system has been thoroughlynacroscopic-elasticity theory. For an isotropic cubic layer of
investigated because SiGe has opened interesting perspegattice constanag, grown on a001) Si substrate, the strain
tives in the area of Si-based high-performance devicesin the plane of the interface, = (a,— ag)/ag, is related to
Strained SiGe layers form the base of heterojunction bipolaje one along the direction perpendicular to the interface,

transistors(HBT's) which are currently used in commercial =(a, —ap)/ag, through elastic constants of the material

high-speed analog appllications. SiQe-base_d quantum we!8§: —[2v/(1—v)]e,. Herevis the Poisson coefficient and

EZ\éguaslZotr?eeeennter:(geysggscéaor: E)étzrésj:;/;ehér?én?ﬁgefﬁ%?'Sﬁz ag; if the layer is coherept with the substrate. Literature
. ; exists on the structural studies of both the strafret re-

range by varying the Ge content and the well width. All . lové

these applications need a very thin layer of crystalline aIIo;}axed SiGe alloys.

(thickness ranging from few monolayers to tens of nanom- The local atomic arrange;ment in the allestrained and.
eters, free of extended defects, grown between a silicon sub€/axed has been studied with the extended x-ray-absorption

strate and a silicon cap. It is then evident that, for a deefin@-StrUCtUr(EXAFS) technique. Some authors report that
comprehension of the physical-chemical properties of the alth® Si-Si, Ge-Ge, and Si-Ge bond lengths tend to remain

loys involved in Si/SiGe based devices, a structural characGlose to their natural value in both the relakentd straine
terization with high spatial resolution is necessary. alloys for each Ge content. Aldrich, Nemanich, and Sdyers

One of the most important structural parameters to bdound that the Si-Si, Ge-Ge, and Si-Ge bonds maintain dis-
investigated in the SiGe/Si system is the lattice strain protinctly different lengths, which change linearly with the alloy
duced in the SiGe film by the coherency constraint imposed¢omposition. In any case, in addition to the macroscopical
by the Si substrate in the plane of the interface. Indeed thetrain, small localmicroscopical distortions in the crystal-
band gap of the SiGe alloy, and then its electronic propertiedine lattice exist because of the presence in the same coordi-
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nation shell of Si-Si, Ge-Ge, and Si-Ge pairs that have dif- 3
ferent interatomic distancedstatic disorder.

The correlation between the macroscopic strain in the
planes parallel to the interface and the microscopic structure
of the alloy seems an important structural parameter for com-
prehension of the physical-chemical properties of the mate- Si Cap
rial. An experimental study of this correlation has been re-
ported by Woicik etal® using polarization-dependent
EXAFS measurements. In that experiment it was found that
the first-neighbor bond length only slightly deviates from its
unstrained values whereas the distortion of the cubic unit cell SiGe
produced by strain leads to measurable polarization-
dependent changes in the first-shell coordination number and
second-shell distances. It was thus suggested that changes i Si Buffer
the tetrahedral angle in the planes both parallel and perpen-
dicular to the interface should be present. In particular, the
change in the tetrahedral angle in the planes parallel to the
interface being roughly two times the one in planes perpen-
dicular to the interface.

All the previously reported structural characterizations are
very accurate but suffer from a poor spatial resolution. Techz.c; e o
niques like convergent beam electron diffractic®@BED) aszi Bvﬁ%j{%i?epgg The SU8iGe./Si interfaces appear sharp
and large-angle convergent beam electron diffraction
(LACBED),? available in any analytical transmission elec-
tron microscope(TEM) and characterized by nanometric

spatial resolution, seem good candidates for the structur ; . h
e - Chanical lapping down to 2@m, and low-angle ion beam
characterization of very thin films of alloy. Indeed both the ~ .. )
milling to perforation.

macroscopic strain and the microscopic static disorder pro- In Fig. 1 a cross-section TEM bright field image of the

duce effects on high-angle electron-diffracted beams excite i0.4G&, , sample is reported. The interfaces appear sharp and
in CBED and LACBED patterns. In particular, strain causes; %-8>-2 P b ' bp P

angular shifts of high-angle diffracted bedfwhereas static free from dislocations. The same morphology has been ob-
disorder reduces the coherent Bragg diffracted interiSity. served in all the investigated samples so we assume complete

The aim of this paper is to exploit the capabilities of high pseudomorphic growth for all the three investigated concen-

spatial resolution techniques like CBED and LACBED to thetratlons.
measurement of th@acroscopidattice strain and thenicro-
scopic static disorder present in the alloy forming B. Electron-diffraction measurements

Si(20 nm) Sj_,Ge /Si heterostructures with Ge atomic con- A Philips CM30 (STEM, equipped with a Gatan MSC

tent,x=0.1, 0.2, an 0.3. The measured strain ;\/a_lues, €X794 1-in. slow-scan change-coupled devic€ED) (SSCCD
pressed in term of bond bend and bond stretch in a Wa¥amera and operating at 100 kV has been employed for the

similar to the one proposed_ by Woicelt a].,g will be reIaFed CBED strain measurements. TK&30) zone axis has been
to the static disorder data in order to find a correlation be-

h ic latti . dth . . ~~selected in order to minimize the dynamical effects on the
tween the macroscopic lattice strain and the microscopic alhosition of high-order Laue zone deficiendyOLZ) lines in
rangement of atoms in the unit cells of the SiGe alloys.

the central disk of the pattefi.The sample temperature has
been kept at about 100 K, by using a Gatan liquid nitrogen
[l. EXPERIMENTAL PROCEDURE cooled double-tilting holder, in order to reduce both the ther-
mal diffuse scattering, thus improving the HOLZ-lines vis-
ibility, and the contamination. A Philips EM400 operating at
The Si/Si_,Ge,/Si heterostructures have been depositedl00 kV has been used for LACBED analysis. The patterns
by chemical vapor depositiaci€ VD) on(001) silicon wafers.  have been obtained using a selected area apertureuof 5
After removing the native oxide, a& 1 um Si buffer layer  and digitally recorded by means of a Gatan 694 1-in. SSCCD
has been grown at 1050 °C, followed by the growth of acamera. In both cases the microscopes were operating in
20-nm-thick Sj_,Ge, film and of a 120-nm-thick Si cap, nanoprobe mode and the incident electron beam was focused
both at 700 °C. The atomic fraction of Ge,was determined to obtain a disk of minimum confusion of about 10 ffull
in thicker Sj_,Ge, films, grown in identical conditions for width at half maximum(FWHM)] in the object plane.
longer times by Rutherford backscattering spectrometry
(RBYS), which vyielded, for the three investigated concentra-
tions, a valuex=0.10+0.01, x=0.20+0.01, andx=0.31
+0.01. These concentrations were checked by energy disper- The in-plane g/=(a,—ag)/ar and perpendiculare
sion x-ray (EDX) microanalysis on TEM samples. In addi- =(a, —ag)/ar strains can be determined if tlag, a, , and
tion, plan-view measurements indicate that the gJbe aR lattice parameters are measured. The most accurate elec-
layer is fully strained and without defects. tron diffraction method for the measurement of localized lat-

FIG. 1. Cross-sectional bright field TEM image of the

Preparation of TEM cross sections for strain and static
Fﬂisorder determination involved glueing, sawing, and me-

A. Sample preparation

C. CBED strain determination
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speed, which is mandatory for mismatch evaluations through
a best-fit procedure. In a fully kinematical approach the fit-
ting procedure starts matching the HOLZ-lines pattern taken
in the substrate with the high voltage as the unique fitting
parameter. Then assuming the transferability of the high
voltage from the substrate to the strained layers, the un-
known lattice parameters can be determined.

In the case of Si ,Geg, alloys with x<0.2, it has been
recently showt? that strain can be determined with an accu-
racy of the order of 10% if the effects of the zero-order Laue
zone(ZOLZ) dispersion surface are taken into account in the
e a kinematical calculations of the positions of the HOLZ lines.

i 7 In particular, for the(130) zone axis characterized by a
- ZOLZ dispersion surface with only one branch significantly
excited, the HOLZ-line pattern can be correctly simulated by
a kinematical approach if a correction factoE is applied to

the actual high voltagg,. The correction factor, defined by
HOLZ the difference between the actual and the effective high volt-
age(i.e., the one used in the simulationsan be evaluated if
the eigenvalue of the most excited branch of the ZOLZ dis-
persion surface is calculated by zero-layer dynamical simu-
lations. In order to achieve a comparable accuracy xfor
>0.2 many-beams dynamical calculations are needed.

In the present paper the best matching between the experi-
mental and calculated patterns based on the kinematical ap-
FIG. 2. Experimental geometry used in CBED strain measure}:)rOXim"’l.tion have been refined using many-beams dynam!cal

Iculations. The calculations have been performed solving

ments. An electron beam is focused on the sample oriented along . . i . .
(130 zone axis. HOLZ deficiency lines are formed inside the transN€ time-independent Schiimger equation in the Bloch-

mitted disk of the diffraction pattern. The relative position of theseWave formalism using the EMS softwar®, including 14
lines depends on the lattice parametéstsain. and 32 zero- and second-order Laue zone beams, respec-

tively (the first-order Laue zone is forbidden in diamond
tice parameters is the HOLZ line meth8iThis method is structures for this zone ajisA beam with half-convergence
based on the high sensitivity of the HOLZ lines present inof 2.5 nm* and a maximum deviation parameter from the
the central disk of the CBED pattern to the variations of theBragg positionsg®=0.2nm* has been used. Absorption
lattice parameters. In Fig2 a sketch of the experimental has been taken into account using the Weickenmeier-Kohl
geometry used in this experiment is reported. The samplescattering factors!
have been oriented along tkE30) zone axis and the HOLZ-
line patterns taken in both the silicon substrate and the
Si;_,Ge, film in the middle of the layer. Unwanted D. LACBED static disorder determination
relaxation-induced shear strain effects mainly present at the ; gtfect of static disorder on electron scattering factors
interfaced? are thus minimized. The lattice parameter mea-
surements are generally done by fitting the experimental i o i
HOLZ-line pattern with simulations having the lattice con- ~ Generally, in the case of a perfectly substitutional disor-
stants as fitting parameters. ¥% criteria similar to that pro- dered binary alloyAB; , like SiGe alloys, small local
posed by Zu& has been applied to obtain the best matchdistortions in the crystalllne_lattlce m.ust exist because of the
between the experimental and the simulated diffraction patf@ct that the atoms are of different sizes. For the same coor-
terns, within the experimental errors determined by thedination shellAA, AB, andBB pairs have different average

electron
beam

in Si;_,Ge, alloys

HOLZ-lines width, minimizing the following parameter: interatomic distances producing the so-called static disorder.
In order to study the static disorder in crystalline, per-
1 N /gexwt gtheon 2 fectly disordered, binary alloys with the measurements of
XZ:N—mzl ( ' p ' ') , (1)  diffracted intensities, it is necessary to adopt a model for the
1= i

calculation of the structure factors, as the random distribu-
whered; are the distances between the intersection points dfon in the lattice of different atomic speciésandB destroy
the HOLZ lines in both the experimentéxpt and simu- the spatial periodicity of the _cry_stal str_ucture. However, in
lated (theop patternso; is the experimental average HOLZ- the case of a perfectly substitutional disorderg,  al-

line width, N is the number of intersection points considered,/0Y, @n average lattice can be defined and the total scattered
andm the number of parameters to be determined. Althoughntensity distribution near the reciprocal-lattice pogican

it has been shown that the HOLZ-lines patterns are bedi® Written a¥’

modeled using fully dynamical calculations, or degenerate

perturbation theory? kinematical calculations are generally AB ABL2 AB, 1o

used®!® because of their simplicity and computational JgwiS)= (Vg )=+ [AV™E(s) ]~ 2
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TABLE I. Electron scattering factordgg,, for g=880 (g=20.8 nm* in Si), computed for silicon and
germanium according to Wickenmayer and K@REf. 17 and for cubic Si_,G€ according to Eq(7) (see
the tex}. The pure element thermal Debye-Waller fact@s= 2772<U>2<>th, have been taken from the litera-
ture (Ref. 20. The Debye temperatures have been computed using&cmd(9) (see the text The values
obtained for Si and Ge are in agreement with those used in x-ray diffraction experifReft22. The last
column reports the ratio between the scattering factors for the alloys without static disorder and the one for
Si, which will be adopted as a normalization factor in static disorder measurefsent&q(11) of the tex{.

0p (K) Bt (nnv) Vago (V) N(x) = (Vggo’xeef/V?é&z
Silicon 538 0.001 15 0.4372 1
Sio.oG€ 4 494 0.00117 0.4826 1.219
Sio.¢GE » 457 0.00118 0.5268 1.452
Sip./Ge 5 427 0.001 20 0.5697 1.698
Germanium 292 0.00143 0.8207 3.524

Hereg is the reciprocal lattice vectos,is the reciprocal- thermal Debye-Waller factoB(x) computed according to
lattice scattering vector, an‘dQB is the gth component of Weickenmayer and KoHf’ The apex indicates the scatter-
Fourier transform of the electrostatic potent{®"8(r)) of  ing factor for the SiGe alloy calculated neglecting the effect
the average lattice, which gives rise to the coherent intensitpf static disorder. In this approximation we found that in real
at the Bragg positions. The terfa VAB(s)]? represents the Si;_«Ge, alloys the contribution of static disorder to the
square of the Fourier transform of the deviation of the realcattering factor is given by the factor éxf,(X)g]. Then
structure from the average latticeAVAB(r)), which is in  the information on static disorder is mainly present in high-

general a nonperiodic intensitgiffuse scattering angle diffracted beams.
In the case of amA\,B;_, alloy, the average scattering  The thermal Debye-Waller factoB; of the Sj_,Gg;
factors is represented by alloys can be determined from the thermal root-mean-square

atomic displacementu(x) )y
VgB=xvy exd —M*g?]+(1-x)Vg exd —M®g?], (3) ,
3h
2 —
<uX(X)>th_47T2kBM,U,(X)D(X)

WhereVig and exp—M'] are the atomic scattering factor and
Debye-Waller factor of each constituent atorfi stands for

an A or B atom), respectively, andj is the modulus of the 1 T2 Op(x)IT ydy
reciprocal-lattice vector of the diffracted beam. In an isotro- X 4_1+ f V1 (8)
. . . i . 9 ’ D(X) 0 e 1
pic approximationM' is given by
ST TN ) i where h and kg are the Planck and Boltzmann constants,
M'= 375U’ =27%uy)", (4) respectivelyM is the atomic mass unif, is the Kelvin tem-

where(u?)! is the mean-square displacement of the atom perature, andu(x) a.nd ©p(x) are the concentration-
and(uf}i is its component along the direction parallelgo dependent "?‘t"m'(‘f we|ght. and Debye tempera.turz?of the al-
In a perfectly disordered alloy, like Si,Ge, alloys, the loy, rgspecnvelf. According 1o Shlrley and Fishet, the
following simplification holds:® quantitiesu(x) and ®p(x) for alloys without short-range
' order can be reasonably obtained from the following equa-

MA:MB:M(X), (5) tions:
andM(x) consists of two terms: p(x)=(1=x) w5+ xu®
. 9
M (X) = 272(UZ(X) )+ 272(UZ(X) )s= B7(X) + Liy(X), (Op(x)?=[(1=x) 1S OF)2+xu Y OF)?]/ u(x). ©
(6)

The choice of the appropria®; and ®5° values is not
where(uZ(x)), is thethermalmean-square atomic displace- trivial because the numeric value 6, depends on the
ment due to the lattice vibration, afdZ(x))s is thestatic  probe used for its measurement. In fact the phonon spectrum
mean-square atomic displacement due to the size differends weighted differently in diffraction experiments and in
of constituent atoms as a function of Ge atomic fraciom  specific-heat measuremeftsThe @ values adopted here
this description the scattering factor for thg SiGe, alloys  are deduced from the Debye-Waller factors of Si and Ge

is given by specific for electron diffraction reported in the literaté?e.
Siy_,Ge, . ) The adopted Debye temperature, the Debye-Waller factors,
VTS =[ (1= X) Vg +xVg¥lex] — Ly(x)g%] and the electron scattering factors for Si, Ge, and b€
- alloys are reported in Table I.
=V, "% exd —Lu(x)g%], (7)

2. Experimental method for static disorder determination

. . . i Siy_ ,Ge* . L .
wherex is the Ge atomic fractionyy, Vg®, VgI1  are The analysis of static disorder can be performed with the

the electron scattering factors corrected for the appropriatarge-angle convergent beam electron-diffraclibACBED)
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the TEM cross section, respectively, because ofgire=0

-

~

Pt - o rule. Unwanted effects on the diffracted intensity due to the
« 7 stress relaxation and to the specimen preparation can then be
L /! zf:tn:m reasonably minimized and the static disorder in planes par-

allel to the interface determined.

In detail the method is based on the quantitative analysis
of the rocking curves of th€880) reflection obtained from
intensity line scans across the Bragg contour. It will be
shown that the rati¢R ratio) between théntegrated intensity
of the rocking curve in Si crystalAg", and in the alloy,
AZ"PXGEX, is sensitive to the static disorder paramétgr. In
fact, starting from a simple kinematical approximation, the
following equation for theR ratio holds:

(880)
diffracting plane

Si
A
AS'l—xGex
g

R(x)=

Si 2 Si
Vs ) t 10

VS|1—xGe'x tS|l—xG97( !
g

wheretS/tS1-xC% is the ratio between the local thickness of
the cross-section TEM sample in the silicon substrate and in
the alloy that can be determined in an independent ay.
From Eq.(10) the static disorder parameter, can be deter-
mined as a function of the Ge atomic fracti@nonce the

LACBED electron scattering factors are expressed as in(Hqg.
dark field ,
f *
AS tSixG& Vgs'lfoeA

FIG. 3. Experimental LACBED geometry used in static disorder Ly(x)= izm
measurements. The sample is oriented along[4hé1] zone axis 29
where the(880) planes are Bragg diffracted giving rise to 830
diffracted beam selected by an aperture. TiB80) dark field -
LACBED (DFLACBED) pattern and the corresponding Bragg con- 292
tour are formed in the recording plane.

Siy _ Gy Si Si
A>1-x t A%

1Sh—xG&

In RO —5—N(X)

. (11)

. _ Si;_GE 1\ /S 2 ; o
technique available in a transmission electron microscoptla,n Eq. (11) the ratioN(x) (Vg /Vgl) Is a normaliza

(TEM). In this technique a probe with a large convergencet'on factor which allows us to obtain the static disorder pa-
angle is focused in a plane slightly below or above therameter by direct comparison between the integrated intensi-

sample, thus forming a diffraction pattefimstead of an in- ties measured in Si and in the SiGe layers availfable in a
termediate imagein the plane of the selected area aperture PFLACBED pattern taken on the TEM cross section. The
This aperture can then be used to isolate one reflection arféPrmalization factor N(x) is determined from the g
thus prevent overlapping of the diffracted beams in the fina 880), Si and Si_,G€; electron scattering factors and is
detection plané® In these patterns different regions of the reported in Table . S _
sample, with lateral dimensions of the order of the probe Unfortunately the relationship between the reduction of
diameter, contribute to different parts of tsemediffraction ~ the diffracted intensity and., is only at a first-order ap-
pattern, thus allowing an accurate comparison between thfoximation predictable from Eq11) on the basis of the
diffracted intensity coming from different areas of the Simple kinematical theory. In fact many-beams effects, typi-
sample with a spatial resolution of the order of 10 nm. It will cal of the electron-diffraction process, occur even when the
be shown that this peculiarity allows us to determine theS@mples are oriented along a quite “sparse” zone axis like
static disorder in the SiGe layers from a TEM cross sectiofi4-41]."* A more accurate determination of thg parameter

of the heterostructure using a method similar to the one red€eds a treatment of the integrated intensities based on the
ported for the SH) system obtained by ion implantatiéh. ~many-beam dynamical diffraction process.

In Fig. 3 a sketch of the experimental geometry used for This task has been tackled solving the time-independent
the measurement df,, in a (1-10) TEM cross section is Schrainger equation in the Bloch-wave formalisrim the
reported. The sample is tilted by about 10° toward[thd 1] geometry shown in Fig. 3 for different SiGe st_ructures. A
zone axis where the high-angle reflectiap=880 (g half-convergence anglt_a_of 10 n‘rha_nd a Laue C|rcle.gen-
=20.8nnt in Si) can be brought into the Bragg position. tered at theg=440 position =880 in the Bragg position
The Corresponding Bragg Contdmjeﬁned as the locus of the has been assumed to simulate the DFLACBED pattern. In
Bragg peak in the dark field LACBEDDFLACBED) pat-  addition to the silicon structure, and to the three_SG€E
tern is perpendicular to the Si/SiGe interfaces and can béx=0.1, x=0.2, x=0.3) structures without static disorder,
quantitatively analyzed. This reflection is not sensitive totwo alloy crystal structures for each atomic Ge fraction
atomic displacements along both thg001] and[1-10] di-  With two plausible different levels of static disorder
rections normal to the free surfaces of the bulk sample and df (), L{?)(x), have been considerddee Table .
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TABLE |II. Static disorder parameters adopted in the many- L AL AL B R B B
beam dynamical simulations of DFLACBED patterns of SiGe,
alloys. The last row reports the resulting quasikinematical correc-
tion factorsb(x) for the thickness of the cross-section sample rang-
ing from 150 to 250 nm.

®  Si/Si,Ge,,
® SifSi, Ge,,
A SifSiy,Ge,,
linear fit

8 4
= .
x=0.1 x=02  x=03 = e
&
L (nnd) 2x107* 3x10*  4x10°*
L2 (nm?) 45x10°*  7x10°*  1x10°°
b(150<t< 250 nm) 1.36 1.34 1.41

The simulations have been performed using the EMS —
software'® including 15 zero-order Laue zone beams and 20 o1 oo o1 o2 03 04 05 06 07 08 09 10
first-order Laue zone beams with a maximum deviation pa- 2L4
rameter from the Bragg positicsj *=0.4 nmi *. Absorption "
has been taken into account using the Weickenmeier-Kohl FIG. 5. Logarithmic plot of the calculated normalized ratio
scattering factors’ The integrated intensities have been cal-R(x)N(x) between integrated intensity in Si and in SiGe, alloys
culated from line scans across the simulated Bragg contouvs the static disorder parameter for a 200-nm-thick sample.
Convergence in the Bloch-wave calculations has been deter-
mined checking the invariance of the integrated intensitie$<100 nm as expected from the kinematical theory. Eor
with respect to the increase of the number of the diffracted>100 nm the intensity deviates from the kinematical pre-
beams. dicted behavior. However, farranging from 150 to 250 nm,

Figures 4 and 5 summarize the results of these calculasuitable for DFLACBED experiments at 100 keV, the inte-
tions. In Fig. 4 it is shown that the integrated intensity in- grated intensities and then the correspondigatio are
creases almost Iinearly with the thicknéss the sample for Weak|y dependent from In F|g 5is reported the |Ogarithm

of integrated intensity versus the static disorder parameter

0.8 45/,,G&, 5 O Ly for each Ge concentratioffor t=200nm). It is shown
0.7 f-4-L,=0 A E A, that the normalized integrated intensity ratio between the Si
8'2 Tv-L” L=0 "2, and SiGe alloys depends exponentially fram, in the fol-
W] o @ , v-w- A ; .
04 ® Ly £ ¥ v’v Vv, lowing way:
0.3 4 rowo L, '=4710" nm Vv, .
:U:-T 0.2 TS5 '_.~'.".'(‘2’-..:..'_5'.."9".”.... gl
€ 014() : L,"=1"10" nm e R(x)N(x)EmN(xFexp{Zb(x)gzLH(x)].
A M 1 ) T 1 1
2 0 100 200 300 400 g (12)
& 0.8 45i, .Ge -
> o ]TesT0e A-pop-R-3E-m-g
£ 07 -4-L=0 Ak W " For thickness in the range 150-250 rimix) values are
s g-g T-v--,” VYV L=0%-a nearly constanfor each Ge concentratigsee Table I\. The
£ 04 I L (1)_3,.104”:"'2"'7, values ofb(x) define the correction factors that must be
B 0.3 ] '_._..f-'o--o--o-....._,.__.‘..n appli_ed to the Iogarithm_ of th(_a intensity _ra_tio repprted in Eq.
S 02 Wi LM=7* 10% nm d (11) in order to determiné.,, in a “quasikinematical” ap-
g 0140b) ' proximation. Due to the very small lateral dimensions of the
= 0 100 200 300 400 SiGe layers(20 nm and to the weak dependence of the
15i G integrated intensity from the thickness of the sample,Rhe
0.8 19/,,58,, -4-h-0--p-g . ’ . . . .
07}-4-L=0 AAJ’ ) ;5,‘\: ratio can be considered, in a good approximation, as inde-
0.6 :__'_._L ) Y- ;,” pendent front. Then for thickness of the TEM sample rang-
0.5 "o voL =2 210" nm Yy ing from 150 to 250 nm it is possible to deducg from the
@ L ) '.b 9@ ®--@ ..“. .
0.4 H d B following formula:
0.3 L, ?=4.5*10° nm’
0248 Si " s
0.14(a) L ASi [ ySiGe
T T T T T T T 1 g g
Ly(x)= In
0 100 200 300 400 H 2 Sii_,G8; Si
_ 2g°b(x) Agl X Vg
thickness (nm)
1
FIG. 4. Results of the many-beams simulation of the integrated = WIH[R(X)N(X)]. (13

intensity in a(880) Bragg contour in silicon and in §i,Ge, alloys
without static disorder and with a different level of static disor-
der: (a) SipdGey (b) SipgGey, and (c) Siy;Ges Each point It must be stressed here that the diffuse scattering inten-
represents the integrated intensity of 880 reflection for the  Sity is not taken into account in the calculations. Neverthe-
correspondent thickness of the sample resulting from the manyless, according to Tsuda and TanZkae can suppose that
beam simulation of the diffraction pattern. for high-angle reflections the contribution to the intensity of
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FIG. 6. Experimental and simulate€d30) CBED-HOLZ line patterns(a)—(e) silicon, (b)—(f) SiyGey1, (€)—(9) SipsGeyo (d)—(h)
Sip G&y. 3

both the diffuse scattering and the inelastic scattering can bgtrain deduced from the departurepfrom 90° depends on
reasonably removed from the experimental patterns by lineahe relaxation of the stress field along the normal to the
background subtraction. cross-section plane and is related to the length oithadb
edges of the unit cell. In particular, if the lattice parameter in
the plane of the interface is equal to the silicon lattice pa-
rameter, the following simple relationship hold&a/a
The (1300 HOLZ-lines patterns recorded in the silicon =Ab/b=—Avy/2. All the HOLZ-line patterns of our experi-
substrate and in the SiGe layers are reported in Figg—6 ment have been fit with this constraint or with a very small
6(d). These patterns have been analyzed with the proceduggviation from it. The data of Table Il are then compatible
reported in Sec. IIC. The actual high voltage (htwith an in-plane lattice parametem, equal to ag;
=99.75keV) has been determined from best-fit matching of= 0.5429 nm, which is the silicon lattice constant at a tem-
the silicon HOLZ-lines patternfFig. 6(a)] with dynamical perature of—170°C. The lattice parameters of the alloy,
simulations[Fig. 6€)]. Then the alloy lattice parameters measured along different crystallographic directions from a
have been determined by the best fit of experimental patterrgingle HOLZ-line pattern, can then be properly combined in
with kinematical simulations of the patterns through theorder to compensate for the systematic error caused by the
minimization of y? [see Eq(1)]. A refinement of the lattice ~extra-relaxation induced by the thinning process. In fact, ac-
parameters has been performed using the same minimizati@rding to the method proposed by Balbcetial,™ it is
criteria applied to the comparison between dynamical simupossible to deduce the perpendicular mismateh=(a,
lation and experimental patterns. The final simulations are-asj)/as; and the misfit parametefr=(agr—ag)/ag; from
reported in Figs. 6)—6(h). The resulting lattice parameters the following relationship:
are reported in Table ll{in the second to fourth columhs
The large experimental errors are due to the broadening of m, = mCBED. v mCBED:1+ Vf (14)
the HOLZ lines produced both by static disorder and stress e e e e 2
relaxation. The angle (fourth column allows us to confirm
the coherence between the SiGe layer and the Si substrate. In Here moc(‘,alEDz(c—aSi)/aSi is the mismatch along the
fact it can be shown from simple geometry that the sheaf001] growth direction and

Ill. RESULTS

TABLE lll. Results of strain measurements in SiGe, heterostructures. The lattice constaatb, ¢, and
v are determined from the best fit (30) CBED patterns. The perpendicular mismatoh is determined
according to Eq(14) (see the text f is the misfit parameters arag, is the (equilibrium) lattice parameter of
the cubic relaxed alloy for each concentration.

a=b (10 %“nm) ¢ (10 *nm) v (deg m, (1073  f(10°%  ag(10 “nm)

x=0.1 5432c4 5460+ 3 89.96+0.05 6.2:1.1 3.45:0.8 5448+ 3
x=0.2 5435-5 5490+ 3 89.90+0.05 12.6-15 7.1+-0.8 5464
x=0.3 5435-6 5520+ 5 89.90+0.05 17218 9.7+1.0 5482-6
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FIG. 7. DFLACBED patterns of heterostructures showing the 800
(880 Bragg contour which crosses the Si/SiGe interfacds)
Sip.dGey 1, (b) SiggGey, and (c) Sip/Ge s (d) is a bright field
image reported for depth scale calibration. The arrows mark the 400]-
depth where line scans across the Bragg contour have been take.g_ 200

o V7
3 600+
>

for integrated intensity analysis. 04
J ' ) ' i ' J ' I M 1 M 1
0 50 100 150 200 250 300
CBED__ \/bz—(aSi/\/i)z—aSi/\/? 500 - Si
Mi0 = 1
(ag/v2) 400 - --Integral=15690

is the mismatch along the direction normal to the TEM
cross-section plane, caused by the extra-relaxation inducec
by the thinning process, both determined from the same
CBED pattern. The elastic constants,=0.36 and v,
=0.064 are the Poisson coefficient for stress applied along & . . ' , .
[110] direction relaxed along tH&01] and[1-10] directions, 0 50 100 150
respectively’® The elastic constant=0.28 is the Poisson
coefficient for stress applied along th&00] direction and
relaxed along a perpendiculgd01] direction which is equal FIG. 8. Experimental rocking curves obtained from line scans
to the isotropic valuer.?® It is worth noting here that for the across the(880) Bragg contour after a linear background subtrac-
sample thickness used in these experiméalt®ut 200 Ny tion; (a) Sip G 1, (b) SipsGey and(c) SiyGey s
the relaxed fraction is very small. From the measurements of
bothm, anda,, the perpendicular lattice parameter, and  ground subtraction are reported. From these rocking curves,
the misfitf between the relaxed SiGe alloy and the Si sub-following the procedure reported in Sect. Ill D, we have de-
strate can be determined. Frohthe relaxed alloy lattice termined the ratidk(x) between the integrated intensities in
parametersiz(x) can be obtainedsee Table Il) thus allow-  the substrate and in the SiGe layers for each Ge atomic frac-
ing the determination of the in-plang=(a,—ag)/ar and tion. These ratios inserted in E(L.3), together with the nor-
perpendiculae, =(a, —ag)/ag strain, respectively. malization factoiN(x) and the correction factots(x), allow

In Fig. 7(8)-7(c) the Bragg contours of the380) reflec-  ys to determiné.(x) and(uZ(x))®. The results are sum-
tion taken from the DFLACBED patterns are reported rela-marized in Table IV.
tive to the three investigated samples. The position of the
SiGe layer can be determined by comparison with the bright
field image reported in Fig.(@). Arrows indicate the depths IV. DISCUSSION
where intensity line scans have been recorded in order t0 |t is known from the literature that the behavior of the
obtain the rocking curves used in the static disorder determizg|axed |attice constard(x) as a function of the Ge con-

nation. In the Sj7Ge, 3 DFLACBED of Fig. Ac) a bending  centration slightly deviategn the negative sensérom Ve-
of the Bragg contour is evident at the SyJbe, ; interface  garg's law!3* This approximation, when it is written for
that could reasonably be ascribed to the presence of shegfyms described as hafthcompressiblespheres with a ra-
strains induced by the thinning of the cross-section TEM

s:?lm.plel,zl or to small Strair,] relaxation i_n the plane of the TABLE IV. Static disorder measurementl(x) is the experi-
Si/SiGe interface. We ascribe the bending of the Bragg congenta| ratio between integrated intensity in Si and SBe, layers:
tour to the shear strain induced in the thinning step of theN S AGE N Si N2 o
TEM cross section because we do not observe misfit dislor )= (Vego "~ */Vesd” is the normalization factorb(x) repre-
cations in (diffraction contrast plan-view images and be- sents the quasikinematical correction factor.

cause the CBED strain measurements reasonably fit with an
in-plane lattice parameter equal to the one of the silicon sub-
strate. The effect of this bending is then neglected in the

pixel number

2\ expt
L <ux static

R(xX) N(X)  b(x) (10’4|)4nmz (1075 nn?

evaluation of intensity ratio as shear strains are expected de=0.1 1.053 1219 1.36 2.12 ¥0.5
not to affect the volume of the unit cell. x=0.2 1.105 1.452 1.34 4.07 2+0.5
In Fig. 8 the rocking curves obtained by plotting the resulty—=o.3 1.202 1.698 1.41 5.83 29%5

of the line scans across the Bragg contour after a linear back
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FIG. 9. Plot of the relaxed lattice parameter for, &y, ] o
SipsGe 2 and Sj-Ge s alloys, determined from CBED-HOLZ FIG. 10. Plot of the atomic mean-square static displacement
lines measurements as a function of the Ge atomic fraction. Theetermined from DFLACBED, from Monte Carlo simulations of
nearest-neighbor model and Vegard's law are reported for comparfhe relaxed alloy, and from the nearest-neighbor model, as a func-
son. The bond lengths used in the nearest-neighbor model are rlon of the product of Si and Ge atomic content.
ported in the inset. . o

we cannot exclude the existence of a bond-length variation
dius equal to the natural bond length of the Si and Ge, allowdith the Ge concentration on the scale of 1@m as ex-
us to deduce the relaxed lattice constant by linear interpolaR€cted from theoretical calculatidfisind observed in a EX-
tion between the two end-point structures of Si and GeAFS experiment on a 200-nm Ge-rich alloy, hydrogen con-
ar(X) vegard= XaceT (1—X)ag;. tamination free, grown by molecular beam epitdxyhen,

In Fig. 9 are reported the lattice constants of the relaxedom the macroscopic elasticity-theory point of view our
alloys as deduced from strain measurements together witﬁ‘_\'ms are, within the experimental errors, similar to thicker
Vegard's law datgcontinuous ling obtained using the val- films. ) o
ues of the lattice constants of $ig=0.5429 nm, and Ge, The presence in the alloys of bonds with different lengths
age=0.5652 nm, at-170 °C(Ref. 1) (which is the tempera- is confirmed from the second set of experimental data given
ture of the sample during the CBED analys&s an end- by LACBED experiments on the mean-square atomic dis-
point structure. According to literature, our data slightly de-Placements reported in Fig. 10. These data, like the mean
viate from Vegard's law, in particular for the SGeys bond lengths of Eq(15), depend on the Ge content follow-

y - . . . 2 expt__ _ H
sample. ing a regular solution modek @5 (x) ) ®'=Cx(1—x) with C

A better description of our experimental data can be ob=1.4x10"*+0.1nnf). We attempt to apply the nearest-
tained using the nearest-neighbor mdtfelindeed, follow- neighbor model that reasonably fits the lattice parameters
ing this approximation, it is possible to deduce the mearinéasurements to describe the behavior of this parameter
bond length(r (x))"N of the relaxed alloy by weighting the with the Ge contentx. The diamonds of Fig. 10 represent the
Si-Si (rs), Si-Ge (scd, Ge-Ge (o bond lengths with the (u§ SN values calculated according to the following relation-
distribution function of the occurrence of each bond lengthship:

This function is equal to the product between the atomic ., 2/ NN NNL 2 5
fractions of the bonded species times the number of bonded(Ux(X))s " = L/XU*(X))s" = L/ (rsi—(r(x))™) (1= x)

species: + (1 ge— (r(x))NN) 22
(r))YMN=xr e+ (1-X)°r 5+ 2X(1=X)rsige.  (15) +2(r gige— (r (x))NN)2x(1—x)]. (16)

From Eqg. (15 the mean relaxed lattice constant is deter-|t is quite evident that the model does not fit the experimental
mined asa(x)gN=(4/\f3)<r(x))NN. In Fig. 9 this quantity observation of the static disorder. This suggests that the mi-
(dashed ling is reported assuming, in agreement with croscopic interpretation of the macroscopic elasticity theory
EXAFS measurements® the following Si-Si, Ge-Ge, and in terms of bond stretch only, cannot describe the micro-
the Si-Ge bond lengths:g;=0.235nm,rg.=0.245nm, and scopic state of disorder caused by the presence of different
I'sice= 0.239 nm. It is worth noting that the deviation from bond lengths in the mean strained unit cell and observed in
Vegard's law depends on the deviation of thgge value  LACBED experiment.
from the mean value obtained from the pure elements bond Different and slightly better results are obtained by gen-
lengths. erating the relaxed SiGe alloy structure by Monte Carlo cal-
The previous measurements indicates that the measuredlations in a way similar to the one reported by Fabbri
lattice parameters of the 20 nm,SiGe, alloys, for the et al? that correctly describes the deviation from Vegard's
atomic concentrations studied in the present paper, are cotaw experimentally observed in the relaxed lattice parameter
sistent with an assumption of a negligible variation of Si-Si,measurements. Here the only difference with respect to that
SiGe, and Ge-Ge bond length with Ge atomic fraction incase is in the definition of the starting silicon lattice as a
agreement with some EXAFS measureméntsOf course parallelepiped limited by{110 (and not{100}) planes and
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16 T T T — r T T T T TABLE V. Strain measured in the plane of the interfdes
1 linear fit ] =(a,—ar)/ar=(asi—agr)/ar] and along the direction normal to
12 ] the surface e, =(a, —ag)/ag] of the Si_,Ge, films. Ar is the
10 i ] bond stretchA# is the bond bend, an@) is the mean bond length
[ . deduced from the relaxed lattice parameter determined in the CBED
o B[ ] experimentag.
;2 6 a
= 4L ] g (1004 &, (10% Ar/{r)(10°% A6 (deg
2 iy ] x=0.1 —35*=5 275 —1.4+1.2 —0.35+0.1
oF (b) 7 x=02 —70+5  56+5 —26+12  —0.7+0.1
-2 L x=0.3 —97+5 74+5 -42+12 —-0.9+0.1
000 005 010 015 020 025
x(1-x)
12T T T T T T T The calculated(uZ(x))¥° values show a regular behavior
ol T 1°Z° ] with respect to the Ge contefuZ(x))Y“=Dx(1—x) with
I 20% (W) (10%)=2.5" ] D =(8.1x10 %) +0.2 nn?] and, due to step&ii) and (iv) in
g o8f — 0% \ (W) (20%)=3.2° the generation of the alloy, are closer than the nearest-
£ 46 i 2\ (W,)(30%)=3.7° neighbor values to the experimental values. The remaining
2 I l gap can then be reasonably ascribed to the strain present in
® 04 — the sample because, in the Monte Carlo construction of the
g relaxed alloy, the effect of the macroscopic strain on the
< 02 ] microscopic rearrangement of atoms has been neglected.
0.0 - . @] This effect can be evaluated if the macroscopic strain data

L L L are connected to the microscopic structure considering, ac-
12-10 -8 -6 4 2 0 2 4 6 8 10 cording to Woiciket al.® the alloy as an ensemble of atoms
A6 (degrees from 109.5% bonded in virtual t_etrahedrons. Due to strain both the Iength
of the edges and internal angles of the tetrahedrons deviate
FIG. 11. () Monte Carlo results on the bond angle distribution from the relaxed value defining a bond bekd in the plane
for relaxed Sj Gy 1, ShsGe o and S,Ge s alloys. (b) Corre-  of the interface(the same quantity in the planes perpendicu-
lation between the square of the distribution width and the productar to the interface is found to be roughly equalté/2 from
of Si and Ge atomic content. simple geometryand a bond stretcAr. These microscopic
parameters can be related to the measured perpendicular and

composed of 44 539 atoms considered as rigid spheres. THRrallel strain in the following way:
modification is, in principle, needed because we measure the

static disorder along &.10) direction. The procedure for the e, =(a, —ag)/ag=(Ar/(r))—(v2/2)A0,
generation of the alloys are then summarized in the follow- a7
Ing points. g,=(ay—ag)/ag=(Ar/{r))+(V2I4)A6.

i) A given fraction of Si at i laced by Ge at
(i) A given fraction ' aloms IS replaced by € & OmSThe measured strain values, the bond stretch, and the bond

in a completely random way. ;
. 2 : . L bend values deduced from Ed.7) are reported in Table V.
(i) The solid is expanded isotropically by the minimum These results are in agreement with the literature®data-

amount required to host the Ge atoms at sites of a perfe(%ltve o x=021 which aives a bond stretch of
diamond cubic lattice. This expansion, obtained minimizing_8x10,4 am énd a bond bgnding0= _0.8°. This indi-

the difference between the ngtural and the actual bond Iengt(pates that the macroscopic strain induces not only a small
by the last square method, is exactly that foreseen by VeQ;ariation in the mean bond length) but also a(more im-

ard’s law. .
. . ortan) change in the tetrahedral angle that seems to play a
(iii) Each atom is randomly chosen and its four nearesF ) g expt g pay

. . ) e ole on the(uZ(x))& of the strained alloy. Indeed, if we
neighbors are radially displaced at the Si-Si, Si-Ge Ge-Gggqme that the Monte Carlo calculations describe in a cor-
natural bond lengths of pure materials.

(iv) Step(iii) is repeated until stability is reached for the rect way the state of static disorder in the relaxed alloys, we

; 1 1 2 expt P
sum of the squares of the differences between nominal an%azn f'lﬂai,fhe contrlputlon to(ux_(x)>s " of the strain
actual bond length. By tending this sum to zero, the values o Uy (x))s"" from the simple equation
the tetrahedral angles also tend to a stable configuration cen- _
tered around the 109.9%ee Fig. 14a)] with a root mean  (U2(x))S""=(u2(x)) &P (uZ(x))MC=Fx(1—x)=G|A4|.
squarewg, which scales regularly with the concentration as (19
reported in and Fig. Ib). '
(v) Average(110 lattice planes are then traced through In Fig. 1%a) it is shown the regular behavior 662(x))s"a"
the new coordinates to the atoms and their mean distancegth a slopeF=(6+1)x10 *nn? and in Fig. 120) the
are then evaluated ds12(x))¥ and reported as dots in the linear dependence dfu2(x))S™" from A¢ with a slopeG
plot of Fig. 10. =(—1.4+0.2)x 10 ° nn?/deg is shown.
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n
o

comparable with the spatial scale involved in pseudomorphic
heterostructures used in Si/SiGe applications. The measure-
linear fit | ments show the following.

] (i) The strain in the films follows the macroscopic-
elasticity theory; the relaxed lattice constants can be de-
scribed in a frame of the nearest-neighbor solution model,
] thus having a regular dependence of the mean bond length
| from the Ge atomic fraction. This model describes the alloys
combining the Si-Si, Ge-Ge, Si-Ge bond lengths with a neg-

-
(5]
4 )

°
0
—

strain -5 2
>static) (1 0°nm )
o
T

X

o
o
T

2

i-o 5k (b) 4 ligible dependence on the Ge atomic fraction.
NP R N UV A B (i) The determination of the lattice parameters of the
1.0 08 06 -04 -02 00 02 strained heterostructures in the plane of the interface and
AB(degrees) along the direction normal to the surface allows the evalua-
2.0 — S tion of the strain-induced bond bedd and bond stretcir.
. 5 | The bond stretch is, in a first approximation, negligible with
e 15} linear fit . respect to the bond bend.
o= s (iii) The atomic displacement determined from LACBED
g 1.0 b . measurements are greater than the ones predicted by both the
£ - nearest-neighbor modéWhich only takes into account the
5,\0 05| . differences in bond lengths, neglecting the effects of both
g T bond bend and strairand the Monte Carlo simulation of the
N 0O0F 7 structure of the relaxed alloysvhich takes into account the

v [ differences in bond lengths and bond bend, but neglects the
~ -0.5 Ha) i effect of strain.
005 000 005 010 0415 020 0.25 (iv) The component of the atomic displacement related to
the macroscopic strain has been determined, for each Ge
x(1-x) concentration, as the difference between the experimental
) ~values and the ones computed by the Monte Carlo code. A
FIG. 12. Correlation between the component of the atomic disqjnear correlation between the strain-induced atomic dis-

Fr:acemsmi d}f’g_to S(;”g” i”ta plane anra”f)' todtge igt?rfaceﬁa”d placement and the strain-induced bond bend in the plane of
€ product o I an e atomic con eft') on end in a plane the interfac%@ iS fOUnd.

parallel to the interface determined from strain measurements.
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