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Energy band structure of strained Si  ;_,C, alloys on Si (001) substrate
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We report the energy band structures of strained &, alloys on Si(001) substrates. All
calculations are based on a>2R0 Hamiltonian matrix constructed from the linear combination of
atomic orbital approximation with spin—orbit interaction, strain effect, and lattice disorder effect
taken into account. The lattice disorder parameter is obtained from fittings with the experimental
band gap of strained Si,C, alloy with small carbon concentration and reflects the initial reduction

of band gap of relaxed §i,C, alloy, while simple virtual crystal approximation does not. The
effect of strain on band structure is incorporated in terms of the interatomic interaction parameters,
which are functions of bond length and bond angle. The straingd Gj alloy becomes metallic
whenx=28%. All the directional effective masses are affected by the strain. Overall agreements are
found between our theoretical calculations and recent experimental result200® American
Institute of Physics.[DOI: 10.1063/1.1502203

I. INTRODUCTION Demkove and Sankey performed ah initio tight-binding
(TB) calculation on electronic structure and predicted a re-
The potential applications of high speed electronics andiuction of fundamental band gap in unstrained _SC,
optoelectronics using SiGe materials have stimulated greataused by a small amount of C in the Si lattléé.ater, Xie
interests in investigating column IV binary and ternary et al. using linear muffin tin orbita(LMTO) methods pre-
alloys!? However, the device performance is limited by the dicted similar result$® The previous calculations employed
small critical thickness of these strained SiGe laydtshas  a supercell approach in which Si and C atoms with appropri-
been shown that the incorporation of carbon can reduce thete proportions were located on diamond lattice sites to
strain in these layers; high-quality SiGeC material withsimulate the random alloy. The alloy composition was thus
defect-free photoluminescence can be epitaxially gfcawd  limited to discrete points in composition parameter space.
the Si/SiGeC/Si heterojunction bipolar transistors have beele perform the theoretical study on the band structures of
successfully fabricatetThe out-diffusion of boron can be both strained and relaxed ;Si.C, alloys with continuous
suppressed by the carbon incorporafioRecently, high- variation of carbon concentration that is useful for device
quality pseudomorphic $i,C, and Sj_,_,GgC, layers design and simulation. Our calculations are based on the
with the carbon concentration up to 7% are prepared byramework of linear combination of atomic orbitsCAO)*
solid-source molecular beam epitaxfhe substitutional C ~ with spin—orbit interactiod>*® strain, virtual crystal ap-
atoms in Sj_,C, and related alloys also offer an additional proximation(VCA),!” and lattice disorder effect. The tight-
parameter to tailor the energy band structure. Thebinding atomic basis set consists of os@rbital, threep
Si/Si,_,C,/Si pnp heterojunction bipolar transistor was orbitals, and one excitest orbital per atom. We propose a
demonstrated by SinghThe lattice constant of $i,C, al- lattice disorder parameteYVg:p to reproduce the observed
loy is smaller than that of Si, so the strain condition ofinitial reduction of band gap of strained;Si.C,, while pre-
strained Sj_,C, on Si is similar to that of the high mobility vious LCAO calculaction$ showed no such effect.
strained Si on relaxed SiGe? Thus the Si_,C, channel In Sec. Il we discuss the theoretical considerations of our
embedded in Si has been proposed as an alternative toveork, including the lattice disorder parameter and strain ef-
strained Si channel. Since a graded buffer is not necessafgct. Then in Sec. Ill we summarize and discuss our results.
for the fabrication of a strained Si,C, layer, high crystal- A summary is given in Sec. IV.
line perfection of a Si_,C, channel is obtained*° For the-
oretical work, most studies focused on band gap issues qf THEORY
SiGeC alloys. Soref, using the interpolation technique, gave - _ _
a monotonic variation of band gaps of SiGeC alldys. A Modified LCAO calculation of Si;_,C, alloy
A set of semiempirical linear combination of atomic or-
Author to whom correspondence should be addressed: electronic maiPitS i used to calculate the energy band structure of the
cylin@nchu.edu.tw relaxed Sj_,C, bulk alloy!® The second nearest neighbor
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TABLE |. Energy band structure parameters for the’s* tight-binding  creased accordingly, as compared to that of the original

band calculation. virtual-crystal approximation. The modified TB parameter
Si c Si,_,C, Vg is thus written empirically as

ES(000) ~4.81341 —3.81000 Vg p(modified = Ve y(original) + AV px(1—x),  (2)

E‘S’f?ggc))) ég: ?é 12'238 gg Linear interpolation \\ herex is the carbon molar fraction. The reason we use the

4XVssr(0.50.5 0.5) —8..332 55 _17‘2.20 00 modified term in Eq(Z) is that the difference in lattice con-

4xVppo(0.50.50.5) 12.28101  26.14000 stant between results obtained from Vegard’s rule and Ke-

4xVppm(050505) —3.59180 —8.42000 Eq(1) lires’ result$® has a maximum value at=0.5, and minima

jixs*w(og 50(;5 2-05% 12125 52 1;;‘32 811 at bothx=0 and 1. The term Vg ,x(1—x) is defined as the

4><v2 s(pfl(o)' 50.5) 0.015 91 0.000 00 “lattice disorder parameter.”

4% Vsx110) 0.080 02 0.400 10 The vale_nce band gdge of Si i; taken as the energy level

4xVsx011) —1.316 99 0.000 00 reference point. Referring to the Si valence band, the valence

4XxVs*x(110) —0.00579 —0.00041 band offset between Si and GE,/(C)=1"%(C)—TI"%(Si),

iixs Xﬁél) *%51%11%31 *0-303(2)0132 Lear imeroojaion 1S 2dded to C orbital energies. Similarly, the valence band

4><v§§2011§ 010661 -2 0paor T IMEORION offset between Si and $i,Cy, AEy(Si;_«C,) is added to

4XVxy(110) 055067 —0.149 61 Si; _,C, orbital energies. Since the valence band gdges _of Si

4xVxy(011) 2.277 84 0.000 41 and C below vacuum are 5.17 and 7.8 eV, respectively, linear

C12(10' cn?/dyne) 0.64 1.25 interpolation givesAE,(Si;_,C,)=—2.6%XeV.

C14(10"2cn/dyne) 1.65 10.76

a[A] 5.431 3.566

Affinity (eV) 4.05 2.30

B. Tight-binding parameters in strained Si  ;_,C, alloy

Since the lattice constant of diamond does not match

interaction is considered and teg®s* orbitals of each atom With that of Si, there are strains in the,S{C, alloy layer
are taken as the basis functions. Spin—orbit splitting is take§own along thez direction on Si(001) substrates. For sim-
into account based on the method given in Refs. 15 and 1@licity, in this paper we restrict ourselves to the special case
Therefore the final matrix is of size 2®0. Slater—Koster ©f & biaxial strain, namely,
(SK)™ integral parameters are adopted and parameters used €= EyyF E12,
for bulk Si and C are given in Table I. To calculate the 3)
energy band structure of the;SiC, alloy, the VCA is as- Exy= €yz= €2x= 0.
sumed to obtain parameters of; S|{C, alloys. The nearest o the case of strained SiC alloy on (8D1) substrates, we
neighbor distancel, the on site matrix elements, and the gpiqin
second-neighbor parameters are linearly interpolated as func-
tions of carbon molar fractior, while the first nearest neigh- exx= eyy= (Asup—a)/a,

. ; . - 4
bor parameters are interpolated in accordance with Harri £25= —2(C1/Cip)zyy, (4)

son’sd 2 rule’
whereag,,anda are the lattice constants of the Si substrates

Valoy= ( 2 d. x) Z (d))2x,V, (1) ar_1d Sj_,C, alloys, respectivel_y, an€,; and C,, are th_e

i=Si,C stiffness constants as shown in Table I. Assuming uniform
deformation of the diamond-like unit cell, vectors connecting
nearest neighbor atoms in the straineg SC, alloy layer
have the form

where Vg0, and V; are particular empirical SK parameters
for the alloy and elemental end points, respectively, @&nid
the appropriate first nearest neighbor distance in crystallin
Si and C. Finallyx; is the atomic fraction of each elemental - a R ~ ~
component. The interpolation method applied for relaxed ~ d= 7 {*(1+ex)X=(1+ey)y=(1+e,)2Z). (5
Si;_,C, alloys is also indicated in Table I. The leading factor
in Eq. (1) represents the inversed square of the first nearedt€rex, y, andz are unit vectors along the coordinate axes,
neighbor distance in the alloy; here we assume that Vegardwhich are the unit cell edges. The length of the vectds
law is valid for these alloys, and obtain the nearest neighbor

. : : : L a P Ci
distances by linear interpolation. The assumption is thus d= \/3+4 ( ) )
made that the symmetry of the alloy remains perfectly tetra- Cu Cu
hedral. Note that this VCA does not include the local StrainDirection cosines between the Vecta)rand thex’ Y, andz

as reported in Ref. 18. axes are thus given by

The band gap shrinkage is due to the local strain around
ly=ly=(1+ey)
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ExxT 2 szx. (6)

the substitutional C atoms, which are randomly distributed in
the Si_,C, alloys!?*3Since the bond length of a Si—C bond / \/
3+4|1

1+

C 2
in random Sj_,C, alloys for small C concentration is c 2) g2, (7)
smaller than the one obtained from Vegard's fAwhe TB 11

parameterVgx, in the relaxed Si ,C, alloy must be in- and

exxt2
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1,=[1—2(C12/C11)exy] TABLE II. The scaling indices\(ij) for our calculation.
i Co T i Co A Materialn(ij) n(ss) n(sp) n(s*p) n(xx) n(xy)
2
/ \/3+4 1_(C_11) ext 2|1+ C_n) Exx: Si 3.2 18 25 2.7 33
- : - : c 3.4 1.4 2.6 2.0 33
tS)

For the off-diagonal TB parameters between atoms, Ef)s.

and(8) are used to modify the nearest neighbor TB param- d \ns*p)+1 o

eters as in Ref. 19. The dependence of the smaller second- Vi pz=(d—) Vaep [(1+e2) +2F (62, &30 ]-

nearest neighbor TB parameters on bond angles is not so 0 (12)

important and therefore is neglected here. The change of the . . _ - .

bond length dependence of the nearest and second-neard$t¢ New scale indexk, is determined from fittings with the
neighbor modifies the off-diagonal TB parameters betweegXPerimental values of shear deformation potential. The
different atomsv;; according to the empirical scaling rgle ~ Valueé of F used in our calculation is-0.9. The diagonal
[Eq. (9)], which are applicable to all matrix elements, exceptMatrix elemeng, is calculated from Ref. 22 as

Vsx px» \_/S*py1 and\_/s* pz- The element¥/ gy, Verpy, and Eéx,w: Ep+by(— 22, EE)Z): Ep—bp(ex—£22)-
Vg, Will be described later. (13
do\ ~ni TheEg andEg« terms remain the same under uniaxial strain.
Vi =V} (H) : (9 The uniaxial deformation potential, of p-orbital energies is

chosen to be 1.735 eV that fits the experimental uniaxial

WhereVin andVj; are the unstrained and strained TB param-splitting of hole energies of silicon. The larger value of 6.441
eters, respectively, for the interactions between statad €V is used for carbon in our calculation.

statej; dy andd are the unstrained and strained bond lengths,

respectively, andh(ij) is the scale index. In order to incor- C. Values of scaling indices  n(ij) and deformation

porate the influence of the strain into the electronic bandPotentials

structure correctly, the scale indexij) is determined from The scaling index(ij) is determined from fittings with
fittings with the experimental values of the hydrostatic deforthe hydrostatic deformation potential constants. Under the
mation potential for the first nearest neighbor. The depenstrains, the energy levels of the conduction band on/he
dence of the second-nearest neighbor TB parameters on bogglis and valence band edge at fh@oint are given in Refs.
lengths is taken as(ij)=2, similar to Harrison'si™? rule. 22 and 24. The fitted indices(ij) of Si and C are listed in
The correct values of hydrostatic deformation potentials camaple 1. The indices(ij) of Si;_C, alloy are obtained by

be obtained by adjusting the scale indexj).*"**Equation  the linear interpolation between Si and C values. The values
(10) is used to combine both bond length and bond angley the deformation potential used in our work are listed in

effects. Table Ill as well as the experimental data. Deformation po-
2 2 tentials {; are obtained from the splitting values between
Vii=1 Voo, + (1=15)V ) .
= Yppo i/ ppmo Ayy valleys (the valleys perpendicular to growth directjon
Ve Ve — 1V andA , valleys(the valleys along the growth directipander
R B the uniaxial strain, ant is obtained from the splitting values
Vepi=liVepo (10) of the valence band levels under the uniaxial strain.
V.=V Ill. RESULTS AND DISCUSSION
SS Sso v
o In order to account for the band gap shrinkage of relaxed
1#], LI=X Y, z Si;_C, at low carbon content, the lattice disorder parameter

Incorrect shear deformation potentials may result in a wrong
order of energies for the splitting levels among the six con-TABLE lil. The deformation potentials of Si and C. The column labeled
duction band valleys ahk points under the uniaxial strafd.  “Exp.” gives the experimental values, and the column labeled “TB” gives
In order to account for the variations of the energy bandh® values obtained in this work.

structures by the uniaxial strains correctly, a new scale index Si c

F is introduced according to the method proposed by Munoz

and Armells?® In this method the TB parameters betwen i Exp. B Exp.

andp(py.,py,p,) states are given as functions of strain com-b -2.33 -2.33 -1.65 —1.6¢

ponentse = &yy, ande,, in the following way: =h 9.26 9.2 34.9
Ei+ES3-a, 15 1.5 -2.3 —2.3

“Reference 25.
PReference 26.
‘Reference 27.

0 _ B dReference 28.
Ve px[(1+ &30 ~F (822~ 80 ] (11) *Reference 29.

d n(s*p)+1
VS* px: VS* py: )

do
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1.20 E— ; - ; - y Strained Si, C_
4 L o T T |A v T T a' -
115} - 1.2} YN ()-
S - TN T
Ty Rt (e, - -
1.10 | \'\. * M e 0.9 A, a Exp. data
% \.\ =3 i
S ) — L o6} -
=1.05  —=— strained " E S
L ] o -
—e— relaxed \.\ ] 5 0.3
---&-- strained Exp. ~-6.5X n c VorpF L.H. 7
100 - __o-- relaxed Exp. ~-1.5X T w ] \
1 0.0 e —
i 1 M 1 " 1 A 3 ~ \ ]
0.95
0.000 0.006 0.010 0.015 0.020 o3l 59 , HH
CX 0.000 0.004 0.008 0.012 0.016  0.020
FIG. 1. The band gap for relaxed and strained S, alloy as a function of . .
the alloy compositiorx(x<2%), where solid lines and dashed lines are Strained S|1_XCX
results from our work and the PL measurem@rit. respectively. T T T T T T T
1.2} (b) -
AV, is used. The value oAV ,=3.4eV is extracted
from fittings with the experimental band gap of strained 0.8 J
Si;_,C, alloys®3! The band gap for relaxed and strained s
Si;_,C, alloy as a function of the alloy compositian is L
shown in Fig. 1, where solid lines and dashed lines denoted
results of our work and the PL measurement, respectively. 0.4 7
The experimental data are given witk<2%. From Fig. 1, [Cl=28%
our work is in good agreement with those extracted from the /
PL measurement. The energy gaps for all values of the alloy g.¢ . ! . . L .
compositionx of the relaxed Si_,C, alloy are given in Fig. 0.0 0.1 0.2 0.3 0.4

2, together with those from Xie's modéland Demkov and Cc(X)
Sankey’s model? Our calculation shows that as varies @ ot

; ; : FIG. 3. (a) Energetical position of conductio@yy and A;) and valence
fr(.)m 010 0.02/in S1_xCy, the band gap decrease WIXh band edgegheavy-, light-, and spilt-off-holeof a strained Si_,C, layer on
with ValueSAEGN_ — 1.5, and reaches the |OW§St points _at Si (001) substrates calculated from our modstlid line) and deformation
x=0.12. Further increase of carbon concentration results in gotential theory(dashed lines For comparison, the experimental data from
monotonically increasing of the band gap. The band gafRefs. 9, 10, and 11 are also showh. Energy gap of strained Si,C; alloy
shrinkage of SjosCoo16iS about 23 meV from our model, as @ function of the alloy composition
considerably smaller than the values of 170 and 50 meV

calculated from Demkov and Sankey's mddeind Xie's
model?® respectively(the inset of Fig. 2 The band gap shrinking is due to the local strain around the substitutional

C atoms, which are randomly distributed in thg SiC, al-

loy. The reduction of the band gap ceases to appear due to

the fact that local disorder effects could only be significant in
- a low concentration of carbon in a;SiC, alloy. We suc-
cessfully use modified TB parametaV g, to include the
effect of this local disorder in $i,C, alloys.
. In order to check the validity of our model of strain

1 effects, we compare our results for strain-induced shifts of

*“&arbon model fraction (x) - ] band edges with our calculation based on the simple phe-
~ m . nomenological deformation potential metRdé* using the
relaxed band gap in Fig. 2. We calculate the energies of the

Relaxed Si, C

g=170 meV D&S

5Eg=23 meV THIS WORK

L 100 AEg=60 meV, Xi& ]

N W R O
g v
Energy
B

Eg(eV)

1 ) T valence band edges of heavy h@iH), light hole(LH), and
0 [ K e _;(hi'es,;"’;'(':dd A split-off hole (SO), and conduction band minimufa xy and
L A - -A - Demkov & Sankey model 1 A5) as a function ok for strained Sj_,C, grown coherently
-1 —_— L on (001 Si substrates. The results of our model and results
0.0 0.2 0.4 0.6 0.8 1.0

of the deformational potential method are shown in Figy 3
C(X) together with the experimental dat& The discrepancies of
FIG. 2. The energy gaps of relaxed; SC, alloy as a function of the alloy the shift of valence and conduction band edges bgtween the
compositionx. The inset is the close-up view for small carbon concentra- WO _approgches are generally small. We also predict _that the
tion. strained Si_,C, alloy becomes metallic whex= 0.28[Fig.
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Si (x=0)
0.010 T T T (b)
000 — — - - — - - - UL S P .-"‘_“\ ]
(a) ! e, '
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-0.05 + Growth . | ! * "
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< =[001] S 0.000F i ; - -LH. A
3 0.10 | e & ¢, — 380 LI
Qh) !N ! | I
£ 1 4 \
Y s 1 0.005 | | . '
Rkl " § { - ;
1 » ~
-0.20 — ades -0.010 . 1 ' L .
-—[001] [100] — -0.010 -0.005 0.000 0.005 0.010
K. (2r/a )
Strained Si .C,
0.010 — —r— —
R (c) |
”~ -~
7 e -
0.005 | /- s\ -
£ "
e Ve ]
AN N 'f - HH l
S 0.000f - ----LH 4
& A —so0 " ;
X" \ Lo
\, s
-0.005 - el X, 4
. . . 7
-0.010 N 1 N 1 1 .
-0.010 -0.005 0.000 0.005 0.010
K,(2n/a)

FIG. 4. (a) Energy spectra for the heavy holelH), light hole (LH), and split-off hole(SO) bands for Si(dashed and strained ${iy{Cq 7 (solid). (b)
Constant-energy contours for $¢) Constant-energy contour for strained) C ;. The energy values are 1 meV below the edges of each corresponding
bands as shown itg).

3(b)]. Selected results of valence band energy spectra faseen that under the biaxial strains, the highly warped heavy
Sip.08Co.07@s well as pure Si are illustrated in Figaji where  hole contour changes and becomes split-off-hole-like.

the corresponding spectra of pure Si are consistent with The dispersion curves of the lowest conduction band of
known results. As expected, the biaxial strain introduces sigSiy 95Cp o7 alloy under(001) tensile strain are shown in Fig. 5
nificant asymmetry. The heavy hole and light hole bandsas well as that of Si. The energy minimum occurs atdhe
become nondegenerate at thiepoint. The light hole band valley, as is expected for strainedy $iCo 7. TheAyy valley
moves upward and the heavy hole band moves downward bigmains at almost the same position as in the bulk Si. Thus
values consistent with Eberl’s resuffs*! The parabolicity of  the tensile strain causes an energy splitting betweerthe
the split-off band is no longer retained due to this biaxialvalleys andAyy valleys, and leads to the band gap reduction
strain. The large energy splitting-150 me\j between the of strained Si_,C, alloys. These results agree with Hoyt's
heavy hole band and the light hole band edges indicates experiment and calculatioht®

larger hole population in the light hole band. Constant- Next, we discuss the calculated carrier effective mass of
energy contours for the three bands of Si and strainedtrained and relaxed Si,C, alloys. The effective mass here
Sig.oo o7 are shown in Figs. @) and 4c), respectively. The refers to the diagonal elements of an effective mass tensor,
difference of constant-energy contours of energy 1 meV bewhich simply reflects the “inverse of curvature” of band
low the edge of the corresponding bands reflects the relativstructure at the band-edge. The calculated hole effective
change in carrier effective mass from that of Si to strainednass of strained and relaxed, S{C, alloys along thg0021)
Sip.98Co 07 alloys. Comparing Figs. (%) and 4c), it can be growth direction(hereafter referred to as the longitudinal
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35t ) ) ! ) ) i Hole mass perpendicular to growth direction

M T T T T T T T T T
— — —relaxed
strained

3.0 0.30

2.5

2.0

1 .5 0-25

Energy (eV)

1.0

0.5

0.20

0_0 [ " " A "
—[001] r [100]—~

Transverse effective mass (m/m,)

A

i i L s H " 1 1 A L L 1 A
0.00 0.01 002 0.03 0.04 005 006 0.07
FIG. 5. Energy spectra for the lowest conduction band fofd&shed ling Carbon molar fraction (x)

and strained $bCo o7 (Solid line). FIG. 7. Transverse hole effective masse$ aioint of Si,_,C, alloy grown

on (001) Si substrates. The solid lines are hole effective masses with strain

. . . . i . . . and dashed lines are those without strain.
direction’® are shown in Fig. 6. With strain, the longitudinal

light hole mass has the smallest change among these three

hole bands since the light hole band in the growth directiorl” point, the heavy hole band is still primarily|3/2,3/2 state
does not strongly couple with the heavy hole or the spilt-offfor a small biaxial tensile strain. As the strain increases, the
hole by the strain coupling terms. The strain, howevergeffect of strain-induced splitting energy begins to manifest,
causes the heavy hole band interacting with the split-off banthe heavy hole banddefined as|3/2,3/2 at theI' point)

in the growth direction. In strained Si,C,, the light hole  switches td3/2,1/2 at a smalk. The value ok at which the
effective mass decreases with increasing/hile heavy hole exchange of the characters occurs depends on the strain, and
and split-off hole effective mass increase with increasing the exchange can happen even at very skalues, which

The biaxial tensile strain results in an increase of the heavis also reported in Ref. 32. The strain effect on the transverse
hole effective mass and that of split-off holes, but the lighteffective mass is opposite to the longitudinal directional case
hole effective mass decreases, as compare to the relaxést heavy hole, light hole, and split-off hole bands. Namely,
Si;—«Cy . The transverse hole effective masses afltipwint  the biaxial tensile strain decreases the transverse effective
(perpendicular to the growth directiprfor the strained mass of heavy hole and split-off bands, while increases that
Si;_Cy alloy grown on(001) Si substrates are shown in Fig. of the light hole band, as compared to relaxeg SC, .

7. In strained Si_,C,, the heavy hole effective mass de- Finally, the electron effective masses &4 valleys of
creases with increasing with a significant drop at small Fig. 5 are shown in Fig. 8. As compared to a hole, the strain
carbon concentration. The split-off hole effective mass ofchanges the electron effective mass relatively small. The
strained Sj_,C, decreases with increasigsmoothly, while  strain slightly decreases the transverse electron effective

light hole effective mass increases with increasingith a mass, and the transverse effective electron mass decreases
sudden jump at the very low carbon concentration. Here, the

definition of heavy and light hole needs to be clarified. At the

C mole fraction

0-13_00 * 0_61 * 0_62 * 0'63 * 0_64 * 0'65 * 0.66 * 0.07 FIG. 8. Longitudinal electron gffective mass; (al_ong growth directiph
and transverse electron effective mass(perpendicular to growth direc-
Carbon molar fraction (x) tion) of Si, _,C, alloy grown on(001) Si substrates ak, valleys. The solid
lines are for alloys with strain and the dashed lines for alloys without strain.
FIG. 6. Longitudinal hole effective masses latpoint of a Sj_,C, alloy Comparison between our results and Monte Carlo simulation with a low
grown on(001) Si substrates. The solid lines are hole effective masses withelectric field (1 kV/cm) is shown in the inset. The data of strained Si is
strain and dashed lines are those without strain. obtained from Ref. 33.

1.0 Y T T L} T L v L]
. . m, strained

Hole mass along growth direction 2 osl 1
= 0.35 — . . . . -
E - —'— relaxed I ' ' 9 | 7>0.28 owwork 1 Tl
E . g E 0.26 —&— Monte Carlo result
£ strained £ 06F%024 ®  Strained Si
0 H.H c s e m, relaxed
@ 030 -H. 5 L E 022 e
E g _ e - - - g 2020 ]
o & 04F%o1s T
2 o 5 o016 .l m relaxed
g 025 - o "0.00 001 = 002/ !

__________________ 2 0.2 Cmolefraction __ F_ .. _.......A

5 g \
g L.H. E ] mstrained ]
'-5 0.20 B 1 0.0 M 5 o 1 N (] 2 (] "
2 0.00 0.02 0.04 0.06 0.08 0.10
=)
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with increasingx in strained Sj_,C, . Similar to our results,  “C.W. Liu, A. St. Amour, Y. Lacroix, M. C. W. Thewalt, C. W. Magee, and
the experimental resuftsshow that the transverse effective ,D- Eaglesham, J. Appl. Phy80, 3043(1996.
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