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TECHNICAL MEMORANDUM

Recently Cowemn et al. have suggested a reduction in the point-defect formation energy in
strained SiGe (relanve to pure Si) to explain enhanced Ge diffusion and intermixing {1]. The same
conccpt zs used to explam prewously reported results of the retarded boron diffusion observed in
Sch [2].

This interpretation of the retarded boron diffusion is different from the view reponted in
refcrcnce 2 In that letter we attnbuted the retardation to band-gap lowering rather than a
modxﬁcanon of the defect fomanoa encrgy Tins comment clarifies the application of these two
different vxcws B

- Fust we note tixat the boron diffusion expcnmcnts, were carried out under extrinsic
conditions, with doping concentrations of 1-8*10" cm”, whereas intrinsic concentrations at
diffusion temperature are lower than 7%10"* cm® [2]. The density of charged point-defects plays
an 1mportan£ role in boron chffuszon both in the intrinsic and extrinsic regimes, However under
extrinsic condmons, thc band—gap reduction has an additional effect on the charged point defect
density and must havc 2 pmnounccd effect on the d:ffuszon Process.

The flux for dopant diffusion mediated by charged point defects, can be written as (assuming
only neutral and positively charged point-defect contributions):

| e
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where h is the electric fiel enhancement, p and n, are the hole and intrinsic carrier concentrations
and d and C represent mtnnszc pair diffusivities and concentration respectively [3}. In a strained
layer, all quantities may be modified except for the acceptor concentration C4-. In particular,
changes in all Fermi-level related quantities, such as the free carrier concentrations and charged
point-defect concentrations, should be considered as well as intrinsic parameters such as changes
in point-defect forming enthaipies due to strain fields. We use the arguments given by Fair to
include a band-gap change [4]. Modification to eq. 1 for the strained system must also allow for
possible changes m the paxr binding energies (neglected both in {1] and {2]) and the modified

dopant/point-defect pair-formation energy, denoted by £ (proportional to exp(AQ) in [1] with
AQ the change in the defect formation energy). The flux in the strained system J,. is (neglecting

small changes in the electric field enhancement factor)

" EC‘,_ SC‘_ AC,-
JA-=“h[d' ot +dyy e ] s @

with R= 2270k 8% | 85 104 AF, the modified defect energy level. Fair shows that under

extrinsic acceptor concentration, R=AE ,I2kIT ‘wnh AE_‘, _thc modified bandgap of the strained
material (relative to pure Si). Note that the terms in R include all the bandgap related quantities
associated with the change in the concentration of charged point defects and the change in the
free carrier concentrations. | | I

For the conditions of the boron dxffnsmn cxpenmcnt, me sccond tcrm in eq. (2) dominates the

diffusion [2,5]. The anaiyszs of thc bomn d:ffu.ﬂon treats R as a ﬁmng paramctcr, takese =1 and
shows that exp(R) =€ %7 in agreement with the expected bandgap change in the strained
SiGe alloy {2]. The analysis in ref. 1 ascribed the retardéd diffusion to the term € only, and noted
that the fitted value, exp(-0.17/4&T), was in reasonable agreement with the theoretical value for the
modified (neutral) defect formation energy under strain [5). The experimental data for the boron
diffusion is clearly in the extrinsic regime, thereforé both mechanisis may play a role and a
measurement at a single boron concentration cannot distinguish these two factors. However, the
boron concentration dependence of the diffusion has been reported [6] This is a distinguishing

experiment since the formation energy term, €, modifies both terms in eq. 2 while the bandgap
factor, exp(R) , modifies only the second term containing the dopant concentration. Kuo et al.
report a significantly reduced boron concentration dependence for the diffusion in strained SiGe

than in Si. This is consistent with the second term of eq. 2 being reduced (relative to the first
term) and can be explained only by a bandgap modified mechanism. A change in formation energy
only, wouid not change the relative weight of the two terms.
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Diffusion in Strained $i(Ge)
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pentisl decranss in'B diffosicn o8 » function of compremive strain, indicating & linear dependence

. of activation energy on strain. The effect arisen from the structural relaxation of the lattics around
the defect medisting diffsion (inward for & vacancy, outward for an interstitial). We infer the
“mechanisms of Ge and B diffusion in strain-free snd compremsively strained Si(Ge) at T < 1030°C,
MWWMWmWMhWM

PACS numberds: 88.30.Jt

Strained SiGe/Si beterostructures and superiattices
are an essential component of many sdvanced Shbased
devices, but the kinetic mechanisms of SiGe layer relax.
stion during thermal annealing ae. still.poorly wnder-

- stopd. Most previous wark on strainsd-layer relaxation
has focused on the nuclestion, growth, and multipliestion -
~ of dislocation lopps:dyging growth snd subsequens ther-

mal annesiing. Howwver, some workers have reparted an

diffusive relaxstion procesy [1,3]. In particu-
lar, Tyer and LeGoues have repurudenl[u’:lmd%in-

mdiﬁuﬁonwhichhqmchdonmdahighdm- :

analysis of spinodal decomposttion by Cahn and Hilliard
[3 but 00 specific physical maechaniam for the enhanced
interdiffusion has so far been proposed. This re-
m.wmwmwa
diffusion in Si and relsted materials.
WM&MMMMB%
fusion [5,6! have best reportad in compressively strained
sx-mmmmx»mmmmmzm
extensive data showing » isrge reduction (up to a factor
of 10) in the intrinsic diffusivity of B in Si(Ge) under
compressive. strain. By making the criticsl assumption
that B diffusion is mediatad by positively charged point
defects, Moriya ¢t al. were shle to explain their resuit
in terms of bsnd.gap naxsowing [6]. Although this -as.

~ sumption Is consistent with eacly diffusion data {7], it ap-

pears to be incorrect. More extansive diffusion studies,

using isoconcentration p-type and n-type backgrounds,

have shown that the contributions of charged and neutral
point defects to intrinsic B diffusion sre of similar mag-
nitude (8,91 This conclusion rules out a strong reduction
in intrinsic B diffusion due to band-gap narrowing, and
points to a more drastic strain.reiated phenomenon.

A hint as to the nature of this phenomenon can be
found in recent total-energy calcuiations {10,11}. An.
tonelli and Bernholc computed the formation energies for
seif-interstitials (AEy;) and vacancies (AEyv) in Si as
& function of hydrostatic pressure. A linear increase in
AE,;mddec:mein&E,vmfoundwithinmwng
pressure. corresponding to an outward relaxation of the

. lattice around the interstitial and an inward relaxation

of the vacancy. More recently, the same suthors com.
puted the effect of tensile strain in s Si layer coherently
gown.on & Siy..oGey substrate. Again, the calculations
suggestad linear changes.in point defect formation ensr.
gies. Despite the potential impiications for diffusion in
strained Si and SiGe, these computational findings have

. This paper describes an experimental study of the dif
fusive peiaxation of highly strained SiGe inyers. We detesr-

- mnine thedocal diffusion bebavior by Btting numerical dif-

fusicn simulations to high-resolution depth-profile data
obtsingd by secondary-ion mass spectrometry (SIMS).
Strain is measured by high.resolution x-ray diffraction
{XRD}. Our cbeervations show a clear influence of strain
on the jocal equilibrivuz: properties of point defects in
Si. We determine the mechanizm of interdiffusion in the
Si:Ge system: under compressive strain, and find & con-
sistent explanation for anomalies in As and B diffusion
in strained SiGe. Our conclusions will be of general rei-
evance to diffusion in a wide range of crystaliine solids.
Samples were grown on (100) Si wafers by stmospheric-
premure chemical wapor deposition (APCVD) or
molecular-beam epitaxy (MBE). After deposition of a Si
buffer layer, SiGe layers with thicknesses in the range 20~
120 nm and Ge compositions in the range 0.1-0.3 were
depositad, snd capped with a second intrinsic Si lsyer.
Samples were subsequently annealed in dry Na st tem-

—-paratures. from 900 to 1050 °C, for times in the range 4

min to 4 b, usiog furnace or rapid thermal annesling.
In thin sampies, relaxation by interdiffusion is kineti-
cally favored compared with relaxation by growth of dis-
locations. In this regime, for the samples used in this
study, we find that the diffusivity and its dependence on
Ge composition are independent of the growth method
and choice of isyer thickness. Figure 1 shows & typical ex-
ample. Ge concentration profiles for a MBE.grown sam-
ple with an initial Ge composition of 0.3, measured before
and after rapid thermal annealing for 4 min and 15 min
at 1030°C, are plotted. The profiles in this sample are
much “fatter” and steep sided than the Gaussian curves
that would be produced by a constant diffusion coeffi-
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FIG. 1. Concentration-depth profiles of Ge in & MBE-

grown 8i/SiGe/Si structure, before and afer sunealing for 4
min and 15 min at 3030 *C, Symbols represent SIMS mennure-
ment dats and curves represent simuistions of strain.assisted
diffusion with the dependence D a D exp(--Q's/kT).

mmamwam
as a function of Ge composition. Becauwe the diffusion

st high concentration is so fast, the Ge compowition, z, -

of s.thin lsyer decresses rapidly in the initial stages of
diffusion. For example, in Fig. 1, = decressss from 0.3 to
" 0.18 during a 4-min szneal st 1030°C, In thick samples
that reiax by dislocation growth, the diffusivity enhance.
oant in the compressively strained SiGe lsyer is much

wesker, correlating with the low level of residual strain -

« the conclusion of fyer snd LeGoues that enhanced 8i-Ge

- interdiffosion in Si-rich 8iGe is drives by strain [21.
Quantitative insight imo the hifiaence of straln on in-
terdiffusion ean be obtained by Stting the messured diffu-
sion profiles for dislocation-fres simaples, using & numer-
ksl solver for nonlinser impurity diffusion. In the ab-
- sence ol evidence for chemical driving foross, thermody-
considerations indicate’ s diffusivity enhancement
. of the form D/D = f(3), whers D is the diffusivity in
the strained material, D is the corresponding diffusivity
i unstrained material, s(y) is the strain in the plane of
the SiGe inyer at depth ¢, and f(s) is an usapecified fune-
tion. Although a specific form for f{s) can be predicted
from theory, we svaid considerstion of this until the data

-analysis is complete. According to Vegard's law, in the’
sbsence of relaxation via dislocations, » is reiated to the -

Ge composition x by s = (1 ~ag,/on)z = ~0.042z. The
minus sign indicates that the strain is compressive.
. The simulations use the initial as-grown profile as &
starting peint. Sincs the diffusion is strongly aonlinear,
we deconvolute the SIMS instrumental resolution func-
tion, I{y), from the messured as-grown profile, prior to
the diffusion simulation. The resolution function for our
SIMS system, for the conditions of interest here, can be
sccurataly represented by a triangular profile with full
width at half maximum A, convoluted with a function
of the form exp(y/r) (= < 0), exp(~y/>e) (z > 0).
Under the present conditions the parameters of /(y) are
given by A = 2.3 nm, A, = 0.4 nm. and Ay = 2.3 om,

The deconvolution ia achieved by convoluting a trial func-
tion for the true as-grown Ge distribution, Cg,{y, t = 0),
with the previously determined SIMS instrumental res.
olution function I(y), and fitting the result to the mes-
sured as-grown profile. This procedure gives excelient
fits to the as-grown profiles for both APCVY) and MBE-
grown Iayers. The profile Cg,(y,t = 0) is then used
as the initial condition for computing the nonlinear dif-
fusion solution, Cae(y,t), using the diffusion equation
8Ca, /8t = V(DVq,). Finally, we convolute I{y) with

" Cos{y,t) to obtain an sccurate comparison with SIMS

measurements for the diffused profile.

forms for the diffusivity D(s). In the first case, we as-
sume an empirical relation D/D = 1 + As™ where n is
an integer. A crude match to the diffision profiles can
be obtained with n = 2, but the simulsted concentra.
tion dependence in the flanks of the profiles it too weak,
lsading to st ewponentially decaying {shocklike) diffu-
son front that does not ‘sppesr in the data. In the sec-
ond case; we astwma the form D/D = exp(As). This
gives & smnoth incrense of diffusivity with concentration,
matching the positive curvature of the diffusion profile
that is preserit down to Ge concentrations of s few times
10% fem® (z ~ 0.01). '

Using the form D/D = exp As, we have separately
fitted all the diffnsion profiles obtained in the present
study, using A s an adjustable parsmeter. The ex-
tracted values of A are found to vary inversely with the
annesling temperature, implying a diffusivity of the form
D = Dexp(~Q's/kT), where @’ has dimensions of en-
ergy per unit strain. The diffusion enhancement factor,
D/ D, plotted as a function of s/kT", ia shown in the upper
purt of Fig. 2. Esck data point represents, in compact
form, a complete curve it to one diffusion profile. For
osach fit the diffusivity at the peak of the profile is plot-
ted against the corresponding value of s/kT. The data
are within errors consistent with a straight line, yielding
Q' = 401 5 eV per unit strain. Thus, for example, & 1%
strain is expected to produce a 0.4 eV change in Q.

This is the first time, to our knowledge, that an ex-
ponertisl increase of diffusion with strain hss been di-
rectly determined from experiment. The effect implies 2
linear dependencs of the activation energy of diffusion,

- Q, on strain, 3, of the form Q(s) = Q{0) + Q's where

Q' = dQ/ds.

The present data show 1o evidence of chemical driv-
ing forces that would make D dependent on the Ge con-
centration gradient. The absence of gradient effects in
samples with very high composition gradients can be at.
tributed to the very similar diffusivities of St aud Ge in

 the Si lattics {12,

Since the measured migration barriers for point-defect
diffusion in Si are small {13}, the change in activation

. energy must have arisen from s decresse in the forma-

tion energy of the defect mediating interdiffusion. This
impiies a substantial inward-breathing relaxation. a key

4
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FIG. 2. Diffusion of Ge and B jn compressivaly strained
$i(Ge), us & function of 5/kT. Data for Ge are from the
present work, and deta for B are from Ref. |8}, The positive
slope for Ge refiscts & decresse in tha activation energy of Ge

diffusion under campramsion. The negative siope for B reflacts
an incresse in the activation energy of B diffusion.

piece of evidencs as to the identity of the defect. Inter-
stitinl defects cause an outward displacement of the sur-
rounding Iattice dnd thus a% increase in the dedect forma-
tion energy In compressively strained Si. This rules out
an interstitial mechasism for the enbanced interdiffusion.
onmmmwmmm

of the bulk vacancy defect

in Si [u] Wemdudetﬁnthomﬁuﬂn;dﬁcthn'

Intheahmceofchsmicﬁdrtvin;hps. she diffu-
sion couficient in & skrain-fres crystal is given by D =
D('}+D(§}' where D({}MD{.} ‘atw the intarstitial and
vacanéy-mediated components

of diffusion under strain-
free conditions, Inamtudm w&wm
n.ﬂmto

D= Dy w(*-%w/ﬂ')--i' Dy @('Qi*)"/m‘ )
As siready mentioned, this ﬁaemnhtion sssumeos that Q

varies linearly with strain. This sssumption sppears to -

be reasonable for the values of strain sticountered in SiGe
fims on Si, and is supparted by the total-energy calcula-
tions in Ref. (11]. Equation (1), with appropriate physical
constants, is applicabie to both self-diffusion and impu-
rity diffusion. Because of the opposite relaxation behsv.
iorofinte:sﬁti&lmdwcydeﬁam,mupectqﬂ <0

Inti:eca.sechediﬂ'xmon we see no evidence of a
significant contribution fom the first exponential term
in Eq. (1}. Such a contribution would have dispisced
the straight-line fit for Ge in Fig. 2 from its inter
cept of D/D = 1 at s/kT = 0. We infer that
Dge(vy > Dgeiy in the temperature range of our exper-
iment. This conclusion it consistent with existing data

FIG. 3. Diffusion of 81/8i0.7sGen.2a /8i structure contain.

Jog s B dopait spilos, wareealed for 90 min st 910°C. Curves
Tepresyut & sim

| of the Ge and B profiles before and af
MMMWMWM

_Mmﬁn@

mmmnammmw;m

sition. from vacancy-medisted diffusion st temperatures
balowr 1050 °C, to interstitial-mediated difusion at tem-

" perstures above 1100°C [12].

I the case of impurity diffusion, the response to strain
depends on. the relative vaiums of Dy and ‘D(,; for the
impurity. Existing data for As sud B in Si suggest that
Dase) > Dasty 12}, but that Dy) € an [14]. This
sogyests an incresse in the diffusivity of the Iattice
'h.emmmd.ndlmpondingdmninmdi&-
stvity of B. This accounts perfectly for the trends in As
sad B diffusion obssrved in recent experizents {4,6].
‘The decresse In intringic B diffusivity as & function of
compressive stzain, determined in Ref. (6], in plotted as
» function of 8/kT in Fig. 2. The straight-line fit to the
mm;maqﬂ,,-qmsevwmm
consistesst with an outward relsxation of the Si lattice
around the migrating B interstitial (or B-interstitial pair)
defect. As comrnentad earlier, this effect is ruch larger
than can be expiained in terms of band-gap narrowing.
'The abwence of an exponentially increasing component of
B diffusion shows that Dyy) is much smaller than Dpg,).
We now briefly consider the use of our model in
computer-sided design of technology {TCAD) for SiGe
strained-layer devices. Figure 3 shows SIMS measure-
ments snd simulations of the codiffusion of Ge and B,
for a Si/Sig.7zsGeg.2s/Si structure grown with a narrow
B doping spike, and anpealed for 30 min at 910°C in
dry Nj. The starting point for the simuistion consists of
the as-grown profiles of Ge and B, extracted from SIMS
measurements as describad above. In addition to the pre-
viousty discussed parameters for Ge, we use the standard
intrinsic diffusivity of B from Ref. (7}, and the value of
Q’g( = ~17 oV per unit strain determined from Fig.
&udcmmmdicm(;emdﬁpmﬁlubeﬁmm
aﬁer annealing, and symbols represent SIMS messure-
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ments. ’Ihimprovethechrltyof!?ig.a,mnm
data below about 3 times background {~ 10**/cm?® for
Ge and ~ 10" /em? for B) have been omitted from the
?;m. Thesinmhtﬁmpndi;nthamrmc_tmpkude
6t the retardstion of B diffusion within the BiGe layer.
Simulations itke this will give engineers a clesrer picture
of events taking pisce within a device structure during

In summary, we have bi to reach s consistent
picture of the response of is snd impurity dif-
fusion to strain in the Si lattich. We find & convincing
degree of consistency betwest experimental
and B diffusion in SiGe, sad qualitstive Insights from
computational physics [10,11,15).

Finally, we note some unresolved ismes. We have

: pendant effects on’ interdif-
SiGe i the range

x < 0.3, but this doss a0t rule.out the possibility of
substantially differant intardifusion - §n. Ge-tich
mmmmsymmhpmwd&
termined by the diffusivity of Ge in S5, wheress interdiffu-
- gion in Ge-rich SiGe will be determinad by the diffusivity
of Si-in Ge, which Is currently unknown, The bebewvior of
B diffusion in Ge-rich SiGe is also uncless. Most group-
1Y and group-V impuerities diffuse faster in Ge than in
81, but B has-» very large volume mismstch in Ge and
Hs diffusion behavior in Gezich 8iGe might be different
- from that of other group-IlI impurtiies.

Diffusion i S1 under tensile stzain (s > 0) has yet
thMW(I}M«:&
au enhancemient of intesstitial.medisted components of
interdiffusion snd kepurity diffusion, and s vetardation
of vacincy-madisted componsnts. A sxupezison of dif-
fusion uhder compressive and tenaile strain will pravide
a seraitive messurs of the Dy .and Dy,y companents of

' -mmm&mmmmm
than a decude.

mmmmmkdmmw
sclidstate difusion. Even in systams where chenical
driving forces ske important, Eq. (1) continsies to de-
scribe the diffusivity ander local equilibrium ¢onditions.
We therefore expect similar effects to be found in other

results on Ge

diffision. This promises-s coliclosion to the debate over

coherent systems. By constructing different strained.
iayer structures it will be possible to manipuiate the rel-
ative strength of vacancy- and interstitial-mediated com.
ponents of diffusion and gain deeper insights into point
defects and diffusion in a range of materisis.
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