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Sh lattice diffusion in Si;_,Ge,/Si(001) heterostructures: Chemical and stress effects
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The Sb diffusion coefficient in $i ,Ge,/Si;_,Gg,(001) heterostructures grown by molecular beam epitaxy
(MBE) was measured for temperatures ranging from 700 to 850 °C, Ge composition from 0 to 20 % and biaxial
pressure from-0.8 (tension to 1.4 GPalcompression A quantitative separation of composition and biaxial
stress effects is made. We show that the Sb lattice diffusion coeffi¢i¢imcreases with Ge concentration in
relaxed layers or at constant biaxial pressure @ndncreases with compressive biaxial stress and decreases
with tensile biaxial stress at constant Ge composition. The enhancement of Sb lattice diffusign,BeSi
layers in epitaxy on $001) is thus due to the cooperative effect of Ge composition and induced compressive
biaxial stress. However, the first effdcomposition is predominant. The activation volume of Sbh diffusion in
Si;_,Ge, layers is deduced from the variation of the Sb diffusion coefficients with biaxial pressure. This
volume is negative. The sign of the activation volume, its absolute value and its variation with temperature
confirm the prediction of the thermodynamic model proposed by Aziz, namely, that under a biaxial stress the
activation volume is reduced to the relaxation volume.
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[. INTRODUCTION modulate for the same Ge composition the stress state from
tension to compression.

The control of doping profiles of Si-based heterostrutures (2) The modifications of the diffusion coefficients induced
is crucial for the fabrication of microelectronic or optoelec- by composition and pressure changes are useful for the
tronic devices. Key issues are the realization of shdgita analysis of diffusion mechanisrfs.
profiles, of locally (highly) doped epilayers and/or (3) The stress created by epitaxy is biaxiahd not hy-
nanostructure$To produce such structures, there is a stronggdrostatig, a situation which is frequently encountered in mi-
need to understand and control dopant redistribution phesroelectronic structures but has not received as much atten-
nomena. There are several difficulties to overcome. The firdion (as far as diffusion mechanisms are conceyned
one is that dopant redistribution already takes place duringpydrostatic pressure.
molecular beam epitaxVIBE) or chemical vapor deposition The dopant studied is Sh, which is the typioaype dop-
(CVD) growtt and is thus controlled both by thermodynam- ant used for the MBE growth of Si-based heterostructures.
ics (e.g., segregation enthalpynd kinetics(e.g., growth Its diffusion in silicon (and silicon-germanium alloyshas
rate, near surface exchan@ebhe second one is that hetero- been extensively studied, and it is established that its diffu-
structures consist of epitaxied layers with different composision mechanism is mainly controlled by vacanéiesThe
tions and levels of stress. These two parameters are linked. éffect of hydrostatic pressure is to decrease the Sb lattice
modification of the Ge conter{k) of a Si/Sj_,Ge, hetero-  diffusion coefficienf:” Concerning Si/Si_ ,Ge, heterostruc-
structure will induce(i) an intrinsic “alloying” effect due to  tures it has been shown that the Sb lattice diffusionin-
Si-Ge substitution andl) a stress effect due to the evolution creases with Ge compositigr) in compressively strained or
of the Si/Sj_,Gg, lattice mismatch. relaxed Sj_,Ge, layer$® and (ii) increases in a compres-

The goal of this paper is to separate the influence of thessively strained Sis:G& o9 layer and decreases in a Si layer
two effects in the case of lattice diffusion. From a practicalunder tensile straitf A formalism has been developed by
point of view, lattice diffusion is a secondary redistribution Aziz to analyze the thermodynamics of diffusion under hy-
process during the growth of heterostructures, its role isgrostatic pressure and biaxial stress and the relation to point
however, important for subsequent annealing steps for whicHefect mechanisms.
it becomes the main redistribution mechanism. Moreover, In this paper, we measure the lattice diffusion coefficient
because of its “relative” simplicity and its close link to de- of antimony(Sb) in Si, _,Gg, layers with different composi-
fect properties, the understanding of lattice diffusion appeartions (0<x<0.2) and stress states. The influence of compo-
as a useful step in the analysis of more complex redistribusition and stress is differentiated. We show that Sb diffusion
tion processes such as segregation during gréwth. coefficient:(i) increases with Ge composition at constant bi-

On the other hand, the analysis of lattice diffusion inaxial stress andii) increases under biaxial compressive
Si/Si,_,Ge, heterostructures presents several fundamentatress and decreases under biaxial tensile stress at constant
interests. Ge composition. The activation volume of diffusion and its

(1) MBE allows the synthesis of a large variety of variation with temperature and composition are deduced
Si, _,Gg, layers with different Ge concentration and stressfrom the variations with stress. Its valdeegative and its
states. By using different relaxed buffers it is possible tovariations confirm the prediction of the model developed by
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Aziz and the statement that under biaxial stress the activatior D
volume depends mainly on the volume of relaxatibifhat SiosiGeaos * T
explains the different diffusion behavior observed under hy- 3
drostatic and biaxial compression.

Il. EXPERIMENT

Si;_,Ge/Si;_,Gg,(001) structures were grown in a
Riber MBE system with a base pressure of typically
~10 " Torr. Silicon was evaporated from a floating zone
silicon crystal using an electron gun. Germanium and anti-
mony were evaporated from effusion Knudsen cells.
Phosphorous-doped (8D1) wafers of nominal orientation
(miscut <0.1°) were used as substrates. They were first
cleaned and protected by an oxide layer using standard
chemical process. After introduction in the growth chamber, FIG. 1. TEM cross-section view of a {3jiGey o layer tensely
a 900 °C annealing was performed to dissociate the surfacgrained on a $ig;G&, 19 relaxed buffer. The dislocation density in
oxide. A 50-nm-thick Si buffer layer was then grown on thethe tensely strained layer measured by AFM and TEM in plan view
substrates at 750 °C to achieve a reproducible initial Si suris equal to 2.5 10" disloc/cnf.
face; its quality was checked by the RHEED intensity of the

Si substrate 200 nm

(2% 1) reconstruction. was checked by Rutherford backscattering spectrometry
Three types of heterostructures were grown in order tdRBS).
obtain (i) relaxed Sj_,Ge, layers (with x=0, 0.09, 0.18 After growth, each sample was cleaved in several pieces,

(i) compressively strained Si,Ge, layers ( one of them was kept as a reference and the others were
=0.03,0.07,0.09,0.15,0.18), andii) tensively strained annealed at different temperatures (¥00D<900°C) in a
Si;_,Ge, layers k=0.09,0.18). Details and schematic rep- vacuum furnace R~10"° Torr). Annealing times (14t
resentations of these heterostructures can be found in Ref. 3.8 days) were chosen such that the mean penetration depth
They consist of a stack of four layer&) a 50-nm-thick (\/Dt) remains in the range of 5 to 10 nm whatever the
Si; _,Ge, layer deposited at 650 °@h) a half monolayer of annealing temperature. At a given temperature, samples of
Sb deposited at 400 °Cg) a 6-nm-thick Sj_,Ge, layer de-  different compositions and stress states were annealed to-
posited at 200 °C, anft) a 45-nm-thick Sj_,Ge, layer de-  gether in order to minimize experimental uncertainties. The
posited at 550 °C. Layeft) was grown at low temperature profiles of Sb concentration versus depth were measured by
(200 °Q in order to bury as much as possible the Sb layer. Itssecondary ion mass spectromet§IMS) using a Cameca
crystallographic quality was restored by a 5-min anneal betMS4F operated at 8 Kev under,Qprimary ions. The cor-
fore deposition of layexd), respectively at 750 °C for the responding profiles before and after anneal were measured in
strained structures and at 600 °C for the relaxed ones in ordeéihe same run. The Sh lattice diffusion coefficient was then
to limit dislocations propagatior(e) A 20-nm-thick Si cap deduced from a comparison between the Sb distribution
grown atT<200°C was deposited on top of the compres-measured after annealing and a numerical fit of the diffusion
sively strained structures. equation using the before-anneal profile as initial

This stack of layers was deposited on &081) substrate distribution* Figure 3 illustrates this effect in the case of Sb
to produce compressively strained layers, on a relaxed buffediffusion in a pure silicon layer after annealing at 850 °C
with the same Ge composition in order to obtain relaxedduring 10 h. The fit, based on a diffusion coefficient equal to
layers, or on a relaxed buffer with a higher Ge concentratiory.8x 10~ 17 cn?/s, is correct except in the tail of the distri-
to produce layers under tensile strai S g:G&, 19 buffer
and a Sj 75, », buffer were used to strain, respectively, the
Sig.91G& g9 layer and the JigGe) 15 layen. Figure 1 illus-
trates the case of a 5j;Ge, o9 layer in epitaxy on a relaxed
Siy 51G & 19 buffer.

The relaxed buffers were obtained by the successive
deposition of(i) a 100-nm-thick Si layer grown at 400 °C,
(i) a 700-nm-thick Si_,Ge, layer grown at 550 °C. This
technique allows the glide of the majority of the threading
dislocations in the low temperature Si layét3This is dem-
onstrated in Fig. 2. The concentration of dislocations in these
Si;_Ge, buffers was measured by atomic force microscopy
and transmission electron microscopy. It was found lower
than 16 cm 2. X-ray diffraction measurements confirmed
that the level of relaxation in the buffers was larger than
95%. The concentration of G&) in these heterostructures  FIG. 2. TEM cross-section view of a relaxed, §Ge, 15 buffer.

Sig.5:Geo 18
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FIG. 3. Sb depth profiles in Si before and after an anneal at

850 °C for 10 h. Comparison of the profile obtained after annealing o )
and a fit based on the initial profile and a diffusion coefficient equalCo€fficients measured for temperatures ranging from 700-
to 7.8<10° 7 cmi/s. 900°C in Sj_,Ge, layers (0=x=<0.18) respectively under
biaxial compression, no stregselaxed, or under biaxial
bution. This tail is mainly a SIMS artifact due to the ion t€nsion.
bombardment, the total decay length of this tail being equal
to the sum of the real decay length of the dopant profile and
the beam-induced decay lendthDue to this SIMS artifact
(right part of the profiles the simulated profiles were con-
sidered correct when they fitted in the best way the left part
of the SIMS profiles. Figure 6 shows the evolution of the Sb diffusion coeffi-
cient versus the Ge concentrati¢r in Si;_,Ge, layers in
epitaxy on S{001) substrates for different temperatures. One
can notice the following.

The growth of the low temperature layér) allowed a (1) The diffusion coefficient measured in pure Si layers is
high incorporation of Sb. This high incorporation level may slightly higher than that obtained from the extrapolatian
induce the formation of Sb clusters. This was observed in th&=0) of the diffusion coefficients in $i,Gg, layers. This is
Si;_,Gg layers (0.0=x=<0.18) but not in the pure Si ones, very likely the consequence of a charge effect. Sb diffusion
which is most likely a consequence of the higher Sb solubilin Si and Ge proceeds via neutral vacancies. However, when
ity limit in Si (0.1 at. % than in Ge(0.035 at. %.1° the doping level is increased, charged defdets., singly

Figure 4 presents a high resolution TEM cross-sectiorcharged vacancigsvill contribute to the diffusion process:
view showing the presence of Sb clusters in gofe, o9  1he importance of this enhancement is, as a first approxima-
layer. Figure 5 illustrates the influence of these Sb clusters ofion, proportional to the ration(/n;) between the Sb doping
the redistribution profiles. One can notice that there is no Skevel (n) and the intrinsic carrier concentration;{.*’ Be-
transport for Sb concentration higher than2—3x10'°  cause of the formation of Sh clusters, the effective doping
at/cn?® (~0.04—0.06 at. % This value constitutes thus an level reached in the §i,Ge layers (~ 10" at/cn?) is lower
estimation of the Sb solubility limit. This effect was taken than in the pure Si ones~(10° at/cn?). Moreover the in-
into account in the calculation of the Sb diffusion coefficienttrinsic carrier concentration is higher in;SiGg, than in Si
using a parameterS) corresponding to the concentration at constant temperature. Consequentlyf a1800 °C, the ra-
limit above which Sh atoms did not diffuse during annealing.tio n/n; is ~166 for the pure Si layer-9 for the Sj o/Ge& 3
S, was determined for each simulation and was found to b&ne, and ~3 for the most Ge concentrated layer
in the range of 2 to & 10'° at/cn?. Such a result means that (SipgG& 19. This shows that the contribution of charged
the cluster acts as a source for diffusion: the concentration atefects to diffusion in the pure Si layers is more than one
the cluster/Si_,Geg, interface stays constant during the heatorder of magnitude larger than in the Ge alloyed layers,
treatment. Tables(d), 1(b), and Ic) give the Sb diffusion while it is slightly different between the Si,Ge, layers(in

the range of concentration studjed
aggregates (2) The Sb diffusion coefficient increases when the Ge
concentration increases. The values measured as well as the
concentration dependence are consistent with that previously
reported for Sj_,Ge  layers in epitaxy on $001)
substrate§.Consistent with this increase of the diffusion co-
efficient, the activation energies decrease with Ge concentra-

FIG. 4. High-resolution TEM cross-section view of Sh clusterstion. They range from~3.5£0.5 eV (Spo/Geod to ~3

in a Sp.9/Ge og layer. +0.2eV (Shgley19. These values are lower than those

A. Influence of the Ge concentration in Sj_,Ge, layers in
epitaxy on S(001) substrate, joint effect of Ge composition, and
induced stress

Ill. RESULTS

Sio.91Geo.09 =

Sh—p
Sig.91Geo.00 =P
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TABLE I. (a) Sb lattice diffusion coefficients( cn?/s) measured in $i,Ge, layers in compression
[epitaxy on S(100)]. (b) Sb lattice diffusion coefficients{ cn?/s) measured in relaxed ;SiGe, layers
(epitaxy on a relaxed $i,Ge, buffer. (c) Sb lattice diffusion coefficients{ cn?/s) measured in $i,Ge,
layers in tensior{epitaxy on a relaxed $i,Gg, buffer with y>x).

@

T(°C) x=0 x=0.03 x=0.07 x=0.09 x=0.15 x=0.18
700 3.8<10°%° 8.8x 10719 1.4x10°18 5.5x 10718
750 1.7x10°18 1.1x10°18 2.7x10°18 3.8x10°18 8.8x 10718 1.3x10° Y7
800 8.6x10718 1.0x10° %7 2.0x10° Y7 6.3x10° 7 1.1x 10716 1.4x 10716
850 7.8x10°Y 4.1x10°Y 7.2x10° Y7 9.5x 1077 2.8x10°16
900 2.3x10°16 2.0x10°18
(b)
T(°C) x=0.09 x=0.18
700 5.910°1° 1.3x10° 18
750 3.6<10°18 4.5x10°18
800 4.8<10° Y7 5.2x10° Y
850 1.5x10 16
(©
T(°C) x=0.09 x=0.18
700 4.4¢10°19 8.5x10 1°
750 3.6x10°18 4.3x10 18
800 3.8<10° Y 4.9x10 Y7
850 1.3x10716

obtained in Ref. 8(ranging from 4.080.07 to 3.85 temperaturé700 and 800 °Cand for two different Ge com-
+0.12 eV). Such discrepancies can be explained by the errd{oSitions (S.0:G&.00 @Nd Sh 57519 - The biaxial pressure
bar on the coefficients of diffusion and by the very smallfp ) rf1_:|;1s been calculated frgm tfgg'lfgollowmg equation valid
temperature ranges studieckT=100°C in Ref. 8 and or a film in epitaxy on a substrate:

150°C in this study. These two points induce large uncer- v+1
tainty on the activation energy. Such discrepancies are not p —Zum
exceptional for diffusion studies in 4P

Afilm — Asub

()

Asub

In this equationas,, , 4, andv are, respectively, the uncon-
B. Influence of stress at constant Ge composition strained lattice parameter, the shear modulus, and the Pois-
. . _ . son ratio of the filmag,, is the lattice parameter of the sub-
_ Figures '_(a) and 7o) give the variation of the Sb diffu- gy 40 (buffer). This equation gives positive pressures for
sion coefficient as a function of biaxial pressure at constang;yia| compression and negative pressures for biaxial ten-

sion. It clearly appears that the Sb diffusion coefficient in-

= T=700°C 4o T=800°C . L. . . .
. T=750°C v T=850°C creases wlth a bngI§| compression .and decreases with a bi-
axial tension, which is consistent with the results presented
16 in Ref. 10.
107" ;
¥ z

C. Influence of the Ge composition at constant stress

Figure 8 gives the variation of the Sb diffusion coefficient
in Si;_,Ge_ layers as a function of Ge composition for three
biaxial pressure$—0.3, 0, and+0.6 Gpa at 700°C. The
values reported are directly deduced from the fits of the dif-
fusion coefficients versus biaxial pressure presented in Figs.
7(a) and 1h). One can notice that for relaxed layers as well
. as for layers under constant compressive or tensile stress the
0.00 0.05 0.10 0.15 0.20 Sh diffusion coefficient increases with Ge composition.

-t
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Y
N

=
©
1

-
°l

sb diffusion coefficient (cm’/s)

-t
°.
L

. . e - , IV. DISCUSSION
FIG. 6. Variation of the Sb lattice diffusion coefficients with Ge

concentration(x) in Si,_,Ge, layers grown in epitaxy on §101) The separation between the influence of chemisGg
substrates. composition and epitaxial stress allows a better analysis of
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axial pressures-0.3 (tension), 0 (relaxed, and +0.6 Gpa(com-

(@) pression.

in both semiconductors, Sb diffuses preferentially via

= vacancie$:® Moreover, at fixed temperature, the diffusion of
Sh in Ge is several orders of magnitude larger than in Si due
to a larger vacancy concentration in accordance with the

“melting point rule” which states that in closely related crys-
Si _Ge tals, point defect formation energies scale with melting
0.827 7018 temperature&’ The increase of the Sb diffusion coefficient is
- thus consistent with a vacancy mechanism and an enhance-
ment of the vacancy concentration linked to Ge addition.
This also agrees with the observed decrease of the activation
energies with the increase of Ge concentration.

-
@

-
°|
:

-
]
a
®
)

sh diffusion coefficient (cm'/s)
>

0.6 04 0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6
tension compression B. Influence of biaxial stress
P’ (GPa) '
At constant Ge concentration, the Sbh diffusion coefficient
(b) increases with biaxial compressive stress and decreases with
biaxial tensile stress. These variations can be used to quan-

FIG. 7. Variation of the Sb lattice diffusion coefficients at 700 titatively analyze the effect of a biaxial pressure on Sb dif-
(M) and 800 °C(A) with biaxial pressure itia) Sij ¢1G& g9 and (b) fusion through the activation volume\y):

Sip g 18 layers.

dG
the Sb diffusion in Si_,Ge, layers. Our results show that for AV= (@) : 2
Si/Si, _,Ge, heterostructures the observed increase in the an- T

timony diffusion coefficien{D) is due to the additive contri- whereG is the Gibbs energy of diffusiof® the pressure, and
bution of chemistry (Ge composition and compressive 1y o temperature ' '

stress. However, the amplitude of these two contributions is The subdivision of the Gibbs energy of diffusion into the

diﬁergnt, the main contributionoto the enhgncement beingrree energy of formation and migration leads to a splitting of
chemistry. For example, at 800 °C the addition of 9% Ge e activation volume according to

Siinduces a global increase of the Sb diffusion coefficient by

a factor of ~7 (Dg,ce ocomp/Dsi=6.3x10"178.6 AV=AV +AV™ 3)
X108, This factor can be subdivided in~5.65

(Dsiy 4 Gey oo relaxed Dsi=4.8X 107 17/8.6x 10" *9) for chemis- ~ whereAV' and AV™ are the formation and migration vol-
and umes of the intrinsic defect controlling diffusidhere a va-
cancy. The migration volume can be understood as the
variation of the relaxation volume during the defect motion.
Providing diffusion takes place via a single diffusion mecha-
A. Influence of chemistry (Ge composition nism, the activation volume can be obtained from the varia-

In relaxed structures and at constant biaxial pressure, thns of D as a function of the pressufte:
Sh diffusion coefficient increases with Ge composition. This
“chemical” effect is easily understood if one considers the AV=— Td InD )
Sb diffusion mechanisms in Si and Ge. It is established that dP ’

try and ~1.35 (DSio_glGeO.09 comp/DSiolglGeO.Og relaxed™ 6-3
X 107 174.8x 107 17) for compressive stress.

155415-5



A. PORTAVOCEEet al.

TABLE Il. Volume of activation at 700 and 800 °C for Sb dif-
fusion in Spo1Gey g9 @and Sj g G& 15 layers. The volume of activa-
tion is expressed in function of the atomic volur{®).

T(°C) x=0.09 x=0.18
700 -0.340 -0.770
800 -0.280 —0.510

PHYSICAL REVIEW B 69, 155415 (2004

It is also interesting to mention that in the case of Ge
self-diffusion (vacancy mechanisirunder hydrostatic pres-
sure Werneret al?®® have measuredAV'=+0.24Q at
600°C andAV"=+0.41Q at 813 °C. These values le@uas-
ing the same assumption&aV™~0) to V'~—-0.76Q at
600 °C andV'~—0.59Q at 813 °C. These variations of the
relaxation volume with temperature are similar to the one we
observed for the activation volume under biaxial pressure
(Table Il) giving additional support to the conclusion that

wherek is the Boltzmann constant. The values deduced fronthis volume includes mainly a relaxation part.

Figs. 1a) and 1b) are reported in Table II. One observes that

AV is negative. It is expected that for a vacancy
mechanisrfi’?°~?2under hydrostatic pressure, the activation
volume for Sb diffusion in Si is positive.

This negative value of the activation volume for Sb dif-

V. CONCLUSION

The use of MBE made $i,Geg;/Si;_,Gg,(001) hetero-
structures allowed us to study Sb lattice diffusion in

fusion under biaxial stress agrees with theoretical pTEdiCtionsil_xGQ( |ayers with different Ge Composition and stress

from Aziz who analyzed the thermodynamics of diffusion
under hydrostatic pressure and biaxial stfé$s.Equations
(10) and (11) of Ref. 23 show that the expression of the
activation volume under hydrostatic pressure is

AVP=Q+VI+VM, (5)
while under biaxial pressure
AVP=2/3V" + VM-V, (6)

In these expressiong) is the atomic volumg(+) for a
vacancy and —) for an interstitia], V' the relaxation vol-
ume, V™ the trace of the migration volume tensdf' (V)

its components in the direction paralleéspectively, perpen-
diculan to the direction of diffusion. If one assumes that the
volume of the defect is constant, which means that lattic
distortions are in the elastic regime, and that each directio
has a constant elasticity thaf"=0 andV|"=0 leading to
AV™=0. This is equivalent to neglect the migration part in
the activation volume. Within this approximation, and as-
suming that for a vacan&y %

V<0 and Q=|V| (7)

the activation volume is found positive for an hydrostatic
pressure

AV~ Q+ V' (8)
and negative for biaxial stress
AVP~2/3V", 9

&

states. The Sb diffusion coefficient was measured for tem-
perature ranging from 700 to 850 °C, Ge composition from 0
to 20% and biaxial pressure from0.8 (tension to 1.4 GPa
(compression

We show thai1) in relaxed layers or for constant biaxial
(tensile or compressiyeressure, the Sh lattice diffusion co-
efficient increases with Ge concentration. This is consistent
with the fact that in both semiconductors Sb diffusion is
vacancy mediated2) At constant Ge composition, the Sb
diffusion coefficient increases with compressive biaxial
stress and decreases with tensile biaxial strg3dt results
from points (1) and (2) that the enhancement of Sbh lattice
diffusion in Si,_,Ge, layers in epitaxy on $002) is due to
the cooperative effect of Ge concentration and induced com-
ressive biaxial stress. However, the first fadtciemistry
is predominant(4) The activation volume of Sb diffusion in
%il_xGex layers has been deduced from the variation of the
Sb diffusion coefficients with biaxial pressure. This volume
is negative while it is positive for diffusion under hydrostatic
pressure. The negative sign of the activation volume as well
as its absolute value and its variation with temperature con-
firm the prediction of the thermodynamic model proposed by
Aziz, namely, that under hydrostatic pressure the activation
volume is the sum of the volume of formation and relaxation
while under a biaxial stress the activation volume is reduced
to the relaxation volume. This explains why for a same dif-
fusion mechanism a biaxial compression and a hydrostatic
pressure have opposite effects on mass transport.
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