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Diffusivity of a strained heterostructure was theoretically investigated, and general diffusion
equations with strain potential were deduced. There was an additional diffusivity by the strain
potential gradient as well as by the concentration gradient. The strain-induced diffusivity was a
function of concentration, and its temperature dependence was formulated. The activation energy of
the strain-induced diffusivity was measured by high-resolution transmission electron microscopy.
This result can be generally applied for the investigation of the diffusion in strained heterostructures.
© 2000 American Institute of PhysidsS0003-695(00)02247-9

Strained Sji_,Ge /Si heterostructures have been inves-meter and by Rutherford backscattering spectroscopy. After
tigated extensively by many research groups in recent yeardeposition, the sample was annealed in dgyall tempera-

In these structures, a Si,Ge, layer is grown under com- tures from 700 to 1000 °C, for times in the range of 30 min
pressive stress between Si substrates. The strain-inducéa 6 h, using vacuum furnace. The transmission electron mi-
band offset at the heterointerface leads to the formation of aroscopy (TEM) observations were performed in a JEM
two-dimensional hole gas in the strained SiGeg, layer, and 2000 EX TEM operating at 200 kV along[410] zone axis.

a substantial enhancement of the hole mobility over that in ~ The strained SigdGey 17/Si(001) heterostructure has a
bulk silicon was observetiHowever, the prerequisite for a self-strain energy, and the energy induces an elastic defor-
high carrier mobility is atomically abrupt heterointerfaées. mation of the heteroepitaxial layer. The areal strain energy of
Therefore, the interdiffusion under thermal stress is of greathe strained layer is given By

concern.

In a Si_,Ge /Si heterostructure, the strain due to the E.—2G
lattice mismatch in the epilayer plays an important role in st
interdiffusion. In the literature, much evidence of the en- . ) ) ) )
hanced diffusion by strain in strained epilayers has beel/N€reG is a shear modulus; is a Poisson’s ratiog, is an
shown3-¢ Moreover, the surface migration by strain gradient/N-Plain strain, and, is a film thickness. However, because
in Si,_Ge, islands was also reportéd-owever, although the strain energy is the extrinsic property depending on the
many authors have reported the strain effects on the diffusiofl€Pth. it cannot be used as the driving force of the flux.

in strained heterostructures, the qualitative relation betweeh€refore, a strain potentiaig,, is defined in order to find
the strain and the diffusivity has not yet been proposed. the effect of strain on the diffusion. Strain potential means

In this letter, the theoretical model of the interdiffusion the strain energy per unit volume at an arbitrary depth of the

of a strained Si ,Ge,/Si heterostructure is proposed and afil_m, and it is an intrinsic property. The strain potential is
strain-induced diffusivity is formulated by defining a strain given by
potential gradient. The activation energy of the strain-

induced diffusivity is measured by a high-resolution trans- Mstr(Z)ZZG(
mission electron microscopy, and the experiments are con-

sisten't with the theoreticf'illy expected results. .This_ mOde!Nheres(z) is an in-plain strain at an arbitrary depth.

can give general information on the enhanced diffusion, and .0 "Fick’s first law, the flux will be linearly propor-

can be generally applied for various strained heterostrucigna to the derivative of Eq2).° Therefore, there are two
tures. _ kinds of origins for the diffusion. One is the diffusion by

A Sio 545€y.17 thin layer was grown on a 8001 wafer  cqncentration gradient, the other is by the strain potential
by reduced pressure chemical vapor deposition. The thickyagient. Because the strain in the annealed heterostructure is
ness of the layer was 56.6 nm. The composition of thenainly relaxed by interdiffusion rather than by defects, the
sample was measured by a high-resolution x-ray diffracto;g|axation by defects can be negligiBfeTherefore,s(z)
=g7C(2)/Cy, and the flux with the strain potential gradient
¥Electronic mail: yslim@hrtem.kaist.ac.kr in the heterostructure can be described as.
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FIG. 1. The calculated concentration profiles with concentration-dependent F!G- 2. The relation betweep and 7 at a constant concentration.
diffusity.
and/or that of the strain-induced diffusivity. From Ed),
dC(2) dus(2) the temperature dependency of the apparent diffusivity can
J==De—; " Puy; be described as
1+v\ [ eg 2 dC(z) 0 _Eg 0 str
=—|Dc+46G E) (C_o) D.C(D)| —,~ Daps=Dcexp 7| + Doyexp( —EAVKT)
C 0 str C
dC(2) dC(2) 0 —Ex Dgr [ —(EA—ER)
:_(DC+DStr)—dZ :_Dapp—dz , (3) —DCeX KT 1+ E.gex KT ,

wherelJ is the flux,C(z) is the concentration at a depi@y ©

is the concentration of the as-deposited lay2y, is the co- whereES" andES are the activation energy of strain-induced
efficient of the strain potential gradient, abg., Dg,, and  diffusivity and that of concentration gradient diffusivity, re-
D,pp are the concentration gradient diffusivity, the strain-spectively. Therefore, the temperature dependency of diffu-
induced diffusivity, and the apparent diffusivity in the het- sion enhancement factor can be achieved from Esand

erostructure, respectively. (5),
From Eq.(3), we can find that there is an additional sr —C
e o ; ; ; ; —(Ex—ER)
diffusivity due to the strain potential gradient. The strain- yocexp< A A ) ©)
induced diffusivity is linearly proportional to the concentra- KT

tion, and the result shows that the diffusivity in a strained
layer is not a constant. Therefore, the diffusion will be en-
hanced and we can define a diffusion enhancement fagtor,

However, because/»2=constant at a certain concentra-
tion, the activation energy of the strain-induced diffusivity
can be evaluated by

1+v| &5 D, C(2) 22 - t
Dapg=(Dc+ D) =Dc| 1+4G| 7— CoDe Co T *Deexl —(EX-EQ)/kT]=exi{ —ERTkT]. (D)
b1+ C(2) @ To measure the activation energy of strain-induced dif-
¢ Y Co )’ fusivity, the annealed §dGe, 17/Si heterostructures are ex-

amined by highresolution transmission electron microscopy

Although the diffusivity in strained heterostructures has(HRTEM). Figure 3a) is a cross-sectional HRTEM image of
been investigated by many authors, it has been treated astlee as-deposited sample. There is an abrupgdSe, 17/Si
constant in a strained lay&f/ However, our model shows interface (o) 56.6 nm from the film surface. Therefore, in-
that the diffusivity in a strained layer is not a constant, andtermixing of Si and Ge during growth can be negligible.
the error function solution for Fick's second law is not in- However, the cross-sectional HRTEM image of a sample
valid in this case. We calculated the concentration profiles byFig. 3(b)] annealed at 750 °C fa2 h shows that migrated
a numerical iterative methdd,and the calculated concentra- interface (,) is produced below the original interface. This
tion profiles are shown in Fig. 1. The concentration profilesinterface migration was also observed in other annealed
can be plotted as a function afc=2z//4Dt, and they are samples, and originated from the interdiffusion of Si and Ge
strongly dependent on the diffusion enhancement factor. atoms by thermal annealing. Because of the interdiffusion by

Figure 2 shows the relation betwegrand 7 at a con-  thermal annealing, the abrupt concentration profile at the
stant concentration obtained from Fig. 1. In Fig. n’% is  original interface in the as-deposited sample was modified
linearly proportional to the diffusion enhancement factor at aand the Ge concentration in the annealed samples decreased
constant concentration. Because the apparent diffusivity hadowly from I to I,. The annealing conditions and the
two terms, the activation energy of the apparent diffusivitycorresponding migration distances are summarized in
may not be the same as that of concentration diffusivityTable I.
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FIG. 4. The Arrhenius plot of2/t. The slope is the activation energy of the
FIG. 3. (a) Cross-sectional HRTEM micrograph of the as-deposited strain-induced diffusivity.
Sipg3e 17/Si and (b) cross-sectional HRTEM micrograph of the
Sip gdG&y.17/Si annealed at 750 °C in a dry,ldmbient for 2 hl 5 andl, are
the original interface and migrated interface, respectively. induced diffusivity at a low temperature range, and it will be

the same for the concentration gradient diffusivity at a high

The interface migration is the result of the interdiffusion temperature range. Therefore, the effect of the strain on the
of Si and Ge. Although we cannot know the exact concendiffusion phenomena in strained heterostructures is espe-
tration at the migrated interface, because the formatioially important at low temperature annealing. Furthermore,
mechanisms of the migrated interface were all the same, arifie low activation energy of the strain-induced diffusivity
because the interfaces were examined by a identical methofeasured in this experiment is the main origin of the low
it can be assumed that the concentrations at the migratedftivation energy of the apparent diffusivity in the strained
interfaces C,) are all the same in this experiment. There- SiGe/Si heterostructures reported in Refs. 5, 6, and 10.
fore, becaus€(z,,)=C, in all annealing conditions shown In conclusion, a theoretical model of the diffusion in a
in Table I, the activation energy of the strain-induced diffu- strained SiGe/Si heterostructure was proposed and a strain-
sivity can be evaluated from E7). induced diffusivity was formulated by defining a strain po-

The Arrhenius plot ofzﬁqlt is shown in Fig. 4. The slope tential gradient. A method for measuring the activation en-
shows good linearity up to 800°C, and is very consisten€rdy of the strain-induced diffusivity was proposed, and it
with the expected result from E7). In our experiments, the Was examined by high-resolution transmission electron mi-
activation energy of the strain-induced diffusivity was aboutcroscopy. Interface migration by diffusion was observed in
0.5 eV below 800 °C. However, above 800 °C, the increas@nnealed Jig{Ge, 17/Si heterostructures, and the activation
of the activation energy was observed. During the annealin§nergy of the strain-induced diffusivity was calculated from
process, an initial interdiffusion is enhanced by the presencie measured interface migration distances. The experiments
of the strain in the SiGe layer, leading to a relaxation of theVere consistent with the theoretically expected results. This
strain, which precedes a slower interdiffusion stagéere- mModel can explain the enhanced diffusion by strain effect
fore, the increase of the activation energy originated from th&/ery well, and can generally be applied to the investigation
decrease of the driving force for the strain-induced diffusionf the diffusion in various strained heterostructures.
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