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Abstract The interdiffusion in a low-strained
Sip.93Geg.07/Si epilayer was analyzed by double-crystal
X-ray diffraction. The interdiffusion was characterized
by a low diffusion barrier of 1.81 eV with a diffusion
constant of 4.3 x 107> cm?/sec, which indicates corre-
lation with the stacking fault generated by the homo-
epitaxial growth of the Si layer prior to the growth of
the strained SiGe layer. At the very low-strained layer,
the driving force causing the interdiffusion is the con-
centration gradient, and the mechanism is self-diffusion
of Si. Furthermore, the interdiffusion mechanisms were
classified into three groups, depending on the Ge mole
fraction x. For x < 0.2, the diffusion process in the
SiGe alloy is similar to a self-diffusion of Si atoms,
while, for 0.2 < x < 0.4, Ge atoms prefer to be dif-
fused out from the alloy. Finally, for x > 0.4, Si atoms
can be diffused into the alloy.

Key words SiGe heterointerface - Thermal
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Introduction

Strained SiGe/Si heterostructures are essential in device
applications using band gap engineering on Si-based
technology. Considerable achievements were reported
on electrical devices such as heterojunction bipolar
transistors (HBT) [1] and high electron mobility tran-
sistors (HEMT) [2]. For the fabrication of such kinds of
devices, band gap narrowing and band offset are uti-
lized, resulting in compositional gradient and strain at
heterointerfaces. The interfacial abruptness is one of the
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most important device factors. However, since high-
temperature annealing is included in device processes,
the thermal treatment causes strain relaxation and
forms a natural diffusion system due to a compositional
gradient across SiGe/Si interface. The intermixing alters
the interfacial properties and impairs device perfor-
mance. The strain relaxation and the interdiffusion are
closely related to each other because both are related to
the activation energy.

The interdiffusion process is very complicated and
sensitive to the quality of the samples. It even depends
on the experimental methods of sample growth and
measurement. Tracer diffusion analysis is useful for the
measurement of the diffusion constant in a relatively
high-temperature annealing process [3]. The transition
of the diffusion mechanism from interstitial to vacancy
with increasing Ge concentration was confirmed in the
case of Ge diffusion in SiGe [4]. Based on Rutherford
backscattering spectrometry (RBS), Holldnder et al. [5]
suggested that under tensile stress, interdiffusion is
correlated with the interstitial mechanism for the Si
layers on an Si/SiGe superlattice symmetrically grown
on relaxed SiGe. Cowern et al. [7] determined the local
diffusion behavior from the high-resolution depth pro-
file by secondary-ion mass spectroscopy (SIMS). They
suggested that interdiffusion in an Si-rich SiGe layer
under compressive strain is mediated by vacancy. This
shows that the interstitial pathway of interdiffusion is
favored under tensile strain or high thermal stress at
relatively high annealing temperatures, and the vacancy
pathway is dominant under compressive strain at a
relatively low annealing temperature.

Strain relaxation and interdiffusion were also inves-
tigated by photoluminescence (PL) for very thin SiGe
alloy films [6]. The PL emission energy shift induced by
post-annealing provides information on the diffusion
constant and the activation energy. The energy shift
reflects that the profile of the electrostatic potential at
the heterointerface can be modulated because of inter-
diffusion. Another useful experimental method is dou-
ble-crystal X-ray diffraction (DCXD) analysis [8—11].
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By annealing pseudomorphically strained samples at
different temperatures for various annealing times, the
diffusion constant and the activation energy can be
determined by the measurement of the integrated in-
tensity decay of DCXD peaks resulting from composi-
tion modulation. In spite of these extensive studies, the
physical mechanism for enhanced interdiffusion is still
incomplete, and systematic investigation is urgently
required.

In this work, the interdiffusion process was in-
vestigated by DCXD measurement in a very Si-rich
Si;_ (Ge, alloy with a Ge mole fraction of x = 0.07.
The relationship between interdiffusion and strain re-
laxation was discussed on the basis of the interpretation
of scattered X-ray intensity and the full width at half
maximum (FWHM). The normalized X-ray intensity
was implemented in order to estimate the activation
energy in the diffusion process. The quality of the
sample was evaluated by high-resolution transmission
electron microscope (HRTEM). Finally, from available
experimental results, the nature of the interdiffusion
mechanism was discussed.

Experimental method

The undoped and low-strained Sij 93Ge 7 epitaxial layers having
2000 A thickness were grown on Si(001) by solid-source molecu-
lar-beam epitaxy (MBE) at 730 °C after homoepitaxial growth of
an Si layer with the thickness of 2000 A using a temperature
gradient from 950 to 730 °C. This growth temperature gives two-
dimensional planar growth of the strained layer for x = 0.07 [12]
and is high enough to remove point defects. It is useful to note that
the plasticity temperature for bulk silicon is 600 °C [13], which
implies that the homoepitaxial growth at the high temperature
may cause built-in thermal relaxation of the growth fault and in-
troduce localized dislocations rather than point defects. The
strained layer is thermodynamically metastable and is fairly mar-
ginal to the critical thickness of the epilayer according to the
theory of Kim and Lee [14].

The morphology of an as-grown film was investigated by an
HRTEM (H9000-NAR) at 300 kV with a point resolution of
1.8 A. The samples were also annealed in the temperature range of
750-900 °C in dry ambient nitrogen in a quartz tube. The DCXD
measurements were made using Cu K, radiation, and the dif-
fraction peak was observed on the symmetric (004) Bragg reflec-
tion plane. The integrated intensity decays of the X-ray peak were
determined for the annealed samples at different temperatures for
different amounts of time. The integrated DCXD intensity was
then normalized based on the weight of each piece so as to elim-
inate variations due to the sample size. The normalized intensities
were fitted in order to obtain the activation energy and the diffu-
sion constant.

Results and discussion

Figure 1 shows the typical DCXD rocking curves for
the symmetric (004) Bragg reflection plane using Cu K
radiation on samples annealed for 5 min. The as-grown
sample shows the well-defined thickness fringes from
the abrupt interface. On increasing the annealing tem-
perature, the fringes faded out gradually and disap-
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Fig. 1 DCXD intensities on the strained sample of Sig93Geg g7/Si
interface. The as-grown sample shows clear fringes near the SiGe
peak. On increasing the annealing temperature, the fringes are
smeared out due to interdiffusion at the strained interface. At a
temperature of 800 °C the DCXD peak of the SiGe (004) plane
obviously shifts to the higher angle, indicating the increase of Ge
concentration

peared completely in the samples annealed over 850 °C,
indicating the broadened interfacial layer due to inter-
diffusion. The DCXD peak position of the Sig93Geq o7
(004) plane slightly shifts to the increased Ge compo-
sition at a high annealing temperature (800 °C). This
indicates that a high temperature is associated with the
interdiffusion related to the strain relaxation which
causes the change of Ge mole fraction. Interdiffusion
without any severe strain relaxation was also confirmed
from the DCXD measurement for the (115) asymmetric
reflection plane, which gives consistent results.

Figure 2 shows the decay of the integrated intensity
of the X-ray diffraction as a function of the annealing
time. On lowering the temperature, the decay rate of the
intensity is increased in the early stage of annealing and
then gradually becomes saturated for the further pro-
cess. For the sample annealed at 900 °C, however, the
prolonged annealing shows a jump with the elevated
intensity. This may indicate that the structural change
at the SiGe/Si interface has happened. The degradation
of the interface gives the large value of the FWHM,
while the intensity decreases.

Figure 3 shows the intensity as a function of the
FWHM. The normalized intensity decreases in the early
stage of annealing (STAGE 1) and then the intensity is
not decreased any more with increasing FWHM
(STAGE 2). Since the generation of dislocations makes
many reflection planes, the integrated intensity in-
creases while the FWHM is broadened by inhomoge-
neity [16]. The sample annealed for a long time at a
temperature of 900 °C provides the very broad FWHM
extended into STAGE 2. This indicates that the hidden
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Fig. 2 The normalized intensity of DCXD with respect to the
annealing time. On increasing the annealing time, overall intensities
decay because of the interdiffusion process. For the prolonged
annealing process at the high temperature of 900 °C, the intensity is
enhanced because of film degradation due to introduction of the
dislocation effect

stacking faults are related to this phenomenon and ac-
tivated by the thermal energy. The activation energy
required for the dislocation-enhanced diffusion process
is about 2.0 eV [15].

The X-ray intensity is affected by several factors such
as polarization, structure, Lorentz multiplicity, ab-
sorption, and temperature [16, 17]. After annealing, Si
and Ge interdiffuse across the interface. The interdif-
fusion changes the structural factor and affects the
diffracted beam intensity. The change of the structural
factor is expressed in terms of the atomic form factors
of Si and Ge atoms and the changed mole fraction of
Ge at the interface. The change of the mole fraction is
correlated with the changed Ge concentration causing
the Ge diffusion due to the annealing effect.

The integrated DCXD intensity [/(¢)] of the first-or-
der satellite as a function of annealing time for different
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Fig. 3 The normalized DCXD intensity as a function of the
FWHM, showing two stages: the strain-related interdiffusion
(STAGE 1) and the dislocation-enhanced interdiffusion (STAGE 2)
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temperatures was normalized by the integrated intensity
of the as-grown sample (/). The relative X-ray intensity
of the annealed sample to that of the as-grown sample is
expressed by the relationships of the solid-state diffu-
sion process [17, 18]:

()40

D(T) = D() €Xp(—EA/kBT) (2)

32 e
[Fol T — exp(—porr)

Fy = 8{(1 —x)fsi + xfGe} (4)

where Fj is the structural factor on the as-grown sample
with respect to the (004) reflection plane, pu the mass
absorption coefficient of the epilayer, o = si;ﬁ‘ﬁf/
the angle between the epilayer and the incident beam, f
the angle between the epilayer and the diffracted light
beam, fsi(fge) atomic form factors for Si(Ge), t the
thickness of the epilayer, and 7 the annealing time. This
formula is applicable for the single-layered film under
the condition that the thickness of film is large enough
to be comparable with the diffusion length localized
around the interface. Note that the decay of the inten-
sity is related to the explicit function of the annealing
time instead of the periodicity in the multilayered
film [9].

The diffusivity in SiGe can be evaluated in the above
expression of the Arrhenius form. As shown in Fig. 4, a
diffusion constant and an activation energy are ob-
tained with the values Dy, = 4.3 x 107 cm?/sec and
E, = 1.81 £ 0.20 eV, respectively. This activation
energy for the diffusion process is lower than that of the
dislocation formation energy (from the strain relaxation
of 2.0 eV) [15]. However, it is valuable to note that the
self-diffusion of Si requires an activation energy of
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Fig. 4 The Arrhenius plot of the diffusivity, indicating an activation
energy of 1.81 eV for x = 0.07. The diffusion constant
Dy = 43x107° cmz/sec was found
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1.86 ¢V through the interstitial channel without the
dislocation effect [4, 19].

From available literature, the activation energies for
various Ge mole fraction x are shown in Fig. 5. Of
course, exact comparability is not possible because of
different growth conditions, but useful information on
the relationship between the diffusion barrier and the
strain is provided. The mechanism of interdiffusion is
categorized into three groups: self-diffusion of Si
(Group I), Ge diffusion in Si-rich SiGe (Group II), and
Si diffusion into Ge-rich SiGe alloys (Group III). Most
of the values in Group I, for a Ge mole fraction
x < 0.2, are slightly greater than those for the self-
diffusion of Si, where an activation energy of 1.86 eV is
required [19]. The value lower than the self-diffusion
energy indicates the dislocation-loop-enhanced diffu-
sion process [15, 21]. The driving force of the interdif-
fusion in Group I is mainly the concentration gradient,
partially perturbed by a small strain effect.

Group Il is located in the range 0.2 < x < 0.4, and
the process requires a large activation energy similar to
that of Ge diffusion in Si. The activation energy for Ge
diffusion in SiGe is close to the activation energy of 4.0—
53eVI[4,9, 10,22, 23] required for Ge diffusion in Si. It
is valuable to note that Ge diffusion in Si shows a
transition from vacancy-mediated diffusion with an
activation energy of 4.1 eV at temperatures below
1050 °C to interstitial-mediated diffusion with an ener-
gy of 5.3 eV at temperatures above 1100 °C [24] and the
mixed phase of substitutional-interstitial interchange
and vacancy mechanisms at intermediate temperatures
[10, 23]. Cowern et al. [7] suggested that in the range of
the Ge mole fraction 0.1 < x < 0.3 and below the
temperature of 1050 °C, Ge diffusion in SiGe alloy is
dictated by vacancy-dominant diffusion kinetics with
activation energy increasing linearly with Ge composi-
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Fig. 5 The activation energy in terms of the Ge mole fraction. The
energy is classified into three groups: self-diffusion of Si below
x = 0.2 driven by the concentration gradient (Group I), Ge diffusion
from SiGe in the range of x = 0.2-0.4 mediated by the vacancy
under compressive stress (Group II), and Si diffusion into SiGe alloys
above x = 0.4 (Group III)

tion, Egig[Ge] = Es[Ge] + 1.68x. However, as illus-
trated in Fig. 5, the diffusion kinetics are not simple,
because the diffusing species depends on the mole
fraction of SiGe alloys according to the minimization of
the energy of the systems.

In Group III, where x > 0.4, the Si atom as the
diffusing species with the lower activation energy is
preferred to the Ge atom to be diffused. This conjecture
may be demonstrated by atomistic energy calculations
on the diffusion system. However, it is obvious that the
activation energy for the Si diffusion into SiGe is larger
than 3 eV [3, 4, 9], which is the energy required for Si
diffusion in unstressed Ge. Under a strong compressive
misfit stress, the formation of the interstitial defect,
which is related to the outward breathing of lattice re-
laxation, is strongly suppressed [25]. Therefore, the in-
terdiffusion process is enhanced by vacancy formation
by inward breathing of lattice relaxation for the Si
diffusion into Ge-rich SiGe alloys.

In addition to the strain effect perturbed by point-
defect formation, the dislocation-loop formation is
sometimes correlated with the strain relaxation and
severely affects the interdiffusion kinetics, which are
also closely related to the annealing temperature. In
order to understand the quality of the as-grown sample
of Sip 93Geg ¢7/Si epilayer, the TEM image was obtained
(Fig. 6). The morphology of the MBE-grown epilayer
includes spots of dislocation with a size of 300 A at the
homoepitaxial Si layer. The spot is overlaid by diffrac-
tion contrast arising from the strain field of the crystal
defect. The homoepitaxial layer of Si was grown on the
Si surface with RCA cleaning (H,SO,4 for organic ma-
terials and HF : H,O, = 1 : 4 for the native oxide
layer) and baking that native oxide layer at 950 °C. The
Si layer was grown atomic layer by atomic layer with a
growth rate of 1 A/sec up to 1000 A in MBE by low-
ering the growth temperature from 950 to 730 °C. The
temperature was then fixed at 730 °C both for the last Si
layer (1000-A thick) and for the SiGe layer (2000-A
thick). Although there is no strain energy in homoepi-
taxy, the thermal gradient induces thermal instability,
causing the crystal defect.

The defect consists of extrinsic stacking faults bound
by partial dislocations at their ends (A, B, C, and D)
taken in the HRTEM mode with [110] zone axis as
shown in Fig. 6b. The HRTEM image of a (111) ori-
ented Si crystal contained an L-shaped extended dipole
generated by the interaction of split dislocations. The
partial dislocations directed to (111), (100), and (111),
and steps in the direction of (111) with the angle of
11.2° were observed. The one- or two-monolayer steps
are separated by the increased intervals of 3—15 mono-
layers in the growth direction. This can be explained by
the step model of Schwoebel and Shipsey [20], accord-
ing to which the activation energy of diffusion for an Si
atom jumping over the edge of a step from the terrace
above is higher than that for jumping into the step from
a site in front of the step on the same level. They have
shown that this step model leads to an array of equally



Fig. 6 a TEM image on the as-grown Si93Gego7/Si layer and
b HRTEM image on one of the spots shown in a. The 300-A-sized
spots are mainly distributed on the homoepitaxial Si layer of 2000 A
and a few spots are also found in the interface. The pre-existing
stacking fault is bound by partial dislocations directed to (001),
(111), and (111)

spaced steps. However, the TEM image shows that the
steps at the bottom propagate faster due to the gradient
of the growth temperature of the Si layer. In the early
stage of annealing, stacking faults at the interface lower
the diffusion barrier slightly. However, prolonged an-
nealing causes strongly enhanced interdiffusion because
of the correlation with the dislocation effect.

Conclusions

In summary, the interdiffusion process was investigated
for a low-strained interface by X-ray diffraction, and
the structural morphology of the strained film was in-
vestigated by TEM. Most dislocations are distributed
on the homoepitaxial layer because of the gradient of
the growth temperature which varied from 950 to
730 °C. Few localized dislocations were found at the
interface of the SiGe epilayer. From the DCXD analysis
for the MBE-grown Sij ¢3Geg o7 alloy on the Si layer,
the diffusion constant and the activation energy were

225

found to be of 4.3 x 107 cm?/sec and 1.81 + 0.20 eV,
respectively. The low strain component does not have
much effect on the interdiffusion process, but the small
distribution of stacking faults at the interface lowers the
diffusion barrier.

In the very low-strained system, the driving force on
the interdiffusion is the concentration gradient, and the
process is similar to the self-diffusion of Si by the in-
terstitial route. This group extends up to x = 0.2, with
an activation energy of about 1.8-2.3 eV. Under con-
siderable compressive strain, for the range of Ge com-
position 0.2 < x < 0.4, the interdiffusion follows the
pathway of the Ge diffusion in the Si-rich SiGe alloy by
mediating the vacancy defect for the experimental data
performed below a temperature of 1000 °C. The acti-
vation energy for this second group is leveled to a value
of 4-5 eV. For interdiffusion in the Ge-rich SiGe alloy
where x > 0.4, under high compressive strain, the dif-
fusion species changes to Si atoms. The interdiffusion
process in this third group requires an activation energy
of 3—4 eV. In conclusion the interdiffusion mechanism
depends on the strain effect in terms of Ge mole com-
position. However more study, based on atomistic cal-
culations, is desirable to support the Si diffusion process
into the Ge-rich SiGe alloy.
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