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Superlattices (SL s) composed of thin Si and Ge layers (Si»Ge», Si»Ge9) have been implanted with

As, Ge, and Ga ions with doses ranging from 1 X 10" to 1 X 10' ions cm, and thermally annealed at
600 C for 30 min. The disordering and the intermixing of these SL s have been studied by the Raman-
scattering technique and model calculations. The damage created by ion implantation has been estimat-
ed using TRIM simulations and a model. We found that when a thin symmetric Si»Ge» SL was rendered
amorphous by ion implantation at high doses 5 X 10' ions cm, a mixed Sio &Geo 5 material was pro-
duced by thermal annealing, but the crystalline structure of the asymmetric Si»Ge9 SL equally disor-
dered and annealed returns to a different SL structure with very little intermixing between the layers.
Using a kinetic model, we calculated the interdiffusion coefficients and it was found that the recrystalli-
zation of the Ge layer is a fast process but that of the Si one is slow with respect to the time needed for
intermixing. As a result, Ge diffuses mainly in disordered Si layers and Si in ordered Ge layers. In order
to explain our experimental results, we equate the diffusion of Si into crystalline Ge to that of Ge into
amorphous Si to minimize the effect of interlayer stress. Model calculations explain the difference in
behavior between the two types of SL's, and are in good agreement with the Raman data.

I. INTRODUCTION

The ability to alter locally the electronic and optical
properties of superlattices (SL's) has been used for band-
gap engineering with significant applications in optoelec-
tronic device technology. ' Impurity-induced disorder-
ing of heterostructures and SL's has been induced by the
diffusion of active impurities. ' It has been demonstrat-
ed that the implantation of Si into GaAs/A1As SL's
creates mixing at depths larger than four times the pro-
jected range, while in the region of maximum implanta-
tion damage, mixing is inhibited due to dislocation
loops.

In GaAs/A1As SL s, the diffusion of Si is highly corre-
lated with the displacement of Al. The diffusion of
dopant impurities in GaAs/Ga& Al„As SL's has been
explained using a kick-out mechanism in which intersti-
tial Ga++ governs the Ga self-diffusion.

The picture for III-V SL's and quantum wells is that
implantation damage alone followed by thermal anneal-
ing is sufhcient for layer intermixing, but the dopant-
induced intermixing is a completely different process,
where the dopant impurities ensure a faster disordering
of the layered structure.

Thin Si Ge„strained-layer superlattices (SLS's) have
recently attracted considerable interest because of the
possibility to obtain a quasidirect band gap. ' '" Support
for a direct band-gap material has been given by various
authors, ' ' but this claim has been questioned; different
possibilities for a faulty interpretation exist: incorrect in-
terpretation of photoluminescence spectra due to the role

of band-edge luminescence, ' and impurities or point de-
fects inherited from low-temperature epitaxy. ' ' The
stability of these highly strained SL s has become an im-
portant issue, and the diffusion between Si and Ge has
been widely studied as a function of thermal treat-
ment. '

It is then of interest to study the intermixing process in
the simplest possible SL structure or heterostructures. In
this paper, we shall study the kinetics of the intermixing
processes of Si/Ge SL's which are damaged by ion im-
plantation and thermally annealed. We have already
shown that the nature of the implanted ion does not
influence significantly the intermixing process. ' Thus
here we only report on As-implanted samples.

The kinetics of processes caused by ion bombardment
and thermal annealing in SL's composed of very thin lay-
ers differ substantially from their counterparts in thick-
film structures. One of the main causes of these
differences is associated with the fact that low-energy
recoils and diffusing atoms of one kind (Si atoms) need to
pass small distances of a few interatomic spacings to ap-
pear in neighboring layers composed of another type of
particles (Ge atoms). Another difference results from the
stress which exists between adjacent layers. These factors
lead to (a) a marked intermixing in the thin-layer SL s
during the implantation process, and (b) a considerable
intermixing caused by thermal annealing during relative-
ly short-time intervals (30 min) at moderate temperatures
(600'C). The above facts are confirmed by our experi-
mental studies and by TRIM computer cascade simula-
tions and model calculations. The paper is organized as
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Az & =6hd
2

or
tQ 'Adhz' ~ = 10hd and Az" ~ =5hd

2
(3)

to appear in the neighboring Ge (or Si) layers of different
compositions, in Si,2Ge, z and Si»Ge9 SL s, respectively.
Hence one can see that "stopping length" l of the Si and
Ge recoils is of the order of the distances b,z (or b,z' or
b,z"). This leads to the substantial intermixing in the
Si Ge„SL s during ion implantation which is found in
our TRIM calculations. It should be pointed out that
these calculations do not take into account some dynamic
efFects such as atomic diffusion and short-lived hot spots
induced by the ion bombardment, which can inhuence
the degree of intermixing and disordering in the SL's
composed of thin layers. Among the disregarded effects,
we can point out the following.

(i) The ion bombardment generates interstitial atoms
which have rather high diffusion coefficients D, even at
room temperature due to low activation energies
AE, . In the system of thin layers, the mean free
path k; =(N, o ) of the interstitials with respect to their
recombination with vacancies (of concentration per
cm N, ) is comparable to or larger than b, ls, or h, lG, [Eq.
(1)], where cr is the recombination cross section. As a re-
sult, interstitial Si (or Ge) atoms can penetrate deeply
into neighboring Ge (or Si) layers.

(ii) A high concentration of vacancies created by ion
bombardment can enhance considerably the
diffusion coefficient as shown in Refs. 27 and 28, in con-
nection with crystallization and diffusion in a-Si. These
processes promote intermixing in the Si Ge„SL s during
ion implantation. One can expect that intermixing in Ge
layers should be larger than that in Si layers since the ac-
tivation energy for Si difFusion in « is substantially
lower than the activation energy for diffusion of Ge in Si.

(iii) Ion bombardment produces a nonequilibrium con-

terface to about 0.4% (or 0.75%) in the middle of the Ge
layers in the symmetric (or asymmetric) SL. The concen-
tration of Ge atoms in the Si layers decreases from about
2% (or 4%) at the Ge-Si interface down to about 0.12%
(or 0.18%) in the middle of the Si layers.

Thus the TRIM calculations show significant intermix-
ing inside the Ge layers and a lower degree of intermixing
in the Si layers caused by ion bombardment in both SL's.
The substantial degree of intermixing caused by ion im-
plantation in Si Ge„SL's is promoted by a very small
thickness of the SL layers which are defined by

Alo, =nod .

Here hd is the thickness of the atomic monolayer,
m =n =12 in the symmetrical case and m'=19 and
n'=9 in the asymmetrical case. The ion bombardment
creates a large number of Si and Ge recoils of relatively
small energy, each having a "stopping length" of one or a
few interatomic distances d. At the same time, the low-
energy Si (or Ge) recoil atoms should pass distances

centration of excited and mobile carriers. The interac-
tion of these carriers with diffusing atoms enhances sub-
stantially the diffusion coefficient at low tempera-
t 27 —30

The processes mentioned above can highly increase the
degree of intermixing obtained from the TRIM calcula-
tions up to values not low compared to the maximum
concentration of Si (or Ge) recoils in the Si (or Ge) layers.
Thus one can expect that under favorable conditions (see
below), the degree of intermixing during ion implantation
can reach values of about 5 —10 % for the dose = 5 X 10'
ions cm . In particular, fast-diff'using Si (or Ge) intersti-
tials can contribute substantially to intermixing when the
following condition is satisfied:

~~s
I,; =(N, o)'). Al~,

or
2

III. EXPERIMENTAL RESULTS

Molecular-beam epitaxy of Si Ge& „buffer layers and
Si Ge„SL films was performed in a Balzers ultrahigh
vacuum (UHV) unit, UMS 500. The [001] Si wafers were
chemically precleaned and deoxided in UHV at high tem-
perature. The substrate temperature during growth was
held at 350'C. The (Si,2Ge, 2)33 SL with an upper Si cap-
ping layer 490 A thick, was grown on a 200-A-thick
Sio36Geo44 buff'er layer. ' The (Si,9Ge9)3Q SL with a
170-A Si capping layer was grown on a 1200-A-thick
»o 7o«o. 3o bufFer layer. '

The symmetric SL (Si,2Ge, 3) has been implanted with
As, Ga, and Ge ions with doses between 1X10' and
1X10' ionscm . A thermal treatment at T, =600bC
during t, =30 min in vacuum was carried out to reduce
the damage created during ion implantation and to inter-
mix the Si and Ge layers. The Raman measurements
were performed at room temperature in the backscatter-

b

ing geometry, using the 4579-, 4880-, and 5145-A lines of
an Ar+ laser, where the first laser wavelength has a rela-
tively small penetration depth and probes the upper lay-
ers of the SL structure and its capping layer. With the
5145-A wavelength, the laser light penetrates through the
capping layer, through the entire SL, and reaches the Si
substrate. The 4880-A wavelength on the other hand, an-
alyzes mainly the depth where the SL's Si-Ge layers are
located, as seen in Fig. 3. The arrows show the depth
where the laser is reduced to 0.3 of its initial penetrating
intensity. The laser light power was 200 mW, focused on

The better this condition is satisfied, the larger a degree
of intermixing one can expect. For the asymmetrical case
when b, ls; =26,lo, and A, ;=25 A (for N„=10% N and
o = 10 ' cm ), one can expect larger intermixing of Si
in the Ge layers than of Ge atoms in the Si layers. Faster
diffusion of Si atoms in Ge (compared to that of Ge in Si)
also favors larger intermixing of Si in the Ge layers both
in the symmetrical and asymmetrical cases.

At doses of 5X10' ionscm, the disordering and
amorphization in the Si and Ge layers do not differ sub-
stantially in both SL's. Raman spectroscopy studies of
the SL's after the implantation (but before annealing)
confirm the conclusions mentioned above.
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a spot of about 200 pm . Scattered light was analyzed
with a Spex 1403 double spectrometer. The distribution
of the damage produced by the implanted ions is also
shown in Fig. 3. The laser penetration depth can be es-
timated by

I =ID(1—R) exp( —2yd),

(6)

where / is the scattered intensity and Io is the laser inten-
sity. R is the reAectivity. y defines the attenuation of the
laser in the direction of the wave propagation. k is the
imaginary part of the complex refractive index:
N =n —ik, and depends on the laser frequency; ko is the
wavelength of the laser in free space. The extinction
coefficient k of Si and Ge for various wavelengths of the
laser is obtained from the literature.

In Ref. 21, some of our results were reported. We
showed that the damage created by the ion implantation
of the heavy atoms As, Ge, and Ga was important when
the implantation dose (ID) is greater than 10' ions cm
The SL's become amorphous (no crystalline Raman line)
when the ID of As~2X10' ionscm . After thermal
annealing at 600 C for 30 min, the crystalline structure
of the damaged SL is restored. After annealing, the Ra-
man spectrum of the original unimplanted SL is similar

o+ og og
u". 0

00
OC

to that obtained before annealing, because the activation
energy of Si and Ge in the Ge and Si layers, respectively,
is high in the absence of defects (see Table I). In Fig. 4(a),
we see the typical four-mode spectrum of the unimplant-
ed and annealed SL, with the Ge-Ge, Ge-Si, and Si-Si vi-
brations of the SL layers and the Si-Si vibration of the
substrate (306, 405, 505, and 520 cm ', respectively). A
comparison between these frequencies and the Ge and Si
bulk ones (300 and 520 cm ', respectively) shows down-
ward and upward shifts of the Si-Si and Ge-Ge peaks, re-
spectively, which are due to the presence of tensile and
compressive strains in the single Si and Ge layers, respec-
tively, of the SL. In Figs. 4(b) —4(e), we show the Raman
spectra excited by the 5145-A laser line of the samples
implanted with As doses ranging from 10' to 10'
ions/cm after annealing.

After implantation and annealing, two processes can
occur.

(i) The release of the strain which results in a down-
ward shift of the Ge-Ge frequency and in an upward shift
of the Si-Si one.

(ii) Intermixing between the Si and Ge layers which is
characterized by (a) a downward shift of the Ge-Ge fre-
quency ~ 300 cm '. (b) The Raman intensity ratio
I(Ge-Ge)/I(Si-Si) tends toward l. (c) A downward shift
of the Si-Si frequency (as opposed to the upward shift
which results from strain release).

After thermal annealing, and when the implantation
dose is lower than 2X 10' ions cm, i.e., as long as the
implanted SL retains some trace of crystalline structure,
the dominant factors are the following.

(i) A downward shift of the Ge-Ge frequency due to a
release of strain between adjacent layers (the frequencies
are above 300 cm ').

(ii) A relative increase of the Si-Ge intensity with
respect to the Ge-Ge one which shows that some inter-
mixing between the layers takes place.

(iii) The Si-Si peak is broadened and not well defined
by the appearance of the Raman peaks characteristic of
the Si-Si vibrations in the Si and Ge layers. This will be
discussed below in more detail.

We want to point out that, after implantation and re-
crystallization, the absorption coefficient of the SL de-
creases when the ID increases, because the structure of

TABLE I. Diffusion constants for diffusion of Si and Ge into
crystallized (c) and amorphous (a) structures.

Laser
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Ref.
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FIG. 3. The five-period superlattice structure and the spatial
distribution of the damage caused by ion implantation, obtained
from TRIM calculations with different laser wavelength penetra-
tion depths.
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peaks merge into a broad band when ID ~ 5 X 10'
ions cm . The broad Raman peak centered around 490
cm ' [Figs. 5(c) and 5(d)] is the broadened frequency of
the Si-Si vibration in the Si„Ge& layer. This broaden-
ing is the result of the gradient of the Si concentration in-
side the pure ex-Ge layers. When the dose is ~ 5X10'
ionscm, the layers are well mixed and we get a well-
defined narrow Si-Si peak at 493 cm, characteristic of
polycrystalline Sio 5Geo ~, seen in Figs. 5(e) and 5(f). We
want to emphasize that gradients of x and y take place in
both mixed layers. At the interface their values are close
to those of the mixed monoatomic layer, and they de-
crease toward the middle of the layer. The thinning of
the Si Ge, layers with respect to the Si„Ge, can be
seen in Figs. 5(b) —5(d). The intensity ratio between the
Si-Si vibrations of the two layers decreases with the em-
erging of a strong Si-Si vibration of the Si Ge& „ layers.
Figure 6 summarizes our view on the evolution of the in-
termixing process as a function of ID. This figure is a
schematic diagram which explains the structure
difFerences between the ex-Si and the ex-Ge layers as a
function of ID after thermal annealing in the symmetric
SL. Figure 6(a) shows the SL before implantation. For
implantation at low ID followed by thermal annealing,
the layers are partially mixed with ( I —y) (x [Fig. 6(b)].
In Fig. 6(c), we see the mixed crystal when the

(a)

0.9

0.6

~ I 0.3

0.0
0 1 2 3

IMPLANTATION DOSE (10 atoms/cm )

Ge-Ge

SL Sl, gGe

Before Annealing

Laser 5145A

FIG. 7. The intensity ratio between the Si-Si Raman peaks
originated in the Si GeI „and Si~ Gel ~ layers in the sym-
metric Si»Ge» SL as a function of implantation dose.

si Ge si Ge
Si-Si

(b)

Si„Ge~ „ Si Ge, Si„GeI „ Si Ge~

(c)

(d3 5x10

Slp 5Gep. 5

150 300 450 600
FIG. 6. The intermixing process in the symmetric Si»Ge»

SL. (a) The unimplanted sample; (b) intermixing of the layers
after the implantation with the lower doses of 1 X 10' —3 X 10'
ions cm, followed by an annealing process where
(1—y) &x &0.5; and {c) the complete intermixing of the sym-
metric sample after the implantation with the higher doses of
5 X 10' —1 X 10'" ions cm and annealing, where x =y =0.5.

RAMAN SHIFT (cm ')

FIG. 8. Raman spectra of Sil9Ge9, before annealing and be-
fore implantation with dose of (a) as grown, (b) 1X10', (c)
2 X 10', and (d) 5 X 10' As ions cm . The incident laser wave-
length was 5145 A.
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ID~5X10' ionscm
In Fig. 7, we plot the intensity ratio between the Si-Si

vibrations of Si Ge& and Si Ge& as a function of ID,
which measures the degree of intermixing. The Si-Si vi-
bration in Si„Gei „arises when ID = 1 X 10' ions cm
and the two peaks cannot be distinguished when
ID & 3X10 ionscm

Figures 8 and 9 show the Raman spectra of the asym-
metric Si»Ge9 SL excited by a 5145-A laser line before
and after the annealing, respectively, as a function of the
implantation dose. Figure 8(a) shows the original SL's
spectrum with the Ge and Si vibrations of 307, 409, 511,
and 520 cm '. The difference between the two samples is
a change in the frequencies of the Ge-Ge and Si-Si peaks,
which depend on the strains in the layers. The thick
buffer layer is essentially relaxed, so the strain on Ge and
Si layers e&, and es; can be calculated. They are —1.45%
and + 1.9%, respectively, for the Si,zGe, z SL, and
—1.7% and +1.17%, respectively, for the Si»Ge9 SL.
The Ge layers are more strained in the Si»Ge9 than in
the Si»Ge, 2 sample. The opposite is true for the Si lay-
ers.

Before annealing, the results are very similar to those
obtained with the symmetrical Si&2Ge]2 SL. When the
implantation dose is higher than 2X 10' ions cm, the
structure is destroyed and amorphization takes place
[Figs. 8(b) —8(d)j. The unimplanted Si»Ge9 SL is not
affected by the annealing of T, =600 C during t, =30
min. The implanted and annealed samples are almost not
affected by the implantation; a little strain release and in-
termixing of the Ge and Si layers can be observed, as one
can see in Figs. 9(b)—9(d). The peaks are located at 304,
413, 513, and 520 cm ', their frequencies do not depend
on the implantation dose. Intermixing in the Si&9Ge9
sample can only be reached when the annealing condi-
tions are much more drastic. When the annealing at
T =600 C for 3—,

' h is followed by an annealing at
T =710 C for 30 min, we get a Sip 5Gep ~ mixed crystal in
the Ge layers and a thinner and more strained Si layer
whose frequency is 510 cm '. When the symmetric and
asymmetric SL's have been implanted with Ga or Ge,
which have the same mass as As, but not the same
valence, the same experimental results have been ob-
tained for the same implantation doses. A kinetic model
of the intermixing in Si,2Ge, 2 and Si»Ge9 SL s is con-
sidered in Sec. IV.

Ge-Ge

19 9

After Annealing

T = 600C

Laser 5145A

IV. REORDERING AND DIFFUSION PROCESS
DURING THERMAL ANNEALING

After implantation, the SL is damaged or even ren-
dered amorphous when the ID is high enough. In addi-
tion, there is an interpenetration of Si and Ge atoms into
the Ge and Si layers, respectively, which results in a par-
tial inhomogeneous intermixing and in a release of stress
between the Si and Ge layers. As a result, the annealing
process in an implanted SL occurs in a material very
different from the one before implantation. The first
question to be asked is: does the intermixing take place
in the damaged or amorphous medium or in the crystal-
line one? We shall then first calculate the time needed for
recrystallization to take place. We shall compare the
characteristic time of the reordering process with the an-
nealing time, and then study the diffusion of Si (Ge) into
the Ge (Si) layers in the symmetric Si&zGe&2 SL and the
asymmetric Si»Ge9 SL.

A. Fast ordering of the disordered Ge layers

150 300 450 600

RAMAN SHIFT (cm ')

FICx. 9. Raman spectra of Si,2Ge&2 after As implantation and
thermal annealing at 600'C for 30 min with dose of (a) as
grown, (b) 1 X 10', (c) 2 X 10', and (d) 5 X 10' As ions cm
The incident laser wavelength was 5145 A.

~+R Ge
+R~e +pRGe exp kT (7)

We shaH follow the approach suggested for the re-
crystallization of amorphous Si in Ref. 28. We have to
distinguish between the recrystaHization process in the
disordered Ge and Si layers, which are governed by
different activation energies and preexponential factors in
the Arrhenius equation. The recrystallization of the Ge
(Si) layers will be achieved when each atom makes a few
diffusionlike jumps over energy barriers starting from its
initial position to a new position in the media. The re-
crystallization rate coeKcient is described by the Ar-
rhenius equation:
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which determines the frequency of ordering jumps of the
same Ge atom during the thermal annealing. EoRG, is
the preexponential factor, AERG, is the activation energy
of the process, k is the Boltzmann constant, and T =873
K is the annealing temperature. The mean time between
the two successive ordering jumps of the same Ge atom
can be written

—I
tRGe=KRGe —

tORGe eXP (8)

which is linked to tRG, by the following relations:

where to+« =To~«. An estimate of tz«(or Kz«) can
—1

be obtained from the self-diffusion coefficient of the Ge or
Si atoms in the amorphous Ge:

r

~ER Ge
DR Ge DOR Ge exp

when we take into consideration the parameters for self-
diffusion of Si in amorphous Si (see Table I). The upper
limit, for self-diffusion of Si in crystalline Si, is
tRS;" =—2.5X10 s —= 8 yr and tRS;"—=40 yr, much larger
than our annealing time of t, =-30 min.

These estimates show that the ordering in the disor-
dered Si layer is slowed down by the rapid increase of the
activation energy in the more ordered Si layer. Therefore
interdiffusion of Ge atoms into the neighboring Si layers
takes place mainly in a disordered material, contrary to
what happens in the diffusion of Si atoms in the ordered
Ge layer.

The effective activation energy AEG, of the
interdiffusion of Ge atoms into the Si layer can be es-
timated from the following condition: During the experi-
mental annealing time of t, =0.5 h, the material in the Si
layer is ordered in part. Accordingly, the activation en-
ergy b,E~s; for self-diffusion (and ordering) satisfies the
following condition:

p
RGe

Ge
with toRG, ——— p

OR Ge
(10)

Rsi 5tRsi 0 5 h= 1800 s,
0

where p—=d =2.5 A is the average length of the atomic
diffusion jump. The crystallization time tRG, —=ndtRG,
takes into account the fact that every Ge atom of the lay-
er, experiences, on the average, nd "ordering" jumps dur-
ing t„G,. For a rough estimate, we assume that nd =5
and tRG, =—5tRG, . The values of Do or AE for self-
diffusion and interdiffusion of Ge and Si atoms in amor-
phous or crystalline Ge and Si materials are listed in
Table I.

To calculate tRG, and tRG„one should take into ac-
count the variation of AERG„DoG„and toRG, in time,
corresponding to the structural changes during the re-
crystallization. However, this evolution of the diffusion
parameters is unknown. That is why we limit ourselves
to the calculation of the lower and upper time limits of
tRG, for values of AERG, and DRoG, close to the diffusion
parameters of the amorphous and crystalline Ge, respec-
tively.

In the amorphous state, when the Arrhenius parame-
ters are (Table I) AE~«=1.6 eV and D~oo, =10 cm
s ', t'ai&, can be estimated from Eqs. (8)—(10). At
T=873 K, one finds that tRG, =0.18 s and tRG, =1 s.
These time intervals are short compared to our experi-
mental annealing time t, = 1.8 X 10 s.

In a state close to the crystalline Ge state, tRG", can be
estimated for the self-diffusion parameters of Ge in a
crystalline Ge lattice (Table I), bE+«=3 07 eV and.
Dzo«=18. 5 cm s '. From Eqs. (8)—(10), one finds that
the time intervals tRG, =2.5 s, and tRG", =12.5 s are
much shorter than the annealing time.

This implies that the Ge layer recrystallizes before in-
termixing or, in other words, that the diffusion of Si into
the Ge layer occurs mainly in an ordered Ge layer.

B. Slow ordering of the disordered Si layers

The calculation of the crystallization time for the Si
layer is quite similar to that made above for the Ge layer.
We find here the lower limit tRs";=-25 s, and tRs";—= 10 s,

where

2
P

Rs = 6D".RSi

2

exp
6DROS

~ER Si

kT (12)

Hence we find the activation energy of Si self-diffusion
after some ordering in the Si layer during t, =0.5 h:

AERS =kTln
6D" t

=27eV
P

(13)

for DRos;—= 10 'cm s ', p'=-10 "cm, and t, =1800 s.
The activation energy AEG, for the diffusion of Ge into

Si is close to that of DER's; of the Si self-diffusion, i.e.,
~E--=~E: -=7 V

'"
Thus the diffusion coefficient of Ge into Si is governed

by the diffusion coefficient

DG, —s =10 exp
—2.7 eV

kT
cm s (14)

DS1 Ge = 18.5 exp
—3.07 eV

kT
cm s (15)

since the diffusion parameters for this process are close to
the parameters of Ge self-diffusion.

C. Mixing in the Si Ge„SL

The Ge and Si atoms have to reach the rniddle of the Si
and Ge layers, respectively, or, in other words, have to
diffuse through half of the layer's thickness. The corre-
sponding mixing time is

( &&« /2)'
tMG. =

D Si~Ge

(his; /2)« tMS;-=
D Ge~ Si

(16)

where Dz, s; and Ds; «are defined by Eqs. (14) and

Diffusion of Si into the Ge layers is characterized by
the diffusivity
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(15); bio, =nbdo„his; =m wads;, and wads; -=bdG, —=1.4
A is the thickness of the atomic monolayers.

under the inhuence of the stress o. becomes
t~s;—= tMG, —=40 min, in agreement with our experimental
data.

D. DifFusion in the symmetric SL, m =n = 12

From Eq. (16), one finds tMo, = 16—7 s, and tMs; -=8.6 h.
Therefore, if nothing prevents the intermixing, it would
take much more time to mix the Si layer than the Ge one
and, therefore, more Si atoms would move into the Ge
layer than Ge atoms into the Si layers. However, this un-
balanced interdiffusion cannot determine the intermixing
in the diffusion cruxes of the Si and Ge atoms moving in
the opposite directions, because an additional stress o. be-
tween adjacent layers is created. This stress, which bal-
ances the interdiffusion process, slows down the
interdiffusion of the Ge atoms and/or increases the Si
Aux into the Ge layers, to equalize approximately the
diffusion cruxes of Si and Ge atoms.

The value and direction of the interfacial stress o.

which balances the diffusion cruxes are determined by the
Le-Chatellier principle. The effective activation energies
AEs; and AEG, which govern the interdiffusion of Si and
Ge atoms are modified by the stress between the adjacent
layers:

bEs;=bEs;+[obVs;] and EEo, =hEo, —[crbVo, ] .

(17)

The stress o. increases (decreases) the activation energy
for interdiffusion of Si (Ge) atoms into the Ge (Si) layers.
Here 6 Vs; and 6 VG, are the activation volumes related
to the diffusion of the Si and Ge atoms, which are usually
close to the atomic volumes.

The effective stress-dependent
coefficients can be written as follows:

bEs;+(o.b, Vs; )
-DSi Ge DOSi eXP kT

(18)

b,Eo, —(ob, Vo, )
DGe Si DOGe eXP kT

(19)

where the dependence of the prefactor on o. is neglected.
The stress o can be calculated from Eqs. (18) and (19)
through the condition

Si~Ge Ge~Si

Hence we find

(20)

o. = kT ln
D OSi

D OGe

—(bEs; —bEo, )

X[6,Vs;+b, Vo, ] (21)

Numerical estimations give o. =—25 kbar for Dos; -——10

eV, 6Vs; =—6VG, =—1.3 X 10 cm, and T =873 K.
This stress reduces (enhances) the interdiffusion of Si

(Ge) atoms by a factor of exp(crb, V /kT) = 14.7 and, as a-
result, the duration of intermixing in the symmetric SL

E. Diffusion in the asymmetric SL m = 19, n =9

There are marked differences between the two types of
SL's. Here again the Ge layers will be ordered rapidly,
but almost no recrystallization will take place in the thick
Si layers. In addition, the thick Si layers impose a strain
on the thin Ge layers which reduces interdiffusion of Ge
atoms into the Si layers, which can only be partially
mixed by the smaller amount of Ge atoms. From Eqs.
(14)—(17), we see that without stress the mixing time for
the Si layer in the asymmetric SL should be 2.5 times
longer than in the symmetric SL, due to the larger thick-
ness (m'=19) of the Si layers. Thus in the asymmetric
SL, intermixing requires an annealing time substantially
longer than our experimental one. A lower limit for in-
termixing in the presence of stress can be estimated by

o AV*
t~ & t~si exp kT

-=1.5h . (22)

This means that annealing during a few hours should
lead to a partial asymmetrical intermixing of the SL.
During our experimental annealing time of t, =30 min at
T, =873 K, little interdiffusion took place in the asym-
metric SL.

V. CONCLUSIONS

In the previous sections, we studied the disordering,
the intermixing, and the crystallization processes of SL s
composed of thin Si and Ge layers, which are induced by
ion implantation at As doses of 1 X 10' —1 X 10'
ions cm and thermal annealing at T =600 C for t, =30
min. Two kinds of SL's were studied: the symmetric
Si»Ge» and the asymmetric Si»Ge9. With the help of
TRIM computer cascade simulation, the effect of ion im-
plantation was calculated. With the Raman-scattering
technique, we monitored experimentally the created dam-
age, the degree of intermixing, and the stress between the
Si and Ge layers. A kinetic model was used to calculate
the effect of the annealing process on the recrystallization
and the intermixing processes. The main results specific
to SL's composed of thin Si and Ge layers are the follow-
ing.

(i) In addition to disordering, ion implantation partial-
ly intermixes the Si and the Ge layers (for a dose of
5 X 10' ions cm, intermixing reaches 5 —10 %).

(ii) When the SL's have been rendered amorphous by
ion implantation, thermal annealing at 600 C for 30 min
completely intermixes the symmetric Si»Ge» SL but
only releases some stress in the asymmetric Si»Ge9 one.
These effects depend on the implantation dose.

(iii) After ion implantation and thermal annealing, Si
diffuses into the crystalline Ge layers, but Ge diffuses in
mainly disordered Si layers, since the recrystallization of
Ge (Si) requires a short (long) time compared to 30 min.
In the symmetric SL, diffusion and intermixing are
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strongly enhanced by ion implantation, but in the asym-
metric SL these processes are much slower than in the
symmetric one and complete intermixing is reached un-
der more severe conditions. The proposed model shows
that interfacial stress plays an important role in the
interdiffusion and intermixing processes.

(iv) Our model explains the influence of the layer
thickness and stress on the intermixing. It shows that

substantial intermixing can be obtained at a moderate
temperature during a relatively short time.
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