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Silicon strained layers grown on GaP{001) by molecular beam epitaxy

P. M. J. Marée, R. . J. Olthoi, J. W. M. Frenken, and J. F. van der Veen
F.O.M. Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands

C. W. T. Bulle-Lieuwma, M. P. A. Viegers, and P. C. Zaim
Philips Research Laboratories, P. O. Box 80000, 5600 JA Eindhoven, The Netherlands

(Received 3 June 1985; accepted for publication 14 June 1985)

Mismatch-induced lattice strain in thin Si films grown by molecular beam epitaxy on GaP(001)
substrates has been measured using transmission electron microscopy, Ramarn spectroscopy, and
Rutherford backscattering. The perpendicular strain in the topmost part of the layers is found to
be enhanced in comparison to elasticity theory, Relaxation of the strain occurs by the formation of
misfit dislocations at significantly larger thickness than predicted by equilibrium theory.

i. INTRODUCTION

Strained-layer heteroepitaxy offers possibilities to semi-
conductor technology for the realization of advanced de-
vices. Heterostructures, in which materials with different
band gaps are combined in a single device, allow for indepen-
dent control of electrons and holes.! Moreover, the differ-
ence in lattice constants of the semiconductor materials
leads to strain in the overlayer, which can change the electri-
caland optical properties, such as resistivity, band gap, Hall
mobility, and refractory index. This capability of modifying
material properties offers even more freedom in the design of
semiconductor devices. Use has been made of these princi-
ples in, for instance, semiconductor strained-layer superlat-
tices.*® These are multilayered structures of semiconduc-
tors with a slight lattice mismatch.

The lattice strain is inherent to lattice-mismatched he-
terostructures. Although usefu! with respect to the modifi-
cation of electrical and optical properties, it can severely af-
fect the material structure, leading to unwanted crystalline
defects.® In particular it will influence the growth of layers of
large mismatch and/or large thickness.” Even if initially a
pseudomorphic layer can be formed, when growth is contin-
ued, the strain will eventually be released through the forma-
tion of misfit dislocations, which will influence the electrical
behavior of semiconductors in several ways. {They can pro-
vide short circuit diffusion paths or preferred sites for do-
pants, or act as recombination centers for charge carriers.)
An extensive study of the phenomenon of strain release
by misfit disiocations has been performed for the
Ge, Si, _ ,:Si(001) system.*12

The need to measure strain arises from several reasons.
Strained layers are interesting materials as such. Their prop-
erties are dependent on the amount of strain, so knowledge
of this quantity is important. Experimental data are neces-
sary because elasticity theory might deviate for extremely
thin layers. Furthermore, the strain is related to the forma-
tion of misfit dislocations.

We have measured the tensile strain in layers of elemen-
tal Si of various thicknesses grown on GaP{001) substrates by
molecular beam epitaxy (MBE). The lattice mismatch of this
system is 3.6 X 107>, The resulting strain could give rise to
an enhancement of the mobility in the silicon film, which we
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will discuss later. Strain is measured by means of Raman
spectroscopy and Rutherford backscattering (RBS), disloca-
tion densities are obtained by transmission electron micros-
copy (TEM). The results are compared with predictions of
the equilibrium theory of dislocation generation.

1. SAMPLE PREPARATION

For the fabrication of the heteroepitaxial Si layers on
GaP a low-temperature technique such as MBE is needed in
order to obtain an abrupt interface and to prevent decompo-
sition of the GaP substrate. It has been shown by De Jong et
al.’® that crystalline Si layers of good quality can be grown
on GaP{001).

The GaP samples were ultrasonically rinsed in high-
purity ethanol and bonded with small amounts of indium to
a Si carrier sample, which could be resistively heated. The
samples were introduced in a Si-MBE apparatus described
elsewhere.'® In the ultrahigh vacuum (UHV) system the GaP
substrates were inspected by means of Auger electron spec-
troscopy (AES), showing Ga (55eV)and P (120eVjas well as
some C (270 eV} and O (509 eV). No In was observed at the
front side of the sample in any stage of the experiment. The
cleaning procedure consisted of sputtering with 0.8-keV
Ar™ ions at an angle of 60° with the surface plane to a total
dose of about 2 10'® cm™?2, and subsequent thermal an-
nealing for 30 min at 570 °C. After this treatment neither C
nor O could be detected by AES (detection limits 1 and 2%
of a monolayer, respectively) and the low-energy electron
diffraction (LEED) pattern showed the familiar Ga stabi-
lized c(8 X 2) reconstruction. On these GaP(001) substrates
Si was deposited at 570 °C at a rate of approximately 1 A/sto
thicknesses up to 4000 A. After growthasharp2 X 1 LEED
pattern was observed. The AES signal showed small
amounts (< 1 monolayer) of segregated Ga and P on top of
the Si layers. For further characterization the samples were
removed from the UHYV system.

RBS with 2-MeV He™* ions showed a channeling mini-
mum yield of 3%, which indicates good crystalline order.
This is confirmed by TEM micrographs which show the per-
fect extension of the lattice planes of the substrate into the
epitaxial layers (Fig. 1), and a very low density ( < 10° cm™?)
of dislocations threading through the Si layer.
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FIG. 1. High-resolution TEM image of the Si:GaP(001) interfacial region,
viewed in a {011) cross section.

Ht. CONSEQUENCES OF THE LATTICE MISMATCH

The lattice mismatch between epitaxial film and sub-
strate is defined as

f=(as“‘af)/afs (1)
where a; and a, are the lattice constants of substrate and
film, respectively. For the Si-GaP system, the misfit at room
temperature is equal to fz, = 3.6 XX 107 and at the growth
temperature f 5,0.c = 4.6X 1073, because of the difference
in linear expansion coefficients.'® The lattice mismatch is
shared between elastical strain parallel to the growth plane
{€,) and misfit dislocations. Assuming a low density and an
isotropic and homogeneous distribution of misfit disloca-
tions this implies:

f=¢ +6 (2)
The part of the lattice mismatch that is accommodated by
misfit dislocations (8) is related to their mean-separation dis-
tance {d ) and the edge component of the Burgers vector pro-
jected at the interface (b ) by

5=1b,/d. (3)

If the misfit is completely relaxed by misfit dislocations their
mean-separation distance would be d = b,/ f, which for the
Si:GaP(001) system is equal to d = 520 A at room tempera-
ture.

For thin films—and in case the Jattice mismatch is not
too large—growth is pseudomorphic or coherent, i.e., the
tayer is strained elastically in such a way that the lattices of
film and substrate are in register at the interface.

Above a certain thickness ¢, part of the misfit is accom-
modated by misfit dislocations. This process has been stud-
ied experimentally among others for the Si, Ge, _ , :Si{001)
system®'2 and is theoretically described in the equilibrium
theory”*!5!” of Van der Merwe. This equilibrium theory is
based on energy considerations only. The energy of homo-
geneous strain per unit interfacial area is'®’

qu=[2,.:.f(1+v)/(1—-v)]eﬁt (4)
and the energy of a square grid of perpendicular dislocation
lines per unit area is approximately:'’

E, = Mo
5 =
m(py +p ) —v)

by (f —¢ )(1 +1In 2711) (5)

i
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where u . and p, are the shear moduli of film and substrate,
v Poisson’s ratio of the film, ¢ the layer thickness, and R the
effective range of the field of a misfit dislocation. For low-
dislocation densities R = ¢. When the number of disloca-
tions has increased to the point that the conditions d<2s is
fulfilled, then their fields are screened by those of neighbor-
ing dislocations and the range becomes
R =1d=05,/2(f —€). The value of ¢ for which the sum
of E. and E, is minimum is !’

_ psby
Cdm(py +p) A+
where the function

1+1In(t/by), ford>2s
T l-m2f-&), ford<2e.

The elaborate expression for E5 derived by Van der Merwe'®
is more accurate than Eq. (5) only in the high-dislocation
density regime. If this expression is used A4 is a complicated
functionof f, €, and the elastic constants. In that case, even
lower values of €] are found'” than would follow from Eq.
{6). According to the equilibrium theory the elastic strainin a
film of certain thickness ¢ is described by €, = €}, insofar as
€, does not exceed f, in which case ) = f. The calculated
thickness dependence of ¢, for Si on GaP(001) is shown in
Fig. 9. The thickness ¢, at which the first misfit dislocations
are generated, is called critical thickness. At¢ = ¢, fcalculat-
ed from Eq. (6) by putting €] = f] ¢, begins to deviate from
[ . For Si on GaP the equilibrium theory predicts . = 140
A.

(6)

€

7

IV. ELASTICITY

Thus far we have only discussed the paraliel component
of the strain in the layer €, imposed on the epitaxial film by
the lattice mismatch and the degree of registry between film
and substrate at the interface. We now want to take into
account the other strain components as well. We therefore
consider the relations among them, such as given by elasti-
city theory. The generalized Hooke’s law relates the stress
tensor S with the strain tensor €:

S=_Ce. (8)
They are coupled by the fourth rank tensor C. The 81 com-
ponents of C, the elastic constants, are strongly reduced in
number by symmetry to only three independent components
for a cubic crystal. The same reduction appears for the dia-
mond crystal structure if the stress is applied in a {100}
plane.'® We choose a coordinate system with x and y axes in
the film plane and z axis in the growth direction. The elasti-
city relations are now given by the following set of equations:

S =Cpe) +Cpa(€ +€.), (9a)
Sy =Ce) + Cra(€) +€L), {9b)
S.. = Cy€, +2C €, (9¢)
Sey = Cubyyy S, =Cu€y,, Sy = Cryos. {9d)

In the case of a biaxial strain field S,, =S, and
S, =S, =85,, =35, =0, which leads to:

€L = '—af.” With a=2(C|2/C”). (10)

Marée et al. 3098



This is the Poisson effect, which describes the contraction of
the layer in the direction normal to the applied tetragonal
stress. Numerical values of the Si bulk elastic constants'® are
C,, = 16.58x10" Pa and C,, = 6.39% 10'° Pa. Thus, if
elasticity theory applies we would have @ = 0.77. If instead
we had conservation of volume this would imply

l+e =1/(1+¢)°=1-2¢, (11)

giving @ = 2. If, on other hand, we required the bond
lengths, all pointing in (111} directions, to be rigid, this
would give

l4+e =3-2(1+¢) =1—2¢, (12)

which would also yield @ = 2.

V. STRAIN MEASUREMENTS

TEM, Raman, and RBS were applied to measure the
strain in the Si overlayer. Each of these techniques is sensi-
tive to a certain component or to a combination of compo-
nents of the strain tensor.

A. Transmission electron microscopy and x-ray
diffraction

TEM observations in the planar mode have shown that
layers with thicknesses up to 500 A are completely free of
misfit dislocations (detection limit ~ 10* cm ~?) indicating a
pseudomorphic state of Si on GaP(001). For a 2000-A-thick
layer a square grid of dislocation lines on the [110] and {110}
directions is seen (Fig. 2). It concerns 60 ° dislocations, lying
on {111} planes, with Burgers vectors of the type }  , (110)
inclined with respect to the interface plane. The out-of-plane
components, however, average out, so that the mean dis-
placement associated with each dislocation is given by
b, =}a,v2 =194 A. Measured values for the mean-sepa-
ration distance d are given in Table I. & and €, can be calcu-
lated from 4 and the known values of f and b, according to
Eqgs. (2) and (3) (results are given in Fig. 9, in which the thick-
ness dependence of €, as measured by various techniques is
compared with equilibrium theory calculations).

With double-crystal x-ray diffractometry using the Cu
X, (004) reflection, it was established that the average lat-
tice constant normal to the interface of a 2-um-thick Si film

FIG. 2. Transmission electron micrographs of a 2000-A Si film on GaP,
viewed in the [001] direction. Dislocation lines run along the interface in
(110) directions.
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TABLE L. Mean separation distance d between misfit dislocations obtained
with TEM.

! d 8
[Al [A] [ x 1077
500 © 0

2000 3400 0.55

is completely relaxed to the unstrained (bulk) value (Fig. 3).
This confirmed that the average strain is zero in these thicker
layers:

€ =0 fort>>t,. (13)

We ascribe the broadening of the peak to a high density of
dislocations and their localized inhomogeneous strain fields.

B. Raman spectroscopy

Raman scattering experiments were performed in the
reflection geometry using the 5145-A line of a Ar™* ion laser.
The Raman line of the zone-center (k = 0) optical phonon in
Si layers of varying thickness (see Fig. 4) was measured at
room temperature with a spectral resolution of 1.6 cm ™! full
width at half-maximum (FWHM). The results of the Raman
spectroscopy measurements are given in Table II (uncorrect-
ed for the instrumental resolution).

The determination of w,, the Si optical phonon frequen-
cy for zero stress, deserves some consideration. The Raman

GaP

Si Si
(relaxed)

{strained)

|

INTENSITY [ARB UNITS]

x10

N

| T T T
540 541 542 543 S4L 545 546 547
LATTICE CONSTANT a, [A]

FIG. 3. X-ray rocking curves of the CuK, {004) reflection indicating the
absence of (perpendicular) strain in a 2-um-thick Si layer on GaP. The ex-
pected position of the Si peak for a pseudomorphic strained layer according
to the Poisson effect is indicated by an arrow.
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INTENSITY [ARB UNITS)

OFFSET2.3

WAVENUMBER [cm™)

FIG. 4. Raman lines of the Si zone-center (k= 0) optical phonon showing
the strain-induced frequency shift. The dashed line indicates the value of w
for bulk Si.

line in bulk Si was initially detected at 520.8 cm ™!, clearly
because of a temperature effect.’® Because the optical-ab-
sorption coefficient for the used laser light in GaP is about an
order of magnitude smaller than in Si*° this temperature ef-
fect will not have played a role in the thin Si films. This
assumption was confirmed by the absence of drift of the Ra-
man }ines measured on the films. Consequently, we take the
phonon frequency in an (hypothetical) unstrained thin Si
film on GaP to be 520.8 cm ', resulting in the values for dw
as given in Table II.

The line widths give qualitative indication of possible
disorder, dislocation densities, and inhomogeneous strain in
the epilayers.?! The frequency shift 5w of the Si (k =0) opti-
cal phonon is a direct measure for the tetragonal stress in the
films and for the strain, since they are related through the
elastic constants [Eq. (8)]. For the observed singlet phonon
(perpendicular to the surface) the resulting shift is®*-*

dw = (p/2w0)€, + (g/wy)€, (14)

3100 J. Appl. Phys., Vol. 58, No. 8, 15 October 1885

TABLE II. Raman measurements of the Si zone-center optical phonon
frequency.

: Sw line width (FWHM) &
fA] [cm™'] fem™1] [x1077]
500 —2.60( + 0.05) 3.30( + 0.05) 3.6
1000 —2.45 ( + 0.05) 3.38 { + 0.05) 34
2000 —19 (£0.1) 3.55(+ 0.1) 2.6
4000 —12 (£0.) 370 (£ 0.1) 17

where w, is the phonon frequency in unstrained Si. The
phenomenological constants p and g are known from Raman
scattering experiments under uniaxial stress or hydrostatic
pressure’®: p= — 1.2X10%s 2andg= — 1.8 X 10?852,
both within 20%. Using Eqgs. {10) and (14) the following
expression can be derived for the parallel strain component:

€ =PBdw with B=2wy/( —ap +29). (15)
Taking a = 0.77 as predicted by elasticity theory the propor-
tionality constant becomes f = — 1.4 (£ 0.3)X107? cm.

The resulting values for €, are given in Table II and Fig. 9.
The error bars in Fig. 9 are based on the relative uncertain-
ties in the Sw values.

C. fon blocking

A direct consequence of the tetragonal strain in the epi-
taxial fayer is a tilt A of the non-normal crystatlographic
axes.'*?*?* On simple geometrical grounds we can see that

Af == (e, —€,)sinfcos 6= (1 +a)e sinbcosb, (16)

where 8 is the angle between the [001] surface normal and a
certain crystallographic direction. This relation is visualized
in Fig. 5 for the [01 1] direction.

The results of the ion-blocking measurements of the an-
gular shift A6 of the (O11) axis are given in Table IEI. When
a is known (see Sec. VI) values for ¢, follow from Eqg. (16)
(Fig. 9).

The angular shift A8 is induced by coherency strain as
well as by the normal contraction due to the Poisson effect
(Fig. 5), as described by Eq. (16).

We have used Rutherford backscattering in conjunction

o1}

substrote

COHERENCY
STRAIN (E,)

POISSON
EFFECT {E)

FiLM

SUBSTRATE Q Q O

FIG. 5. Schematic view of the relation of the angular shift A@ with both
coherency strain (¢,) and the perpendicular strain (€, } due to the Poisson
effect.
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TABLE 1I1. Ion-blocking measurements of the (011) angular shift.

t Al
[A] {degrees]
250 0.25 (+ 0.04)
300 0.26 ( + 0.04)
1000 0.27(+0.04)
2000 0.18 ( + 0.04)
4000 0.14 { + 0.04)
P 0.00 { 4 0.04)

with ion blocking?” to measure this angular shift (Fig. 6). The
(100) plane was chosen as scattering plane, for it contains
both the [001] surface normal, which is unaffected by the
strain and will be used as a reference, and the [011] direction,
for which the expected shift is largest [Eq. (16)]. In this plane
a beam of H* ions with a primary energy of 175 keV was
directed onto the sample. An angle of incidence of 10.4° with
respect to the surface plane was chosen in order to avoid
axial channeling.

Backscattered protons were analyzed by a toroidal elec-
trostatic analyzer’® with an energy resolution of AE/
E =4 x 1073, For 175-keV H™ ions in the scattering ge-
ometry used this gives a depth resolution of 10 A.2” Energy-
analyzed protons were collected by a position-sensitive
channelplate detector, enabling simultaneous detection over
an angular range of 6°.

In the recorded spectra (Fig. 7) the energy scale was
converted to an approximate depth scale for the Si layer by
using the random value for the stopping power.”” In this
procedure the angular dependence of the energy transfer
during the collision®® has been corrected. For every energy
spectrum the yield was normalized by dividing it by the
Rutherford cross section.”® A depth window was set in such
a way that only protons scattered from Si atoms at a depth
between 30and 110 A contributed (shaded band in Fig. 7). In
this way the signal is not disturbed by protons scattered from
Ga or P atoms in the substrate, from displaced Si atoms in
the thin oxide layer on top of the film, or by protons that
have changed their initial direction after the collision with a
deeper Si atom by interaction with Si atoms from other
strings.

10.4]

175 keV H*

yield

yield

FIG. 6. Schematic view of the ion-blocking experiment, showing the scat-
tering geometry and the measuring procedure.
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175 keV H‘i 8 FX 0
3004 Si WIS
h,'v,’““\!“.“
GaP(001] a,'o.@'.'.\\\\\“\\“
iR
W
it

254L
SRR y
SRR X
R
N

YIELD* [ARB.UNITS]

FIG. 7. Recorded multiangle backscatter spectrum with the electrostatic
toroidal analyzer in the J011] position. The yield of backscattered protons,
corrected for the angular dependent Rutherford cross section, is given as a
function of the angle with the surface normal and of the depth in the Si layer.
The depth window of 30-110 A is indicated by a shaded band.

In crystallographic directions a minimum in the back-
scattered yield is observed, because of blocking by the atomic
rows. Our aim was to determine the exact angular position of
the [011] blocking minimum. First, we aligned our detector
with the [001] surface normal and measured the angular pro-
file of the backscattered H™ ions. Next we moved our detec-
tor, while keeping the crystal position fixed, exactly 45° to-
ward smaller scattering angles. This movement can be
performed with an accuracy of + 0.02° by rotating a large
cog wheel. In the new position again an angular profile was
measured, now containing the {011} dip. The directions of
the blocking minima in both profiles could be determined
with an accuracy of + 0.04° with respect to the center of the
detector. Use has been made of a fitting procedure with cubic
splines and a varying number of points of support over an
angular range of 4°. The observed difference in position of
the minima shows the deviation of the angle between [001]
and [011] directions from the value of 45° it has in an un-
strained crystal (Fig. 8). This is equal to the angular shift A
of the [011] direction, for the {001] surface normal direction
is not affected by the lattice strain.

The irradiation dose during the measurement of one
profile did not exceed 3 X 10'* cm™ 2 It was verified thation
beamn damage up to a dose of 10> cm ™2 had no measurable
effect on the position of the biocking minima. The influence
of the nonzero impact parameter and recoil of the Si atoms
on the angular position of the minimum were calculated to
be negliglible. Also, the effect of strain-induced bending of
the substrate with film® on A@is well below the experimental
uncertainties. To detect possible bending of the substrate as a
result of mounting, the measurements were repeated on dif-
ferent spots on the sample. No influence of this effect was
observed on the orientation of the blocking dips. On one
sample (300 A) we have checked that angles between the
{001] surface normal and the [011] and {OT!] directions, re-
spectively, are equal within the experimental error.

Marée ot a/. 3101
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FIG. 8. Measured angular proﬁle§ of the [001] and [011] blocking minima in
bulk Si (unstrained) and in a 300-A Si film on GaP(001). In the latter case the
shift of the [011] axis is clearly visible.

The abovementioned procedure has the advantage that
it is an absolute measurement of the strain in the film. Steer-
ing effects are a serious handicap of the method used by
others*®?* in which substrate and film signals are obtained
simultaneously by channeling angular scans, leading to sys-
tematically smaller values of A6.

V1. DISCUSSION

Our complementary measurements add up to a consis-
tent picture of the strain and its relaxation with increasing
thickness.

For the interpretation of the strain measurements we
distinguish two regimes: a pseudomorphic regime
{t<t.=~1000 A) and a regime in which part of the strain is
relaxed by misfit dislocations (r>¢.).

From the observed Raman line widths (Fig. 4, Table II)
we conclude that the inhomogeneous strain in the layers in-
creases slowly with increasing thickness. This is expected
from the generation of gradually more misfit disiocations, as
observed by TEM. The observations of Cerdeira et al.?' who
report a reverse tendency, can be explained by the much
larger lattice mismatch in their heterostructure. In that case,
for a thin layer the interface is incommensurate and the dis-
order (localized near the interface) has reached its maxi-
mum, so that the relative amount of disorder decreases again
for thicker layers. The same trend has been observed for the
system Si:GaAs (001).%°

The measured frequency shift (Fig. 4, Table II) for the
500-A pseudomorphic layer (see Table I)isequal todw = 2.6
{+0.1) cm™", in good agreement with the value éw = 2.7
(4 0.5)em ™' calculated according to Eq. (15) taking e, = f
and a = 0.77. For thicker films the decrease of 5w shows the
relaxation of the lattice strain (Fig. 9).

For psendomorphic layers €, has its maximal value:
€, = f. According to Eq. {16) with a = 0.77 as given by
elasticity theory (Sec. IV), this would imply a maximum val-
ue of A6 = 0.19°. However, the measured values of A8 are
much larger (0.26 + 0.04°). This can only be explained by a
higher valuefora = 1.5 ( 4 0.5). The effects of doping (the Si
layer contains ~10"® cm™> of Ga and about the same
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o ion scattering
4 o Raman
< TEM

102 10° 10
THICKNESS Al

FIG. 9. Coherency strain (¢, ) vs Si layer thickness. Experimental results are
compared with the values predicted by the equilibrium theory [Eq. (6)].

amount of P atoms) and of stress on the elastic constants>*3!

are too small to explain this anomalously high a value.

It has to be pointed out that these blocking measure-
ments are sensitive only to axial directions in the topmost
part (=~ 100 A) of the epilayer; they do not give an average
direction over the film thickness. The reason for this is the
steering effect, mentioned before, which is much stronger for
medium energy protons than for high-energy He™ ions.?®
Although this effect did not distort the measured values in
our experiment, it did limit the depth range over which the
axial direction could be measured. We therefore, conclude
that in the surface region of the strained films there is a larger
contraction in the normal direction than expected from the
Poisson effect. Therefore, there is a tendency for the outer-
most layers (=100 A) of the film to strive for volume- or
bond-length conservation (see Sec. IV}. The same behavior is
observed in very thin (=~ 10 A) silicide layers®>* and appar-
ently also in 100-A strained Si, Ge, _, layers,'"!? though in
the latter studies the effect is not explicitly mentioned.

I we nevertheless assume the perpendicular strain to be
proportional to the parallel strain, we can also obtain quanti-
tative information about the thickness dependence of ¢ . In
Fig. 9 the parallel strain component €, is plotted as a func-
tion of layer thickness ¢. For the interpretation of the ion
scattering results we used a = 1.5.

It is not possible to draw conclusions about the value of
a from the Raman measurements. For larger values of « the
error in the proportionality constant 3 increases, e.g., for
a = 1.5, B becomes equal to 1.7 { + 1.0). Note that apart
from ¢ the constants p and ¢ in Eq. {15} also rely on a certain
stress-strain relation.

The critical thickness . at which relaxation of the tetra-
gonal strain by the formation of misfit dislocations sets in is
much larger than predicted by equilibrium theory (Sec. III).
It is likely that this barrier, which is also observed in other
heterostructures,®'? originates from the mechanism of the
dislocation formation. Viegers et al.>* proposed that misfit
dislocations are generated by the nucleation of a 90°-Shock-
Iey partial disiocation followed by a 30°-Shockley partial,
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both on the same | 111} glide plane. Probably the barrier for
the nucleation of these partial dislocations is too high to be
overcome because of the low temperature of the MBE
growth process, thus preventing thermodynamic equilibri-
um to be reached.

Vii. CONCLUSIONS

The lattice strain in thin Si films resulting from the small
mismatch of the Si-GaP system has been determined using
TEM, Raman spectroscopy, and Rutherford backscattering
in conjunction with ion blocking.

The presence of the strain has an interesting side effect.
Band-structure calculations have shown that for pseudo-
morphic Si films the degenerate energy levels of valence- and
conduction-band at the center of the Brillouin zone are split
and that the Si band gap is reduced by 60 to 80 meV. For
tensile stress, as in the present case, this implies that interval-
ley scattering is strongly reduced and that only intravalley
scattering determines the mobility. At room temperature
both effects are of equal magnitude.’> As a consequence, a
mobility enhancement by a factor of two is to be expected for
pseudomorphic St on GaP{001) as compared to bulk like Si.
Future work on this aspect is important.

The results of the TEM and Raman spectroscopy mea-
surements and the relative values of the ion-blocking results
are consistent with each other and show that the relaxation
of strain in the silicon films occurs by the generation of misfit
dislocations at significantly larger thickness than predicted
by equilibrium theory, suggesting the existence of a kinetical
barrier.

The absolute values of the results of the ion-blocking
experiments give a larger normal contraction of the topmost
part of the strained layers than would follow from the Pois-
son effect. This indicates a tendency for the outermost layers
(=100 A) of the film to strive for volume- and bond-length
conservation.
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