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Strain relaxation during the initial stages of growth in Ge/Si(001)
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Grazing-incidence x-ray diffraction has been utilized to give a direct measure of the lateral strain
distribution during in situ molecular-beam epitaxy deposition of Ge onto Si(001). The results
demonstrate that the critical thickness for strain relaxation is 3—-4 monolayers (ML), which coin-
cides with that at which islanding is observed. Strain relief is gradual and depends strongly on
growth conditions and annealing procedure. At a coverage of ~ 10 ML the strain distribution ex-
hibits two components, one of which is almost fully relaxed and the other having a range of lattice
spacings intermediate between those for bulk Si and Ge. Concurrent specular reflectivity measure-
ments have been used to monitor intermixing at the interface, showing that the island formation on-
set is at 3—4 ML, with a rapid increase in island height beyond a coverage of 6 ML. Comparison
with electron-microscopy results indicates that strain relaxation is intimately related to islanding on

the Ge surface.

I. INTRODUCTION

In recent years, considerable effort has been directed
towards the study of heteroepitaxial semiconductor
growth. This has been both in order to understand the
fundamental nature of interface formation, and also to
approach the fabrication of a new range of novel,
strained-layer device structures. Such structures are of
particular interest because the introduction of both
artificial periodicity and strain into the material can
significantly alter the electronic band structure. By con-
sidered crystal growth, therefore, the material band
structure may be engineered to optimize the desired de-
vice performance. In the case of Si/Ge superlattices, a
major current goal is the ability to transmute the elec-
tronic band structure of the elements, which have in-
direct band gaps, to one which has a quasidirect form,
thus permitting its use in optoelectronic devices. Indeed,
the direct optical transitions which result from modified
band structures of this kind have been reported by several
authors. 12

One of the limiting factors in the growth of semicon-
ductor heterojunctions is the critical thickness of the
overlayer. Even in near lattice-matched -cases, the
difference in lattice parameter of the two constituents
leads to increasing strain energy in the overlayer as pseu-
domorphic growth proceeds. At the critical thickness,
this strain energy is released, with the in-plane lattice pa-
rameter of the overlayer assuming a value closer to that it
would have in the bulk crystal. Most studies of strain re-
laxation have concentrated on materials which are close
to being lattice matched, where the critical thickness is
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relatively large. In this regime, the relaxation mecha-
nisms are fairly well understood in that dislocations form
and propagate throughout the overlayer. This critical
thickness may be calculated by considering the balance of
energy or of mechanical forces on dislocations.®”> Ex-
perimental data were found to support much larger criti-
cal thicknesses than the predicted values from these mod-
els.® It was pointed out by Fritz and others, however,
that techniques such as x-ray diffraction and ion scatter-
ing were not sufficiently sensitive to detect the onset of
strain relief, giving rise to artificially high values of the
critical thickness.” Annealing studies also established the
role of thermal treatment on strain relief and demonstrat-
ed that it is a kinetically driven process.® The use of
techniques which detect dislocations directly, coupled
with anneals at temperatures high enough to attain the
equilibrium state, yield values of the critical thickness in
very close agreement with the models of Matthews and
Blakeslee.’®

In more highly strained systems, where the lattice pa-
rameters have a greater difference, the relaxation mecha-
nisms have often been assumed to be of similar nature,
leading to a corresponding decrease in the critical thick-
ness. It is well known, however, that three-dimensional
islands form after only a few monolayers of overgrowth
with the Ge on Si system. This behavior has been ex-
plained by the possibility that strain in the overlayer can
be reduced by the formation of interfacial misfit disloca-
tions, under the islands.!® This Stranski-Krastanow
growth mode!! differs from the Volmer-Weber mode,
where islands form on the substrate immediately on depo-
sition. !> More recently, it has become apparent that the
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initial stages of this relaxation mechanism may be yet
more complicated by the introduction of elastic strain
into the overlayer and islands,'’ and it is this initial be-
havior which this study seeks to address.

In order to gain a more complete understanding of
strained overlayer systems, it is therefore desirable to in-
vestigate both strain and morphology as the layer relaxes.
The latter is probed very effectively with transmission
electron microscopy (TEM), scanning electron micros-
copy (SEM), and scanning tunneling microscopy (STM).
Oscillations in the intensity of the diffracted beam in
reflection high-energy electron diffraction (RHEED) is
also used to monitor the transition from two-dimensional
(2D) to three-dimensional (3D) growth during deposition,
but less care is sometimes taken to ensure that the surface
has not islanded after deposition is complete. This is im-
portant as it is known that islands cluster by mass trans-
port from smaller islands to larger islands, a process re-
ferred to as Ostwald ripening.'* This clustering process
is again enhanced by thermal annealing and therefore it
should not necessarily be assumed that islanding does not
occur on the basis that layer-by-layer growth is observed
during deposition. Whereas the above techniques pro-
vide local probes of the surface morphology, they do not
give a high-resolution measurement of interatomic spac-
ing and strain. For thicker overlayers, strain is usually
characterized by x-ray diffraction. The low flux of labo-
ratory sources, coupled with the low scattering cross sec-
tion for x-rays, mean that x-ray diffraction is not used to
study heavily strained systems, where the critical thick-
ness is on the monolayer scale. Apart from the intensity
limitations, the conventional diffraction geometry entails
a very low overlayer-to-bulk ratio of the diffracted inten-
sities, which would make studies using even synchrotron
radiation difficult to perform. Strain in such ultrathin
layers has been measured with electron diffraction’> !’
and ion scattering.'®!® In this paper we demonstrate
that x-ray diffraction using synchrotron radiation and
employing a grazing-incidence geometry provides superi-
or resolution and sensitivity for studying strain relief in
monolayer-thick films, and apply it to the investigation of
the Ge/Si(001) system. This technique has also been used
for an earlier study for this system® and for the case of
GaAs/Si(001) which displays contrasting behavior.?!
With the capability to measure both diffracted and
reflected x rays, this technique can provide information
concerning the strain and morphology in the surface re-
gion, thus making it especially powerful in the study of
these types of material systems.

With regard to germanium overlayers on Si(001), many
independent studies have shown by various means that,
for growth temperatures above about 350°C, the over-
layer forms in the Stranski-Krastanow mode, with island-
ing occurring after 3—4 ML of uniform deposition?? (1
ML=1.41 A). Auger spectroscopy’> and electron
diffraction®? provide less direct evidence for the islanding
process, whereas TEM and SEM provide direct images of
the islands and show their evolution with time and an-
nealing temperature.?* Islanding of the overlayer surface
also occurs on annealing after room-temperature deposi-
tion.?> Eaglesham and Cerullo!® have used TEM to ob-
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serve that the islands formed during deposition at 500 °C
are dislocation-free for island heights of up to 500 A, well
in excess of the predicted critical thickness for dislocation
formation, which is in the region of 10-20 A.* Thisis a
strong indication that the strain energy is initially re-
lieved by the formation of the islands, in which the Ge in-
teratomic separation can be closer to that in bulk Ge.
Eaglesham and Cerullo interpret the contrast in their im-
ages as an elastic deformation of the crystal around the
islands and they estimate that the strain could thus be re-
duced from 4% to 2.5%. This deformation takes the
form of curvature of the crystal planes, to which x-ray
diffraction is sensitive through the width of the measured
Bragg peaks, whereby a variation in the crystal-plane
orientation results in a broadening of the Bragg peak.
The stability of the initial uniform Stranski-Krastanow
layer and the clustering kinetics of 3D growth at higher
coverages have been studied using electron microscopy
and ion scattering.?* Recent work by Mo et al.?® using
STM has shown that a 3D cluster phase exists between
layer-by-layer growth and macroscopic islanding of Ge
on Si. These “hut clusters,” which are seen after Ge cov-
erages of greater than 3 ML, are faceted and specifically
oriented, though it is not clear as to whether they are
strained or relaxed from the STM data. This last point is
of great importance in understanding the overall relaxa-
tion process of Ge on Si.

Few studies have quantified the strain in Ge overlayers
on Si(001) and thus monitored the strain relief process as
it occurs. Ion scattering'® and RHEED (Ref. 15) studies
have detected the onset of strain relaxation at a coverage
of 6 ML, with full relaxation occuring at coverages
greater than 10 ML. This behavior contrasts with the
onset of islanding at a 3-ML coverage, and so indicates
that strain relief sets in only after appreciable islanding
has already occurred, and also that the islands do not in
themselves lead to appreciable strain relief. Ion scatter-
ing and RHEED, however, are less sensitive to small
changes in atomic spacing than x-ray diffraction. We
therefore aim to exploit the superior resolution of x-ray
diffraction to determine the onset of strain relaxation and
to determine the detailed distribution in the Ge over-
layer. By employing a variety of growth conditions we
also attempt to show the effects of growth conditions and
thermal treatment on the strain distribution. Concurrent
specular reflectivity measurements are also performed for
one sample to characterize interface and surface mor-
phology.

II. EXPERIMENTAL TECHNIQUE

Grazing-incidence x-ray diffraction has now been used
for a number of years to determine the atomic structure
of reconstructed surfaces.?’ In this geometry, the in-
cident and scattered beams subtend small angles (< 1°) to
the cryst:gl surface. The beam penetration may be limited
to ~50 A by reducing these angles to below the critical
angle for total external reflection. When coupled with
the high flux of synchrotron sources, this scattering
geometry offers many benefits for studies of strain relaxa-
tion in ultrathin films, as outlined below.
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For a strained, unrelaxed layer, the lattice parameter of
the epilayer and the substrate are identical in the plane of
the interface, thus causing a tetragonal distortion of the
epilayer unit cell. As the layer relaxes, its in-plane lattice
parameter increases towards its bulk value and the
tetragonal distortion is reduced, thus changing the lattice
parameter normal to the interface as illustrated in Fig. 1.
Conventional x-ray diffraction studies of strained layers
primarily involve scans of the scattering vector Q, nor-
mal to the surface, the in-plane component @, being
small or zero. Consequently strain relaxation is detected
as a shift in the epilayer peak as the tetragonal distortion
is relieved. In the grazing-incidence geometry, both in-
cident and diffracted beams are close to the plane of the
interface and thus Q,~=O0. The strain distribution is
probed by scanning radially outwards in reciprocal space
(the so-called #-2¢ scan) through the region around a
substrate Bragg peak. In this geometry, the peak from an
unrelaxed epilayer coincides with that of the substrate as
a result of their identical in-plane lattice spacings. Any
relaxed material having an in-plane spacing different
from the substrate value gives rise to a separate peak and
thus relaxation in small localized regions of the epilayer
may be detected, even when the rest of the layer is fully
strained. This contrasts with the conventional diffraction
geometry where the peak from the unrelaxed material
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FIG. 1. A schematic side view of (a) direct space and (b) re-
ciprocal space for a fully strained and partially relaxed layer. In
(a), the open and solid circles denote substrate and epilayer
atoms, respectively. In (b), the open circles and crosses denote
the substrate reciprocal-lattice points and the peak position for
the substrate and fully relaxed epilayer, respectively. A radial
scan at grazing incidence is denoted as an arrow.
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would dominate the data. This feature provides superior
sensitivity to limited strain relaxation when compared to
ion scattering and other techniques which are applicable
to ultrathin films. The grazing-incidence geometry also
benefits from a much narrower intrinsic peak width for
the epilayer due to the much larger extent and coherence
of the film parallel to the interface than normal to it.
This allows the strain distribution to be measured direct-
ly with good resolution. The scattering from the sub-
strate crystal truncation rod,?® which can obscure the
epilayer peak in the conventional geometry, may also be
resolved entirely and consequently does not obscure the
epilayer scattering. The limited beam penetration of the
grazing-incidence geometry also suppresses the thermal
diffuse scattering from the bulk crystal which gives rise to
troublesome scattering near the base of bulk Bragg peaks,
thus obscuring the scattering from slightly relaxed ma-
terial.

The experiments were performed using unfocused radi-
ation from the Wiggler beamline at the Synchrotron Ra-
diation Source in Daresbury (U.K). The x rays were
monochromated using the (111) reflection from a
channel-cut silicon crystq’l. For sample I, an incident-
beam wavelength of 0.80 A was used, giving a critical an-
gle for total reflection in Si of 0.12°. For samples II, III,
and IV the wavelength was 1.38 A, giving a critical angle
of 0.20°. The incident and exit grazing angles used for
the x-ray beam were set at $=0.09° and B'=0.13°, re-
spectively, for sample I, and 8=0.08°, 8'=0.09° for sam-
ples II and III. The incident beam was defined by slits of
0.1 3.0 mm? at a distance of 40 m from the source, giv-
ing a high degree of collimation. The detector aperture
subtended an angle of 0.10° at the sample.

The equipment consists of a large five-circle
diffractometer, connected to an ultrahigh vacuum
chamber with in situ molecular-beam epitaxy (MBE)
growth, as well as standard surface-science techniques.?
The use of a five-circle diffractometer rather than an ordi-
nary four-circle diffractometer enlarges the accessible
range of momentum transfer and allows the surface nor-
mal to lie in the horizontal plane during scans. The
Si(001) substrates were cleaned by light sputtering with
800-eV Ar™ ions for 60 s followed by an anneal for 3 min
at 1060°C. This gave a sharp (2X 1) diffraction pattern,
observed with RHEED and x-ray diffraction. The full
width at half maximum (FWHM) of the (3,0) and (0,2)
fractional order reflections, arising from the double
domain (2 X 1) reconstruction, were =~0.02° for the clean
surface, corresponding to an average reconstructed
domain size of ~7000 A.

The sample physical surface normal was aligned by
reflection of a laser beam, while the crystallographic
alignment was determined from the position of four bulk
reflections.?® The miscut of the surface relative to the
[001] crystallographic axis was thus determined to be
0.04°. The real unit-cell vectors, used to define the
scattering vector Q=hb,+kb,;+/b; in reciprocal space
may be related to the conventional bulk cubic real-cell
vectors by a;=(1,1,0)icv a,=(1,—1,0) ;> and
az= ( 0’ 0’ 71{ )cubic'

X-ray reflectivity provides a measure of the electron-
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density distribution as a function of depth. In this case,
the aim of the measurements was to mark the onset of is-
landing of the surface and to probe the degree of inter-
mixing at the Ge/Si interface. The specular reflectivity
was measured for sample I, for most investigated cover-
ages, concurrently with the radial scans, the experimental
conditions being identical to those given above.

Following an earlier preliminary study,?® four samples
were investigated in order to study the effect of thermal
treatment on the relaxation process. These are denoted
as follows.

Sample I. The substrate was held at 550°C during
deposition and then immediately cooled to room temper-
ature before measurement. This procedure was repeated
after deposition of each monolayer.

Sample II. The substrate was maintained at 520°C
during deposition and the subsequent measurements.

Sample III. A deposition of 2 ML of Ge was made
onto a substrate held at a temperature of 320°C. This
was to avoid any intermixing at the interface, which has
been suggested by a Raman-scattering study.® Follow-
ing this came an anneal at 520°C for 30 min. Measure-
ments were then performed at room temperature and this
procedure was repeated for each subsequent deposition of
1 ML.

Sample IV. Samples of varying thickness prepared by
MBE at British Telecom Research Laboratories. The Ge
was deposited onto the substrates at a rate of 0.5 As™ !
and at a temperature of 40050°C. The samples were
then capped with amorphous Si and the experiment per-
formed in air. For samples I, II, and III, Ge was deposit-
ed at a rate of 1 ML per 18 min, using a Knudsen effusion
cell calibrated by Rutherford backscattering. A compar-
ison of the results with those of sample IV thus give an
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indication of the effect of a 500-fold increase in the
growth rate.

III. RESULTS AND DISCUSSION

A. Diffraction

Radial scans along the b, direction in reciprocal space
were performed across the (2,0) Bragg peak for all of the
samples, the results of which may be seen in Figs. 2—6.
This type of scan is sensitive to the distribution of lattice
spacings parallel to the interface, and therefore probes
the in-plane strain of the overlayer. The resolution along
h, determined by the detector aperture slits and the il-
luminated surface area, was 0.02 reciprocal lattice units
(r.lu.). Figure 2 shows that the peak profile for sample I
remains unchanged for a coverage of © <3 ML. This is
direct evidence that the Ge initially grows pseudomorphi-
cally with an in-plane lattice spacing identical to the Si
substrate. At a coverage of 3.2 ML the base of the Bragg
peak becomes slightly asymmetric, which becomes more
noticeable at 3.9 ML where a weak shoulder is seen to de-
velop. This may be attributable to the onset of strain re-
laxation in the germanium.

This is a highly significant result, since not only does
this onset occur at a considerably reduced overlayer
thickness when compared to previous work, !’ but it
also coincides with the well-reported onset of overlayer is-
landing.?*?* The growth of Ge on Si(001) is known to
proceed through the Stranski-Krastanow mode, where is-
lands form on the surface of the Ge at a coverage of
around 3 ML. This concurrence indicates that the onset
of strain relaxation relates to the formation of islands
rather than the generation of misfit dislocations. There is
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FIG. 2. Radial scans as a function of coverage for sample I. The intensity is plotted on an arbitrary scale. On this scale, the
Bragg-peak intensity is ~10° units. Notice the slight increase in asymmetry in the 3.9-ML peak when compared with the one corre-
sponding to a 2.4-ML coverage, which shows the onset of relaxation in the overlayer.
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FIG. 3. Radial scans for sample I, with a coverage of 11 ML. Circles denote data for §=0.09°, 8'=0.13° and crosses represent the

same scan with 8=0.07°, B'=
the interface, rather than at the surface.

also some evidence for the curvature of the crystal planes
due to an elastic deformation associated with the islands.
It is best seen in Fig. 7, where the radial scans corre-
sponding to coverages of 2.4 ML and 5.5 ML are plotted
for comparison on a logarithmic intensity scale. A broad
base to the Bragg peak obtained with a 5.5-ML coverage

0.05°, leading to a reduced penetration depth. This shows the partially relaxed material to be near to

is clearly visible, which may be attributable to a deforma-
tion of the surface region. A characteristic radius of cur-
vature r, for this deformation may be determined, which
in this case is ~30 pm (assuming an island diameter of
~1000 A). This value also concurs with recent TEM ob-
servations of dislocation-free islands in Ge/Si(001) for is-
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FIG. 4. Radial scans as a function of coverage for sample II. These show how an increased time at high temperature (520 °C) leads

to an increased rate and more complete relaxation in the overlayer.
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FIG. 5. Radial scans as a function of coverage for sample III. These show only a limited quantity of relaxed material after growth
at 320°C, though a more complete relaxation to bulklike Ge has occurred. This is possibly due to nucleation of “bulk” Ge around
defects in the overlayer, which may be expected after such a low temperature growth.

land heights of hundreds of Angstroms. 3 However, fur-
ther scans of other reciprocal-lattice points would be re-
quired to test the possibility.

With increasing overlayer coverage, the partially re-
laxed component due to germanium shifts to lower values
of h, until at a coverage of 11 ML it adopts the position
expected for bulk germanium (2 =1.92 r.l.u.). This is in

agreement with the RHEED and ion-scattering work
mentioned earlier, which reported the observation of
completely relaxed germanium at a coverage of =~ 10
ML.!* Additional information is obtainable from the in-
termediate reciprocal-lattice space, since this contains the
detailed strain distribution within the developing over-
layer.
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FIG. 6. Radial scans before and after annealing a 4-ML Ge coverage on sample IV, which was grown at 0.5 As™!. These show
that no significant difference in the relaxation of the Ge overlayers is seen even if the growth rate undergoes a 500-fold increase.
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FIG. 7. Radial scans of the coverages of 2.4 and 5.5 ML plotted on a logarithmic intensity scale to show difference in their base
widths. This may be attributed to elastic deformation of the substrate around the Ge islands.

For overlayer coverages of 5.5 and 7.1 ML, the ger-
manium partially relaxes, with peaks centering at
h =1.97 and 1.95 r.l.u., respectively. The fact that the
germanium is not seen to relax fully at this stage lends
support to the argument that the initial relaxation mech-
anism is one where deformation through islanding
occurs. Even when fully relaxed germanium is observed
for the 11-ML coverage, a not insignificant proportion of
the total signal is found at values of reciprocal space cor-
responding to intermediate strain in the overlayer. The
question arises whether the strain is distributed laterally
across the overlayer, or as a function of distance from the
interface.

In order to probe this further, radial scans for the 11-
ML coverage sample were repeated with 8=0.07° and
' =0.05° thereby ensuring that the detected beam was
entirely below the critical angle. The scattering depth?®!
was thus reduced from 100 A to 40 A and led to the scan
profile denoted by crosses in Fig. 3. In this case, the scat-
tered intensity from the ‘plateau,” in the region

=1.95-2.00 r.l.u. has been strongly attenuated relative
to the peak at A =1.92 r.L.u., indicating that the atomic
layers closest to the interface are still strained while the
surface layers are almost fully relaxed. It should be noted
that the values of the scattering depth quoted above are
difficult to interpret in view of the islanding that occurs
at this coverage, since a significant fraction of this beam
may be totally externally reflected from the tops of is-
lands, thus shadowing parts of the surface. It should also
be noted that from 5.5 ML onwards, there is a decrease in
the scattered intensity from the intermediate area,
around A =1.98 r.l.u., suggesting that the relaxation in
the Ge occurs through a continuous release of strain as
the coverage increases.

The relaxation process seen here for germanium should
be compared with recent similar work on the
GaAs/Si(001) system.?! In contrast to the Stranski-
Krastanow growth observed for germanium, where only
the Bragg peak due to silicon and strained germanium
was observed, the GaAs was seen to form as partially re-
laxed material immediately on deposition. This is indica-
tive of immediate islanding of the GaAs, showing that
the overlayer forms through the Volmer-Weber growth
mode. This is entirely consistent with RHEED observa-
tions of initial GaAs/Si growth.3? The development of
the area of the relaxed material with coverage is also in-
formative with regard to the nature of the strain distribu-
tion within the overlayer. In the case of the GaAs/Si sys-
tem, the area of the relaxed material increases roughly
linearly with the coverage, showing that nearly all of the
overlayer is in some way relaxed. For Ge/Si, however,
the relaxed area does not increase rapidly until a cover-
age of about 5 ML is reached. This suggests that even
when some islanding of the germanium has occurred
(from =3 ML) an incomplete relaxation exists, with the
remainder overlayer still being strained.

Transverse scans (along k) were employed to determine
the extent of correlations laterally across the surface for
both fully relaxed and partially relaxed regions at 11 ML.
After correction for resolution effects and assuming iso-
tropic correlations in two dimensions, the FWHM at
h =1.92 and 1.97 r.Lu. result in correlation lengths of 80
and 100 A for the relaxed and partially relaxed regions,
respectively. The detailed interpretation of these values
of the correlation lengths in terms of parameters such as
dislocation densities is unclear at present. Radial scans
were performed around (k,k)=(4,0) and (0,2) to search
for any fractional orders in the diffracted beams from the
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overlayer. They were indeed found to be present for ger-
manium coverages up to 5 ML, though they were rather
weak in intensity. This shows that up to a 5-ML cover-
age, areas of the overlayer surface are present in a (2X1)
reconstruction, following the structure of the initial sil-
icon substrate surface.

For sample II the temperature was maintained at
520°C throughout the growth and measurements and the
resulting scans are shown in Fig. 4. At a coverage of 3
ML, the sample has relaxed far more than at the same
stage with sample I, and shows a wider range of lattice
spacings, from A =1.93-2.00 r.l.u. This may indicate
that the Ge in sample I has not fully relaxed and at a pro-
longed elevated substrate temperature the Ge would relax
further. This would also explain the decrease in the scat-
tered intensity in the intermediate area at 4 =1.98 r.l.u.,
as the Ge coverage increases. At 6 ML the strain is re-
duced to about 1%, with a peak forming at # =1.94 r.1L.u.
The scattered intensity at # =1.98 r.l.u. remains con-
stant from 3 to 6 ML, indicating that although there is
still an intermediate region of scattered intensity between
the two peaks, the Ge at each coverage has finished relax-
ing.

The radial scans for sample III are shown in Fig. 5,
and were performed at room temperature after deposition
at 320°C followed by an anneal at 520°C. At 3 ML an
extremely weak peak in intensity appears, before becom-
ing more prominent at a coverage of 4 ML. The peak ap-
pears at the almost fully relaxed position of 4 =1.93 r.l.u.
and is much weaker than the scattered intensity observed
in the earlier samples, indicating that very little of the Ge
relaxes. There is also no intermediate intensity between
the two peaks, showing that the Ge almost fully relaxes
into localized bulklike Ge islands, possibly nucleating at
defects induced by the low-growth temperature, instead
of a continuous relaxation as seen in earlier samples.

Sample IV was prepared with a more rapid MBE
growth by British Telecom in the form of 4 ML of ger-
manium deposited onto Si(001), before capping with
amorphous silicon. The radial scans resulting from this
material can be seen in Fig. 6. A comparison of the an-
nealed (for 30 min at 500°C) (circles) and nonannealed
(crosses) samples show that the Ge partially relaxes even
before annealing, and then continues to relax after fur-
ther thermal treatment. This is consistent with the ear-
lier samples and the clustering of islands observed by
Zinke-Allemang, Feldman, and Nakahara. !4

B. Reflectivity

Work done using Raman scattering and ion scattering
shows that when Ge is deposited at substrate tempera-
tures of greater than 250 °C, some intermixing occurs at
the interface.’® In an attempt to determine the extent of
intermixing and surface roughness, specular reflectivity
scans were performed concurrently with the radial scans
on sample I. For specular reflection, the wave-vector
transfer Q is given by Q=2k sinf, where k =27 /A and 0
is the angle of incidence and exit.

Several models of the density profile perpendicular to
the surface involving two roughened interfaces, were em-
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ployed to fit the data. These were found to be inadequate
to account for the data for coverages greater than 3 ML.
A model involving a uniform layer of Ge with an island
on top was introduced to simulate the actual physical pic-
ture for Stranski-Krastanow growth. The reflected am-
plitude was calculated by considering the scattering from
discrete atomic layers,

S 1
I —E Fg(Q) . %
where Fg; and Fg, are the structure factors for Si and Ge,
respectively; a;g, (=1.04a,) is the lattice vector perpen-
dicular to the interface. S is a scaling factor, and Q ~? in-
cludes the area correction and Lorentz factor.>® The fac-
tor ¢, for the fractional coverage of layer n is introduced
to enable simulation of island formats and is defined by

N ) 2
+ 3 ¢, Fgo(Qle' ¥ |

n=1

1, n<Ng
' (fa—=f1)n—=Ngl)
+
fl (N_NSK) " >NSK

where f is the initial fractional coverage for the lowest
atomic level of the island, f, is the fractional coverage of
the highest atomic island, and Ngg is the thickness of the
Stranski-Krastanow layer. The value of f, was deter-
mined from Ngx and N, with f,; following these in order
to maintain the total germanium coverage. The factor ¢,
for atomic layers near the Ge/Si interface and at the is-
land surface was modified to include a Gaussian roughen-
ing of the Si/Ge interface. This simulates a density
profile shown schematically in Fig. 8. Clearly, such a
simple model involving a linearly varying fractional cov-
erage cannot fully account for the real physical situation
involving a distribution of island heights and widths.

The three fitted models of the electron density profile
were as follows.

(a) Layer-by-layer (Frank—van der Merwe®) (N, =0).

(b) Islanding (Volmer-Weber!?) (Ngx =0).

(c) Layer plus islands (Stranski-Krastanow!'!).

Pa

Z (unit cells)

FIG. 8. The profile of the electron density perpendicular to
the sample surface (p(,)) used to model the reflectivity expected
from a surface form in the Stranski-Krastanow mode. The per-
pendicular distance is determined by the number of unit cells
from the Si/Ge interface.
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The best fits using a y? agreement factor for various
coverages of the model simulating Stranski-Krastanow
growth are compared in Fig. 9 to the best fits of the two
other models, one with no islanding and the other with
no Stranski-Krastanow layer. N, and Ngx were fixed
and the remaining parameters fitted, followed by iteration
with new values of N, and Nggx. The error on these
values is within 1 ML up to 5.5 ML. The resulting values
for o, and o, show a fair degree of scatter, but they still
allow an interfacial roughness in the order of 1 to 2 ML
to be determined over the coherence length of =~ 1000 A.
Information obtained on the degree of intermixing and
surface roughness was found to be inconclusive. Up to
2.4 ML, the fitted model suggests that although the sur-
face may roughen, no islanding seems to occur. After 3
ML, model (c) increasingly gives a better fit as judged by
the x? values, although up to 5.5 ML the height of islands
is still relatively small. At 7 ML the island height N has
increased significantly to =100 ML (Fig. 10), the fit being
rather insensitive to larger values of N,. An island
height of greater than 500 ML as suggested by TEM
(Ref. 13) would be compatible with this fit. The fitted
Stranski-Krastanow layer thickness Ngx increases with
coverage from 3 ML at a coverage of 4.7 ML, to 5 ML at
a coverage of 7 ML, suggesting that it continually devel-
ops with increasing coverage. Nevertheless, it should be
stressed that the reflectivity data does indicate the overall
behavior, but the resulting values of the parameters

100 T T ] T T T T T T [ T 1)
L ° i
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Island Height N
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0.|x.|[1'111111111114
0 2 4 6 8 10

Coverage (ML)

FIG. 9. Graph to show the growth of Ge island height (in
number of unit cells) as a function of total (deposited) coverage.
Note the nonlinearity and the sudden increase in island height
at ~6-ML coverage.
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FIG. 10. Reflectivity data as a function of overlayer cover-
age, showing the fitted curves for the three models: Stranski-
Krastanow (solid line), Volmer-Weber (small dash), and
Frank-van der Merwe (large dash).

should not be given undue weight in view of the simplis-
tic model used.

IV. CONCLUSIONS

Grazing-incidence x-ray diffraction has been employed
to investigate the relaxation of strain in ultrathin films of
germanium on Si(001) substrates. Radial scans in recipro-
cal space provide a direct measure of the strain distribu-
tion in the sample with a sensitivity unparalleled by other
strain-monitoring techniques for ultrathin films. One of
the important advantages of the grazing-incidence
diffraction geometry is the ability to detect strain relaxa-
tion in localized regions, even when most of the overlayer
is unrelaxed. By varying the grazing angle of the incident
and scattered beam, the depth dependence of the strain
may be probed, although the calculated penetration
depths are difficult to apply if the upper surface is not
flat, which occurs when islands form. X-ray reflectivity
scans may also be used to monitor the morphology of the
overlayer surface, thereby providing some measure of any
roughness or islanding present.

The general picture that emerges from the work is that
strain relaxation consistently sets in at a coverage of 3 or
4 ML, although the detailed strain distribution depends
strongly on the growth conditions and thermal treatment
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applied. If the amount of time the sample is exposed to
high temperatures is minimized, then the extent of relax-
ation is slight, and the in-plane lattice parameter is close
to that of the substrate. Prolonged annealing at =~ 500°C
results in a larger change in lattice parameter, which
occurs over larger regions of the layer. Increasing the
growth rate from 1 ML per 18 min to 1 ML per 3 s does
not suppress the onset of strain relaxation substantially
under the growth conditions employed. For sample I,
where the time spent at =~S500°C was minimized, the
amount of relaxed material increased rapidly at 6=6
ML. This coverage coincides with the critical coverage
reported in the literature for Ge/Si(001) using ion-
scattering and electron-diffraction techniques. The
current data therefore indicate that these techniques
detect the point at which strain relaxation propagates
through large regions of the sample and that they are
comparatively insensitive to limited relaxation in restrict-
ed areas. This again emphasizes the need for sensitivity
in strain-relaxation measurements in order to determine
the onset of relaxation.

It is now well established that growth of germanium on
Si(001) proceeds in a Stranski-Krastanow mode, where is-
lands form on the surface of the Ge at a coverage of
around 3 ML, as observed by Auger spectroscopy, elec-
tron diffraction, and TEM/SEM. This coverage coin-
cides with that at which we observe the onset of strain re-
laxation using grazing-incidence diffraction and of island-
ing from specular reflectivity measurements. This con-
currence indicates strongly that strain relaxation in this
system is intimately related to the islanding process, rath-
er than to the generation of misfit dislocations. This
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concurs with recent TEM observations of dislocation free
islands in Ge/Si(001) for island heights of hundreds of
angstrom. Recent theoretical studies of strain relaxation
in Ge overlayers on Si, by energy minimization in a
molecular-dynamics calculation, have also shown that it
is energetically more favorable for relaxation to occur by
island formation rather than the generation of misfit
dislocations.?* The larger islands have also been ob-
served to grow at the expense of the smaller ones by an
Ostwald ripening process as the samples were annealed.
It would appear that the strain distributions observed for
samples I, II, and IV reflect the distribution of strain in
these islands, depending on coverage and thermal treat-
ment. The scans at two different angles of incidence for
sample I at a coverage of 11 ML therefore show that the
germanium at the tops of these islands are fully relaxed,
the material closer to the interface having a lattice spac-
ing closer to that of bulk silicon.
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