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Abstract

Epitaxial Si1�x Gex films of thickness �/200 nm have been grown on Si(100) and Ge(100) substrates using chemical vapor

deposition. Both X-ray diffraction and Raman studies show that the films are Ge rich (x�/0.7) with no residual strain. Cross-

sectional transmission electron microscopy studies have been used to demonstrate that the films relax by different mechanisms

leading to different surface morphology and interface structure. Films in tension (SiGe/Ge) were seen to relax through the creation

of misfit dislocations, whereas those in compression (SiGe/Si) formed islands without dislocations. Consideration of the misfit

dislocation formation mechanism in these materials has been used to explain this behavior phenomenologically. # 2002 Elsevier

Science B.V. All rights reserved.
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1. Introduction

The growth of semiconductor heteroepitaxial layers is

assuming ever greater importance due to the demands of

modern electronic-device fabrication. The SiGe system

is of particular interest due to its lower cost and inherent

compatibility with Si lithographic technology. Due to

the complete miscibility of Si and Ge [1], alloys of any

desired composition can, in principle, be synthesized,

giving rise to a number of interesting high speed and

optoelectronics applications [2]. In particular, materials

with bandgaps in the 1.3�/1.55 mm range, corresponding

to Ge concentrations of 25% or more are of interest in

optical communication and in infrared detection [3].

Due to the relatively large (up to �/4%) lattice

mismatch between Si and Ge, growth of individual

SiGe layers of appreciable Ge concentration will nom-

inally be limited to below the a critical thickness [4,5],

beyond which interfacial misfit defects will be intro-

duced. These misfit dislocations differ from dislocations

in the usual sense in that they decrease the total energy

of the system, and, thus, are thermodynamically fa-

vored. Both a�/60 and 908 dislocations (a is the angle

between the dislocation line and the Burger’s vector, b)

have been observed in the SiGe system [6]. Although 908
dislocations reduce the strain more efficiently than 608
ones (nb versus nb/2 for an array of n dislocations), the

latter are generally formed preferentially in all but the

thinnest strained layers due to their lower energy of self

formation. These defects degrade device performance by

increasing dark currents and noise. A large body of both

experimental and theoretical work has been devoted to

this topic [6,7], and a number of design concepts have

emerged to produce low dislocation density epitaxial

layers, involving the use of compositional grading [8,9].

Aside from the well established problems associated

with misfit dislocation formation in SiGe alloy growth

on Si, an additional phenomenon, three-dimensional

island formation, has attracted interest in recent years.

These structures form as a result of stress-enhanced

diffusion [10] of Ge in response to high strain (i.e. high

Ge content) and/or high temperature depositions. The
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equilibrium surface morphology that develops is a

minimum energy configuration, as the strain energy

relieved by lattice relaxation is offset by the additional

surface energy associated with the ‘wavy’ interfaces.
Although these asperities can, in principle act as sources

for misfit dislocations [11], other studies [12] have found

them to be largely dislocation-free. This suggests that

they provide an alternate pathway for strain energy

reduction. Since this morphology is detrimental to the

fabrication of multilayer structures proposed in various

device applications, it is of paramount importance that a

firm understanding of conditions under which such
morphologies evolve be understood. Such three dimen-

sional arrays are also of interest in their own right, as

three-dimensional quantum confinement structures,

with enhanced (with respect to two-dimensional quan-

tum wires) blue shifted luminescence are observed [13].

These quantum ‘dots’, comprised of clusters of a few

thousand atoms, confine charge carriers in three dimen-

sions. It is thus of considerable interest to extend studies
of these alloy compositions into the regimes of high

compressive (i.e. high Ge content layers on Si) and

tensile (through deposition onto single crystal Ge

substrates) strains.

In this work we report X-ray diffraction (XRD),

Raman spectroscopy, atomic force microscopy (AFM)

and cross-sectional transmission electron microscopy

(TEM) studies on epitaxial Si1�x Gex (x�/0.7) films
grown on Si(100) and Ge(100) substrates to elucidate the

degree to which and how strain is relieved and its

influence on the resulting surface morphology. Films in

tension seem to relax through the creation of misfit

dislocations, whereas those in compression form islands.

This observed behavior is explained phenomenologically

by considering the mechanism of formation of misfit

dislocations in these materials

2. Experimental procedure

Epitaxial films of Si1�xGex were grown at the Air

Force Research Laboratory, (AFRL) on single crystal Si

(001) and Ge (001) substrates by ultrahigh vacuum

chemical vapor deposition at 600 8C to a thickness of

200 nm. The growth rate was less than 0.1 nm s�1. All
substrates were preoxidized in ozone, followed by oxide

removal via an HF dip, (10% by volume) to provide

hydrogen-terminated surfaces immediately prior to film

growth. XRD u�/2u and rocking curve scans were

performed with a Rigaku powder diffractometer using

Cu-Ka radiation. Raman spectra were measured in the

back scattering geometry, using a Spex 1404 double

monochomater equipped with photon counting electro-
nics. The 514.5 nm line from an argon laser was used to

excite the Raman spectra. Incident laser power of �/100

mW was focused to a spot on the sample. The spectral

band pass was �/2.5 cm�1 at 514.5 nm, and the step

resolution used was 0.5 cm�1. The surface morphology

of the films was examined with a Digital Instruments

Nanoscope III AFM, operating in the tapping mode.
For TEM studies, section samples were prepared by

bonding two films face to face, mechanical thinning and

ion beam thinning. Conventional transmission (100 kV)

electron microscopy (TEM), and ex-situ reflection high

energy (60 kV) electron diffraction (RHEED) results

were obtained utilizing facilities at AFRL, while high

resolution (200 kV) electron microscopy (HREM) was

conducted at the MIT Lincoln Laboratory.

3. Results and discussion

Both XRD and Raman data were utilized to deter-
mine the composition and residual strains in epitaxial

Si1�xGex films grown on Si(001) and Ge(001) sub-

strates. Fig. 1(a) and (b) display the sharp (004) peak of

Si1�xGex (shifted with respect to the substrate peaks),

along with the rocking curve scans shown as inset. XRD

data clearly indicate a well oriented �001� growth of the

films. Fig. 2(a) and (b) show their corresponding Raman

spectra with strong peaks of Ge�/Ge and Ge�/Si optical
phonon modes. For partially strained alloys, the Raman

shift of the Ge�/Ge, Ge�/Si and Si�/Si optical phonon

Fig. 1. X-ray diffraction pattern of SiGe alloy on (a) Si (001), (b) Ge

(001) substrate. The insets shown are the rocking curves of the Si1�x

Gex (004) peak.
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modes are given by [14]:

v
Ge0Ge

�300�20x�17xG (1a)

vGe�Si�390�55x�17xG (1b)

vSi�Si�456�66x�28xG (1c)

Here, G (�/(dl /l)(1/0.0417)) is the strain ratio, dl /l is

the parallel strain and x the Ge concentration. Using the

experimentally observed Raman shifts for the Ge�/Ge

and Ge�/Si peaks (Si�/Si peaks are too broad), we obtain

values of x �/0.69 (films are Ge-rich) and o½½ of �/

0.00135 and �/0.00058 for SiGe/Si and SiGe/Ge. These

low values of o½½ indicate that, on average, the epitaxial

layers are nearly fully relaxed. Utilizing these results, the
lattice parameter of the alloy film is calculated from the

equation a (x )�/0.5431�/0.02x�/0.002x2 [15], yielding

a�/0.5581 nm which compares well with the XRD data.

Hence, lattice misfit, d (�/(aepi�/asub)/asub) is �/0.029

and �/0.013 for the SiGe/Si and SiGe/Ge.

The surface morphology of the films was studied

using AFM (Fig. 3a and 3b). In both cases, an islanded

morphology is evident with somewhat larger islands in
SiGe/Ge. Since the surface energy of the SiGe lies

between that of Ge (lowest) and Si (highest), one would

expect a complete coverage of Si by the SiGe film and an

incomplete coverage of Ge by the same. However, the

development of similar resultant morphologies in both

films is worth noticing. Perhaps the stress relieving

mechanisms in these two cases (film in compression for

SiGe/Si and in tension for SiGe/Ge) influence the initial

morphology of the epitaxial layers over and above what

surface energy considerations would dictate.

To investigate the strain relaxation mechanism in

detail, cross-sectional TEM was undertaken. Fig. 4(a)

and (b) are cross sectional TEM views of the SiGe/Si

and SiGe/Ge interfaces. The SiGe/Si film grows from the

outset with a discrete, faceted island morphology,

whereas SiGe/Ge initially forms a planar layer and

only roughens after attaining a thickness of �/100 nm.

Strain relaxation in strained films would normally be

expected to involve the nucleation and movement of

dislocations. These misfit dislocations are thought to

form either by motion of a threading dislocation from

the substrate or nucleation and propagation of disloca-

tion half loops at and from the surface. The biaxial

stresses in the film exert forces on the threading

dislocation segment and cause it to move in the slip

plane. The portion of the dislocation that resides in the

substrate remains stationary because the forces on it are

much smaller and oppose each other. Thus, the thread-

ing dislocation in the film bends over as it moves and

Fig. 2. Raman spectrum of SiGe alloy on (a) Si (001), (b) Ge (001)

substrate.

Fig. 3. Atomic force micrograph of SiGe alloy on (a) Si (001), (b) Ge

(001) substrate. Scan size is 2�2 mm.

Fig. 4. Cross sectional TEM image of 200 nm thick SiGe alloy on (a)

Si (001), (b) Ge (001) substrate. Beam direction is along �110� of the

substrate.
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eventually leaves a misfit dislocation in its wake.

Continued movement of the threading dislocation

extends the length of the misfit dislocation. Alterna-

tively, dislocation half loops can be nucleated at the free

surface of the growing film and eventually lead to the

formation of misfit dislocations at the interface as the

two ends of the half loop move in opposite directions

(similar to a Frank�/Read mechanism). People and Bean

[16] have argued that the bending of existing threading

dislocations is unlikely to serve as a significant source of

misfit dislocations for small misfits and that the nuclea-

tion of stable dislocation half loops is unlikely unless the

misfit is large. The paucity of existing threading

dislocations in semiconductor substrates, however,

leaves the half loop nucleation mechanism as the most

plausible.

In these diamond cubic materials, the dislocations are

of the 608 mixed type, with b�/1/2{/011̄/}�111�, (Burgers

vector makes an angle of �/458 with (001)). Now, to

both lower their total energy (�/b2, according to

Frank’s rule) and to reduce their core width (thus

lowering the Peierls�/Nabarro stress), these 608 perfect

dislocations will dissociate into leading and trailing

partial dislocations, each with Burgers vector of type

1/6�112�. Consider now the slip mechanism on (111)

under the action of a tensile stress (as per Fig. 5). As

shown, the 608 perfect dislocation has dissociated into a

leading 908 (i.e. b is normal to the dislocation line of the

original perfect dislocation) and a trailing 308 partial.

Now, the imposed stress will be resolved on the slip

plane in the slip direction, say t . Under the action of the

tensile stress, the force on the leading partial will then be

tb cos 308 (�/0.866 tb ), while that on the trailing partial

is tb tan 308 (�/0.577 tb ), b in each case being of the

same magnitude (0.408 nm). Therefore, the first partial

will nucleate rapidly, but the second will be delayed (due

to the smaller force on it), resulting in the formation of

an extended pair (with a stacking fault between them).

In the case of compressive stress (arrows reversed in Fig.

5), the nucleation of the now leading 308 partial will be

delayed, due to the smaller resolved stress along it. Once

the leading partial does nucleate, however, it will be

followed rapidly by the trailing 908 partial. Therefore,

the pair will be barely extended and will move in lock-

step. Maree et al. [17] have considered the energy

required to nucleate a dislocation half loop for both

tensile and compressive strain. When factors such as the

energy released in forming the loop and the stacking

fault are added and the energy lost through movement

of the partials are taken into account, it is found that the

net energy required for nucleation of a half loop in the

case of tension is less than in compression, and can be

lower than that derived without taking these additional

energy terms into account. Consequently, misfit disloca-

tion formation via the half-loop mechanism is favored in

the case of tension. The influence of the sign of the misfit

strain on the relaxation mechanism generally has not

been addressed heretofore in these materials.

Close examination of the region between the islands

in Fig. 4(a) reveals the presence of strain contrast in the

substrate, with maximum strain near the island center.

No such features are present in the Ge substrate in Fig.

4(b). However, a considerable density of dislocations is

evident along the interface. In this case, the film is in

tension and strain is accommodated through the forma-

tion of misfit dislocations of spacing, S , on the order of

b /d , where b is the Burgers vector and d , the misfit.

Taking b�/0.4 nm and d�/0.013, as above, we obtain

S�/ 30 nm, or approximately 90 {111} planes. High-

resolution electron microscopy images taken across the

interface under an island reveal considerable strain

contrast across the interface in the SiGe/Si case (Fig.

Fig. 5. Schematic of slip mechanism of 608 dislocation on

(111)(adapted from [17]).

Fig. 6. High resolution cross sectional transmission electron micro-

graph of SiGe alloy on (a) Si (001), (b) Ge (001) substrate. Beam

direction is along �110� of the substrate.
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6(a)). No such contrast is seen across the SiGe/Ge

interface (Fig. 6(b)). This is the region between disloca-

tions and is strain-free (well lattice matched). The film/

substrate mismatch measured directly across the inter-
face by HREM was 0.041 and �/0.012 for SiGe/Si and

SiGe/Ge. The near-surface (within 10 nm of the surface)

mismatch of SiGe/Si, relative to bulk Si was determined

by RHEED to be 0.017, while that of SiGe/Ge, relative

to bulk Ge, was �/0.015. These results bracket those

derived from Raman spectroscopy and XRD, which

represent a volume-average. The SiGe/Si results suggest

that stress-driven diffusion [10] of Ge along the island
surface towards the substrate has occurred. This would

account for the lack of strain contrast in the region

between the islands in Fig. 4(a). In SiGe/Ge, we do not

observe such effects, since all the misfit strain is

accommodated by misfit dislocations. Curiously en-

ough, however, the film develops a three-dimensional

morphology and at an apparent (surface energy) cost,

even though it is (by then) strain-free. Examination of
Fig. 4(b), however, reveals that these islands contain

large facets of nearly �111� orientation, which is a lower

energy surface than the original �001�. Therefore, the

surface energy is, in fact, reduced.

Consequently, absent any film-substrate misfit strain,

systems tend to maximize (111) surface area at the

expense of other orientations, such as (001). Xie et al.

[18] have observed roughening in Si0.5Ge0.5 films grown
on a compositionally-graded SiGe layer (on Si(001))

under compressive stress and no roughening in films

deposited in tension. They attributed this behavior to a

lowering of monatomic and diatomic step energies

induced by the compressive stress. Tersoff [19] has since

argued that step energetics play a relatively minor role in

the roughening of SiGe(001) films, which, instead take

the form of (105) faceting [20,21]. He further points out
that the surface stress can change with the sign of the

misfit, since by definition the surface stress, itself, is the

change of the surface energy with strain. It should be

noted that the multilayer system described by Xie et al.

[18] differs from the present case in that the composi-

tionally-graded SiGe layer is elastically softer than either

Ge or Si substrates alone. This, according to the Asaro

and Tiller formalism [22] would induce enhanced rough-
ening when compared with films deposited on bulk

substrates. Guyer and Voorhees [23,24] have incorpo-

rated film formation kinetics into their theoretical model

to derive morphological stability maps, which show

surface perturbation wavelengths that differ with the

sign of the film/substrate misfit. Their analysis draws

heavily on the premise that local compositional inho-

mogeneities in the growing film drive the morphological
instabilities. In the present work, the complementary

pairs, SiGe/Ge (planar) and SiGe/Si (islanded), provide

evidence that the sign of the misfit strain can affect

profoundly the resultant film morphology. Comparison

of experimental measurements of both interplanar

spacings near the surface and film-substrate misfits

across the interface confirms that the lattice parameter

is increased from that of the substrate to that of the bulk
deposit within these islands.

4. Conclusions

A study of the surface morphology and interface

structure of Ge-rich Si�/Ge films, grown by ultrahigh

vacuum chemical vapor deposition on Si (001) and Ge

(001) substrates has revealed two independent, but

competing factors that combine to determine the result-

ing film morphology. When misfit strain is present, the

systems seek to relieve it through the formation of misfit

dislocations. Although it is to be expected that misfit
dislocation formation is facilitated by large strains, it

was found that the sign of the strain is equally

important. In particular, compressively strained films

(SiGe/Si) tend to form surface asperities to relax the

misfit strain without forming dislocations, while redu-

cing the surface free energy. On the other hand, the films

in tension (SiGe/Ge) relieve their strain by the formation

of dislocations initially and then forming three dimen-
sional �111� facets to lower the surface free energy.
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