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Abstract — Epitaxial undoped and Sb-doped Si films have been grown on Si(001) substrates at tem-
peratures T, between 80 and 750°C using energetic Si in ultra-high-vacuum Kr'-ion-beam sputter
deposition(IBSD). Critical epitaxial thicknesses t., the average thickness of epitaxial layers, in undoped
films were found to range from 8 nm at T=80°C to >1.2 um at T.=300°C while Sb incorporation
probabilities o5, varied from unity at T,<550°C to ~0.1 at 750°C. These t. and O values are
approximately one and one-to-three orders of magnitude, respectively, higher than reported results
achieved with molecular-beam epitaxy. Plan-view and cross-sectional transmission electron microscopy,
high-resolution x-ray diffraction, channeling and axial angular-yield profiles by Rutherford
backscattering spectroscopy for epitaxial SiyGe,(001) alloy films (0.15<x<0.30) demonstrated that the
films are of extremely high crystalline quality. Critical layer thicknesses h., the film thickness where
strain relaxation starts, in these alloys were found to increase rapidly with decreasing growth
temperature. For Si;,iGegy, b, ranged from =35 nm at T,=550°C to =650 nm at 350°C compared to an

equilibrium value of 8 nm.

1. INTRODUCTION

Sputter deposition offers potential advantages
for the growth of epitaxial layers. These include
uniform deposition over large areas and the
inherent ability to exploit the use of low-energy
ion/surface interactions during film growth. Low-
energy ion irradiation has been shown to provide
enhanced adatom surface mobilities [1], lower
“epitaxial temperatures”[2], increased dopant
incorporation probabilities 3], and better control
over dopant depth distributions (including &-doped
layers)y [3,4].
relatively few reports of sputter-deposited group-

Nevertheless, there have been
1V semiconductors with good electrical properties.

A serious problem associated with Si growth
by molecular beam epitaxy (MBE) is the strong
tendency for dopant surface segregation and very
low incorporation probabilities leading to difficulty
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in controlling depth distributions and obtaining
abrupt doping profiles [5]. Solutions to these
problems have primarily involved the use of low-
energy accelerated ions to trap dopants in near-
surface sites, thereby increasing dopant incorporation
probabilities {3-5] and low-temperature epitaxy.

The growth of epitaxial Si..Ge. has been
extensively investigated duc to the possibility of
bandgap engineering fully-strained alloys for the
development of new electronic and optoelectronic
devices compatible with conventional Si-based
fabrication technology [6]. Alloy deposition tem-
peratures for various growth techniques are typ-
ically >350°C. The primary problems associated
with Si..Ge, alloy growth are strain-induced sur-
face roughening [7, 8], surface segregation of Ge
[9], and limited strained-layer thicknesses due to
relaxation through misfit dislocation generation
[10-15].
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Compressive in-plane strain associated with the
growth of Sii.Ge. epitaxial films on Si is
relieved through two primary pathways. For
Si1.Ge,(001) alloys with lower Ge concentrations
(e.g., x=<0.3) grown at lower temperatures (T,=
500°C depending upon x), relaxation tends to
occur through plastic deformation resulting from
misfit dislocation generation and the accom-
panying formation of threading dislocations [10,
11,16]. In contrast, alloys with higher Ge con-
centrations and/or higher deposition temperatures
grow via a Stranski-Krastanov (5-K) mechanism
and partially relax through coherent 3D island
formation in which the strain is accommodated by
clastic deformation near the island edges [16],
followed by the formation of misfit dislocations.
Critical film thicknesses for both misfit dislocation
generation, h. [10-15] and the 2D — 3D S-K tran-
sition, hsx [7], are strongly dependent upon the
Ge concentration. There are experimental indica-
tions that h. [14, 15] and hsk [8] are dependent
upon film growth temperature although systematic
measurements of h(T) and hsk(T,) are lacking.
Decreasing epitaxial growth temperatures offers
solutions to some of the problems listed above
through kinetic inhibition of both Ge surface
segregation and the nucleation of misfit dislo-
cations.

In the present experiments, Sb incorporation
probabilitics ©s, during in-situ Sb doping and
critical epitaxial thicknesses t. in undoped and Sb
doped films were measured. And the crystalline
quality and critical layer thicknesses h. of Sii.Ge.
heteroepitaxial layers grown on Si(001) at low
temperatures (300-550°C) were measured.

2. EXPERIMENTAL PROCEDURE

All film growth experiments were conducted in
an ultra-high vacuum (UHV) three-chamber load-
locked stainless-steel system shown schematically
elsewhere [18]. The growth chamber is cryo-

pumped with a base pressure of 1x 107" Torr
and contains facilities for in-situ RHEED and
residual gas analysis while the ion-pumped analy-
tical chamber is equipped with an Auger electron
spectrometer (AES). Sputtering is carried out
using modified UHV Kaufman-type double-grid
multi-aperture broad ion-beam sources with pro-
visions for in-situ spatial adjustment.

High-purity energetic Si, Si:Sb, and Ge beams
were generated by bombarding undoped float-
zone (FZ) Si targets, Czochralski (CZ} Sb-doped
(n=3.5x10" cm™, 0.021 Q-cm) Si wafers, and
undoped Ge targets, respectively, using 1-keV-Kr"
ion beams. TRIM Monte Carlo computer simu-
lations which can estimate the cnergy, flux, and
angular distributions of sputtered atoms as well
as backreflected Kr neutrals were used to optimize
a system geometry. A system geometry was
chosen so that the average energy of Si{Ge) atoms
incident at the substrate surface is 18(15) eV
while backreflected Kr contributes only 0.04(0.06)
eV per deposited Si(Ge) with Jx/Jsice=0.003
(0.01). Based upon molecular dynamics simu-
lations of Si growth on Si(001)-2X1 using
energetic condensing species, an interesting energy
range without ion-induced damage 1s between 10
and 50 eV. [19]

The substrates used in these experiments were
15X 15% 0.5 mm' plates cleaved from B-doped
p-type Si(001) wafers with a resistivity of 1-2 Q-
cm. Substrate cleaning consisted of degreasii
followed by a UV ozone treatment. The wafers
were then H-passivated by dipping in dilute HF,
and immediately inserted into the vacuum system.
Final substrate preparation consisted of degassing
at 200°C for 1 h followed by desorption at 650°C
for 10 s immediately prior to initiating film
growth. RHEED patterns were 2X1 with sharp
Kikuchi lines. No residual C or O was detected
by AES.

Chemical analyses of doped and undoped films
were carried out using a Cameca IMS-5 SIMS
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operated with a 10 keV O" for metallic impurities.
A 125 keV Cs” ion beam was used to analyze
for “VCsKr
detection limit ~5x 10" cm™) and for Sb where,

metastable molecular ions (Kr

in both cases, concentrations were determined by
comparison 10 ion-implanted standards. Tem-
perature-dependent  (50-300 K) resistivity and
Hall measurements on Sb-doped samples were
conducted using the van der Pauw technique with
a 10 kG magnetic field. Ohmic contacts were
formed by rapid thermal annealing of evaporated
Sb-Ge-Au alloys. RBS 001 and 011 channeling
and axial yield profiles provided additional
quantitative measures of crystalline quality. High-
resolution XRD measurements for determining
composition of alloys films and relaxation status
were performed using 2 four-axis diffractometer.
Plan-view TEM and XTEM analyses were also
carried out to determine the status of film
relaxation.

3. RESULTS AND DISCUSSION

3.1 Growth of undoped and Sbh-doped Si(001)
layers

A. Si(001) layers grown at T,>300°C

All undoped 1-um-thick Si(001) films grown
at T;=300°C were found, using a combination of
TEM and XTEM, to be high-quality single
crystals. High-resolution (110) XTEM images
exhibited {111} lattice fringes which were
continuous across the substrate/film interface
with no indication of disorder. Plan-view (004)
bright-field micrographs were featureless with no
evidence of extended defects.

SIMS analyses of undoped Si layers revealed
no detectible metallic impurities such as such as
Fe, Cr, Ni, Mo, and W (detection limits 5> 10%-
1x10" cm™®). The elimination of such con
tamination, inherent in previous Si IBSD growth
expetiments [20], was due primarily to minimizing
the sputtering of chamber walls and fixtures by

stray Kr' ions through focussing of the beam
using a combination of a post-extraction
unipotential electrostatic ion lens and Si apertures.
The use of an external circular filament for beam
neutralization eliminated W contamination which
is a problem during IBSD using Kaufman-type
ion-sources with immersed-wire neutralizers.

Oxygen and carbon impurity levels in undoped
and Sb-doped Si films were also measured using
SIMS. For films grown at T,>500°C, the C con-
centration Cc was typically 2xX 107 em™ while
the O concentration Cp was below detection lim-
its (=1 10" em™>). These levels arc comparable
to those of bulk CZ Si substrates in which Cc is
1x10" em™ and Co is 1x10"® cm™, respec
tively. As the film growth temperature was de
creased to T.=300°C, Cc and C, increased to 5
10" em™ and 5x10™ cm™, respectively, due to
decreased associative desorption rates during
deposition.

Incorporated Kr concentrations Cyx, were also
found to be less than SIMS detection limits, 35X
10" cm™, at all Si film growth temperatures.
Based upon TRIM results for the present geome-
try with Jy/Js=0.003 and {Ex> 15 eV, the Kr
incorporation probability o, in our experiments
is <1077 at all film growth temperatures. This is
consistent with previous Ar" incorporation results
in Si(001) at room temperature for which G, was
reported to be 4x 107 and 1.5x 107 with (E,»=
20 and 100 eV, respectively [21}].

In addition to the investigation of undoped Si
films, the behavior of Sb dopant incorporation
during in-situ Sb doping was investigated. Cali-
brated SIMS measurements were used to measure
the Sb concentration Cs,, and hence to determine
the Sb incorporation probability Gs, in both 1-pm-
thick single-layer and multilayer samples. Each
layer in the multilayer samples was 200 nm thick,
grown at a different Ts value (the highest tem-
perature layers were grown first), and separated
from adjacent layers by epitaxial 100-nm-thick
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Fig. 1. Sb incorporation probability o, in IBSD
homoepitaxial Si(001) as a function of film growth
temperature T. Data for accelerated ion-doped (ref. 3)
and coevaporatively Sb, doped (ref. 22) MBE Si{001)
are also shown for comparison.

buffer layers grown at 300°C for which oy, is
known to be unity. Gs, vs T results are shown in
Fig. 1 together with results for co-evaporatively
doped [22] and ion doped [3] MBE Si films.

Os values in Fig. 1 for the IBSD films range
from 0.1 at 750°C to essentially unity for T
550°C. This is 10 to 10° times larger than
obtained by thermal doping during MBE where
Sb surface segregation is extremely strong and
Sb is lost from the segregated layer by desorp-
tion [4,22]. In fact, ow(T,) data for IBSD are
higher than for Sb ion doping with an accelera-
tion potential V=50 V during MBE Si [3]. The
ion flux in the MBE experiment was composed
of approximately 23% Sb.*, 54% Sb,', and 23%
Sb,” comresponding to an average encrgy per
accelerated Sb of 22.7 V. We believe that the
increase in Os, observed during IBSD is primarily
due to the additional effect of Sb
implantation by energetic sputter-deposited Si

recoil

atoms. SIMS profiles of both the multilayer and
the single layer IBSD films showed no evidence
of Sb surface segregation.

All Sb-doped IBSD films were found to be
n-type with room temperature carrier concentra-
tions n ranging from 6.9x 10" at T.=700°C to
2x10" ecm™? at T,=300°C. Values of the Sb
donor concentration Ns, were obtained by a
nonlinear least squares fit of measured n(T) data
using the charge neutrality equation for the case
in which there is a single donor level with Ng>>
N. and Ng>>p,

N Ngp
1+2exp((—(E; — Eg, )/ KT ]

—~Ni+p. (1)

E: in equation (1) is the Fermi energy which is
related to n through the expression n/N.=F(Ey/
kT) where Fi, is a Fermi integral [23]. N, the
effective density of states in the conduction band,
is 22rm*kT/h’)Y"M.. The effective mass m*=0.33
m. is essentially independent of T, and M.=6 is the
number of equivalent conduction band minima.

The Sb donor concentrations N, obtained from
the n(T) Hall data analyzed using equation {1)
were found to be in good agreement with chem-
ical concentrations Cs, obtained from calibrated
SIMS analyses of Si films grown at T,>350°C
as shown on Fig. 2. Decreasing T, to 300°C,
however, results in ~30% of the ia v+ Sb
becoming electrically inactive due to the presence
of the higher background C and O concentrations
and/or residual ion-induced damage undetectable
by TEM.

Room-temperature electron mobilities pe(300K)
as a function of n are plotted in Fig. 3. Com-
paring the results indicates that IBSD layers
grown at T.>400°C exhibit mobilities equivalent
to bulk values. At lower film growth tem-
peratures, [(300K) walues decreased, yielding
ratios with respect to bulk of =0.78 and =0.70
at T=350°C and 300°C,
decrease is due to enhanced scattering associated,

respectively. The
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Fig. 2. Sb donor concentrations N, determined from
Hali measurements vs Sb concentrations C, determined
from SIMS measurements in homoepitaxial TBSD (Si
(001) films grown at T,=300-700-C.

as noted above, with higher background impurity
concentrations at these low T, and/or residual
ion-induced damage not completely annealed out
during deposition. These electron transport meas-
urements indicate that essentially all ion-induced
damage produced during IBSD is annealed out
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Fig. 3. Room-temperature clectron  mobilities p, vs
electron carrier concentrations n fn homoepitaxial 1BSD
Si{001) films grown at T,=300-700°C. Data from bulk Si
(ref. 34) are also shown for comparison.

during deposition even at growth temperatures as
low as 400°C consistently with molecular
dynamic simulations [19].

B. Si(001) layers grown at very low
temperatures, T,=80-300°C

A series of undoped and Sb-doped epitaxial Si
(001) layers were also grown at very low tem-
peratures, T.=80-300°C, with R=0.1 nm-s™' in
order to investigate the effects of hyperthermal
beams on critical epitaxial thicknesses t.. Typical
high-resolution XTEM micrographs from undoped
films showed that the initial layer, epitaxial and
defect free in both low-magnification and high-
resolution XTEM, is followed by a defective, but
still epitaxial, region containing 111 stacking
faults [24]. The terminal region is amorphous.
Locally, however, the transition from epitaxial to
amorphous was always atomically abrupt. The
width of the defective epitaxial region, and number
density of 111 stacking faults, decreases with
decreasing T, until at T,<150°C, the faults are
not observed.

Fig. 4 shows average total epitaxial thicknesses
t, obtained from XTEM analyses of undoped
and Sb-doped films grown with R=0.1 nm-s™'.
Even with slightly higher growth rates, t. values
for undoped Si films grown with {Es> =18 eV
are much larger than those of the MBE layers
[25] by factors ranging between 5 and 10 over
the T, range investigated.

Low-temperature epitaxy proceeds under con-
ditions where a significant fraction of adatoms
condensing on the tops of islands cannot cross
step edges to lower terraces before being joined
by another adatom and nucleating a new higher-
level island. As growth continues and the mul-
tilevel islands coalcsce, trenches are formed
between the islands and become deeper and wider
as growth proceeds. Filling of interisland trenches
and postponing or avoiding facet formation, is a

critical step for ensuring continued epitaxial
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Fig. 4. Epitaxial thicknesses te of undoped and Sb-
doped Si(001) films, grown by IBSD using hyperthermal
Si and Sb beams as a function of T.. Film growth rates
were R=0.1 nm-s~. Data from undoped MBE Si{001)
films grown at R=0.07 nm-s* (ref. 25) are also shown
for comparison.

growth. We attribute the increase in t. observed
during IBSD primarily to continuous filling of
interisland trenches through recoil and forward
sputtering processes initiated by the hyperthermal
condensing species. This,
atomic shadowing and inhibits the formation of

in  turn, minimizes

facetting and nucleation of the amorphous phase.
Collisionally-induced enhanced adatom mobilities
may also play a role.

Energetic condensing Si atoms collisionally
dissociate surface dimers, thus resulting in higher
adatom densities on all exposed levels. This
effect is not significant at higher growth tem-
peratures as thermal diffusivities overcome the
excess supersaturation associated with the concen-
tration of collisionally-formed adatoms. However,
at sufficiently low growth temperatures (<225°C
for our growth conditions), this leads, on a given
level, to an increased 2D gas supersaturation
which in tum results in higher island nucleation

rates and, therefore, enhanced interlayer mass tran-
sport resulting from increased island-edge crossing
probability caused by higher visiting frequencies
of adatoms to the island edges of the smaller
islands. This, in
thicknesses resulting in the change observed in
the slope of the log(t) vs 1/T; curve in Fig. 4.

The t(T;) values were also determined for
Sb-doped Si films with Cg=2x 10" cm™ and the
results are presented in Fig. 4. Small Sb fluxes,

turn, increases epitaxial

Tsp=2x 10" cm*-s7, corresponding to a steady-
state surface coverage of only 4x107° ML, dur
ing low-temperature Si growth decrease epitaxial
thicknesses by approximately a factor of two at
T=250~300°C. This is consistent with the results
of AFM images (not shown herc) indicating an
increased rate of surface roughening.

3.2 Low-temperature epitaxial
Si; Ge, alloys

A. Microstructure and crystalline quality of
strained alloys

A combination of TEM, XTEM, HR-XRD,
and RBS channeling were used to examine the

growth of

microstructure, crystalline quality, and the degree
of relaxation of $i,.Ge,(001) alloys grown at Ti=
300-550°C with thicknesses t between 30 nm and
0.8 pum.

Plan-view TEM and XTEM images of fully
strained SiyssGeos layers grown even at Te=
300°C showed no indication of interfacial misfit
dislocations. The 110 HR-XTEM images also
revealed the films to be highly perfect with no
visible extended defects or residual damage. The
111 lattice fringes are continuous across the film/
substrate interface with no indication of disorder.

Typical HR-XRD scans from the fuily-strained
450-nm-thick epitaxial SiyssGeois layer grown on
Si(001) at T.=300°C are presented in Figs. 5(a)
and 5(b). The full width at half-maximum
(FWHM) intensity I,z of the 004 alloy peak in
the ®w-28 scan in Fig. 5(a) is 32 arc-s which is
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Fig. 5. HR-XRD (a)w-26 scan and (b)@-rocking curve
from a fully-strained 450-nm-thick epitaxial Si,.Ge,,:
layer grown on Si{001} at T.=300:C.

quite close to the minimum theoretical value for
this alloy, 23 arc-s, calculated based upon the
intrinsic peak width, =6 arc-s [26], while accoun-
ting for strain broadening due to the lattice-con-
stant mismatch and finite thickness effects [27].
This indicates that the film, even though grown at
low temperature, 300°C, is of very high crystalline
quality.

An © rocking curve scan from the same alloy
sample, with a FWHM I, of 39 arc-s, is given in

Fig. 5(b). The x-ray in-plane coherence length Ax,
a measure of the average mosaic domain size, can

be estimated from the experimental T, value as

2r
Ar = (2)
2 |
where Ag is the width of the diffraction peak
defined as
4r . {28
|4g | = (7]%51“(7) 3

in which A is the x-ray wavelength, Ayex=0.07107
nm, and 20 is the 004 Bragg angle, 30.36°.
Equations (2) and (3) yield a Ax value of 718
nm for the low-growth-temperature strained
SipssGegus alloy. This compares very well to the
value, Ax=1218 nm, calculated for a film with
the minimum theoretical Iy value of 23 arc-s.
The substrate, with I',=7 arc-s, has a Ax value of
3.9 pm.

Fig. 6 is a plot of I, and Ax values from 450-
nm-thick SiyssGegis alloys as a function of film
growth temperature T,. I3, decreases (and, hence,
Ax increases) with increasing T. to reach a min-
imum at 450°C for which I,=26 arc-s (Ax=1167
nm), essentially equal to the minimum theoretical
value. At higher growth temperatures, I, increases
slightly due, primarily, to partial strain relaxation.

RBS channeling and rocking curves were also
used to access the crystalline quality of strained
layers. Typical backscattering spectra obtained
along [001} and [011] directions, as well as
random dechanneling directions, are shown in
Fig. 7 for 450-nm-thick SiyssGegis layers grown
at T=300°C. The Ge peaks are abrupt in all spectra
and well separated from the Si edges. Moreover,
film composition and the degree of ordering are
uniform with film depth. Si and Ge minimum
[001] yields ¥miaf001], the ratios of backscattering
yields in aligned and random directions obtained
from Fig. 7(a), were found to be 4.4 and 4.0%
for the 300°C film. Theoretical ¥ma[001] values
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for bulk single-crystal Si and Ge wafers are 3.1
and 3.6% [28]. For comparison,
reported Ge Ymin[001] values for strained 100-nm-

previously

thick MBE SiysGeo: and SipsGeps layers grown
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Fig. 7. RBS (a) 001 and (b) 011 channeling spectra
from a 450-nm-thick Si...Ge,.s layer grown on Si(001) at
T=300-C. Randomly aligned spectra are also shown for
comparison.

at T,=400"C were 13 and 14%, respectively [14],
while a Ge Ymn|001] value of 3.2% was reported
for 100-nm strained MBE SigssGenis grown at Te=
550°C.

Si and Ge %mia[011] values obtained from Fig.
7(b) were found to be 4.0 and 3.6% at T=300°C
compared to theoretical bulk values of 2.1 and
2.52% [28]. Thus, measured Ymi» values for both
[001] and [011] are indicative of very high
quality heteroepitaxial alloy films, even at T.=
300°C, with Ge substitutionally incorporated at Si
lattice sites. Values obtained at the higher growth
temperature were even slightly better. The abrupt
increase in the Si [011] channeling yields at
depths film/substrate
interfaces in Figs. 7(b) and the lack of abrupt
increases in the [001] aligned spectra (Figs. 7(a))

corresponding to  the

are due to the tetragonal strain in the films.

RBS axial angular yield profiles, which are
more sensitive than channeling spectra to lattice-
atom displacements and interstitial defects, were
obtained by rocking the samples in random direc-
tions about the [001] and [011] axes. Results for
the 450-nm-thick T=300 and 450°C SiossGeois
8(a) and 8(b).
Dechanneling effects due to atoms displaced from

films are shown in Figs.
lattice sites tend to decrease measured channel
widths leading to narrower axial yield profiles
with smaller intensity differences. The most prob-
able positions for interstitials in Si are open
tetrahedral sites. Such defects are shadowed in the
[001] and [111] channeling directions, but biock-
ing in the [011] direction. Thus, the presence of
interstitials is characterized by “flux peaking,” or
large increases in backscattering yields above
random values, in 110 axial scans [29]. Flux peak-
ing was easily observed, for example, during meas-
urements of Yb-implanted Si wafers [30].

There was no evidence of 110 flux peaking in
the present experiments. In fact, the [001} and
[011] axial angular yield profiles were quite sim-
ilar, with no significant narrowing, for both the
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Fig. 8. RBS angular yield profiles about the [001] and
[011] directions of 450-nm-thick epitaxial Si,..Ge,,. films
grown on Si(001) at (a) T=300C and (b) T=450C.

300 and 450°C samples. Si and Ge axial half-
angles, 2, defined as the angular half-widths of
the profiles at yields halfway between minimum
values and the yields for random incidence, were
found to be 0.40 and 0.45° for 300°C films com-
pared to theoretical values for pure Si and Ge
bulk wafers of (.57 and 0.73° [28]. Increasing T,
to 450°C had essentially no measurable effect on
2 as shown in Fig. 8.

B. T,-dependent critical layer thicknesses of
Siq-Ge,5(001)

XRD and Pian-view TEM and XTEM were
used to determine critical layer thicknesses h. of
Sig;Geos alloys as a function of T, and the
measured values are shown in Fig. 9. The reso-
lution for detecting lattice-constant misfit in the
present XRD measurements is =5x 107 corres-
ponding to a linear dislocation density of 2.5x10*
cm™' or an average dislocation separation of ~0.4
um. Direct observation by TEM is limited to

1

dislocation densities Sx 10° cm™' or residual

in-plane strains = 10°*,

T T T T T ' T Y T
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Fig. 9. Critical layer thicknesses he for epitaxial Si,,Gey,,

layers grown on Si(001) by UHV IBSD as a function
of T..

Even at the highest growth temperature used in
the present experiments, T=550"C, we obtain a

higher than the equilibrium value, h.., =8 nm,
Matthews and Blakeslee
cquilibrium model [11]. This is in good agree-

estimated by the

ment with previous MBE results, using thermal
growth beams, in which the films were analyzed
by RBS [14]. Obtaining critical thicknesses high-
er than equilibrium values is generally intérpreted
as being due to kinetic limitations in dislocation
nucleation and propagation. If this is the case, h.
would be expected to increase still further at low-
er growth temperatures. The data in Fig. 9 show
that h, indeed increases rapidly with decreasing
T,. In fact, at T.=350°C we obtain h.=650 nm,
an increase by more than an order of magnitude
over h{550°C). This is, by far, the highest h,
value yet reported for SiysGeoso layers.
Differences between experimental and theoret-
ical he values are partially due to limited experi-
mental resolution for detecting the initiation of
interfacial relaxation [10]. However, the present

results show that the ratio hch., increases
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rapidly as T is decreased below 550°C until at T;
=350°C, we obtain hy/h..,=85. This very large in-
crease is primarily due to the kinetic suppression
of thermally-activated dislocation nucleation and,
to a lesser extent, propagation [12]. LeGoues et
al. [31] obtained a dislocation nucleation
activation barrier of 5 ¢V in SiGeJ 001) (x=
0.15~0.45) grown by UHV-CVD. Reported
activation barriers for dislocation glide in Si..Gex
alloys with x=0.15-0.30 as used in the present
experiments range from 1.6 to 2.25 eV [32, 33].

4. CONCLUSIONS

TEM, SIMS, and T-dependent Hall measurc-
ments Sb-doped Si(001) films at T, as low as
400°C showed that dopant species are incorporated
with complete electrical activity and carrier mobili-
ties are equal to the best values reported for bulk
Si. Sb incorporation probabilitics are one to three
orders of magnitude higher than in MBE Si films.
At very low growth temperatures, Ti=80-300°C,
the use of energetic, rather than thermal, Si
beams during deposition was found to dramati-
cally increase Si{001) epitaxial thicknesses t. by
up to an order of magnitude. The presence of
even small coverages of Sb at T.=250-300°C
decreases L.

A combination of plan-view and XTEM, HR-
XRD, RBS channeling, and axial angular-yieid
profiles demonstrated that the Si,.Ge,(001) alloy
films, with 0.15<x<0.30, are of extremely high
crystalline quality. Critical layer thicknesses hc
for strain relaxation in these alloys were found to
increase rapidly with decreasing growth tem-
perature. For SionGeoso, he ranged from 35 nm at
T, =550°C to 650 nm at 350°C compared to an
equilibrium value of =8 nm.
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