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Strain relaxation in Si,_,Ge, /Si superlattices and alloy films is studied as a function of ex situ
anneal treatment with the use of x-ray diffraction and Raman spectroscopy. Samples are grown by
molecular-beam epitaxy at an unusually low temperature ( =365 °C). This results in metastably
strained alloy and superlattice films significantly in excess of critical thicknesses previously
reported for such structures. Significant strain relaxation is observed upon anneal at temperatures
as low as 390 °C. After a 700 °C, 2 h anneal, superlattices are observed to relax less fully ( ~43% of
coherent strain) than corresponding alloys (~84% of coherent strain). Also, the strain
relaxation kinetics of a Si, _,Ge, alloy layer is studied quantitatively. Alloy strain relaxation is
approximately described by a single, thermally activated, first order kinetic process having
activation energy E, = 2.0 eV. The relevance of our results to the microscopic mechanisms
responsible for strain relaxation in lattice-mismatched semiconductor heterostructures is

discussed.

I. INTRODUCTION

Recently, it has been shown'™ that, through molecular-
beam epitaxy (MBE), a coherently strained Si, _ ,Ge,/Si
heterostructure can be grown on Si to a thickness significant-
ly in excess of the critical thicknesses A, predicted by ther-
modynamic equilibrium theories.** Since then, it has been
directly demonstrated for Si; _ , Ge, /Sistrained layer super-
lattices (SLS) that the onset of strain relaxation is depen-
dent on growth temperature.®’ The above results imply the
existence of a kinetic barrier to strain relaxation which is
significant at typical MBE growth temperatures, and which
allows the growth of metastable structures in excess of the
equilibrium 4. In addition, other work® has shown that the
extent of strain relaxation apparently differs for SLS struc-
tures and equivalent single Si, _, Ge, alloy films on Si due to
the effects of microstructural details on the strain relaxation
process. Both the extent and the kinetics of strain relaxation
are dependent upon the actual mechanisms which are re-
sponsible for strain relaxation. Several possible strain relaxa-
tion mechanisms have been proposed.®'® Unfortunately,
neither the actual mechanisms are accurately known, nor
has strain relaxation on any given bulk sample been followed
in sufficient detail.

In this paper, we investigate the relaxation of coherent
strain in highly metastable Si, . Ge, alloy films and super-
lattices. The extreme metastability of the structures is due to
a “freezing in” of the coherent strain through MBE growth
at an unusually low temperature ( =365 °C). Such samples
relax appreciably (up to ~ 84% of the coherent strain) upon
ex situ anneal treatment. The strain relaxation of the meta-
stable structures is studied quantitatively after successive
ex situ anneals at fixed times for various temperatures with
the use of x-ray diffraction (XRD) and Raman spectrosco-
py.

The experimental details of this work are summarized in
Sec. I1. There, we describe the sample set used in this study.
Of particular note is the fact that all of the samples, both
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alloys and superlattices, were designed to have the same
average properties, i.e., the same total thickness ( =~ 5000 10\)
and average Ge molar fraction (X =20% ) while at the same
time differing significantly in their detailed structure. This is
to facilitate comparison among samples of the strain relaxa-
tion, which is presumed to be driven by factors depending on
average properties such as excess stress,'? but hindered by
microstructural features such as periodic internal strain
fields.?

Our results are discussed in Sec. III and IV. The results
directly demonstrate the existence of a thermal activation
barrier to strain relaxation in both single alloy layers and
superlattices. Alloy samples which are initially coherently
strained are seen to relax their strains to a greater extent than
the corresponding superlattices. The superlattices are seen
to relax commensurately, i.e., as a whole with respect to the
substrate rather than layer by layer. A more extensive set of
measurements on one of our alloy samples shows strain re-
laxation to be given approximately by a first order kinetic
process. For this sample, we obtain an activation energy E,
of 2.0 eV. Finally, our conclusions are given in Sec. V.

il. EXPERIMENTAL

A. MBE growth

The samples used in this study were grown in a new Per-
kin-Elmer model 4308 Si MBE system. Codeposition of Si
and Ge took place in an ultrahigh vacuum (UHV) chamber
(base pressure < 107 ' Torr) from dual e-beam evaporation
sources onto rotating, heated, 3 in. Si (100) substrates. Si
and Ge fluxes were simultaneously sensed and feedback sta-
bilized with the use of a cathodoluminescent flux sensor (In-
ficon, Sentinel III). A nominal Si deposition rate of 1.0 Ass
was employed, along with the appropriate Ge deposition
rate needed to achieve the desired alloy stoichiometry in the
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TaBLE L. 81, ,Ge,/Sisample characteristics. Average alloy compositions X were determined by Auger electron spectroscopy for samples SL1 and SL2

( + 1%), and by x-ray diffraction for the remaining samples ( -+ 0.5%).

Sample X(%Ge) 1(A) Type Nominal structure
SL1 229% 5110 Superlattice Siy Geyo/Si (70 A/140 A) x 24
SL2 22% 5180 Superlattice Si, ; Ge,, /S (140 A/T0A) x24
SL3 20% 5220 Superlattice Sip s Geos /Si (T2 A/73 A) x 36
Al 23% 5000 Alloy -
A2 21% 5000 Alloy

Si, _,Ge, layers. Substrates were heated radiatively with a
graphite-filament heater, and temperature was monitored
and controlled with a thermocouple and a proportional-in-
tegral-derivative controller/programmer (Micristar model
828D). True substrate versus thermocouple temperature
was calibrated with the aid of an optical pyrometer (Ircon,
W-series) and through Jin situ observation of Si-Al and
Si—Au eutectic reactions to an estimated absolute accuracy
of +20°C.

Prior to loading into vacuum, the Si substrates were de-
greased, dipped into an HF solution, and rinsed in deionized
water. Samples were then immediately loaded into the MBE
system. In situ surface preparation consisted of thermal ox-
ide desorption near 850 °C assisted by a slight Si flux.'"'2
This process was continued for ~ 1-2 min untila Si (2X1)
reconstructed surface was observed in reflection high-energy
electron diffraction (RHEED). At this point, the tempera-
ture was lowered to ~700 °C and a 1000-2000-A-thick Si
buffer layer was grown to ensure an atomically clean starting
surface for growth of subsequent heteroepitaxial layers.

The samples grown for this study are summarized in Ta-
ble I. These consist of three superlattice (SL1-SL3) and two
alloy samples (A1, A2). All samples have a heteroepitaxial
layer thickness near 5000 A and an average Ge content near
20%. As indicated in Fig. 1, these characteristics place all of
the samples in the “relaxed’ region of the empirical critical
thickness curve of People and Bean,” which is based on
Si, _,Ge, alloy growth on Si near 550 °C. However, our al-
loy and superlattice layers were all grown at an unusually
low temperature (=365°C) to form metastably strained
films. Despite our unusually low growth temperature, most
of the present structures are seen to be of very high structural
quality as judged by high-resolution x-ray diffraction and
transmission electron microscopy (TEM). As we shall see
below, the low growth temperature did indeed result in at-
tainment of full coherent strain in most of our samples.

B. Ex situ anneal

The samples were annealed in a conventional quartz tube
diffusion furnace under a flowing N, gas ambient. Closed-
loop temperature control was used to provide repeatability
of +1°C, and anneal temperatures were independently
monitored by means of a thermocouple inserted into the fur-
nace. All samples were quickly loaded onto a prewarmed
quartz boat and Si bed to minimize errrors due to warmup
temperature transients. Similarly, after each anneal step the
samples were brought quickly to room temperature by
quenching in water. The transient temperature response in-
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volved in the above procedures was studied in detail, and a
slight systematic correction was applied to the final results
presented below in Fig. 7 (though this correction does not
alter the value obtained for E, ).

C. Strain measurements

Quantitative measurements of epilayer strains was accom-
plished with the aid of XRD and Raman spectroscopy. The
XRD measurements consisted of 628 scans of the symmet-
ric (400) Bragg reflections of the substrate and heteroepi-
taxial layers. In the case of simple Si, _, Ge, layers this re-
sults in a single x-ray peak while in the case of superlattices
a family of peaks is observed. Strain is determined directly
from the peak positions of the epilayer and substrate. For
this measurement we used a powder diffractometer (Phil-
ips) with a Cu-anode x-ray source. Cu K; rather than Cu K,
radiation was selected with the aid of a graphite monochro-
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FiG. 1. Sample set for the present experiments. Si, _ , Ge, single layers and
superlattices were grown as indicated. Unusually low-temperature
(365 °C) MBE growth permits growth of nearly fully coherently strained
structures despite the fact that the samples are in the relaxed region of the
graph.
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mating filter to avoid the need for Rachinger correction of
the scans due to the Cu K, doublet. Data scans were ac-
quired digitally and peak positions (in 26) were numerically
determined using the second-derivative minimization tech-
nique to an estimated uncertainty of + 0.005°.

Raman spectroscopy was also used to measure strain
through observation of strain-induced shifts in optical phon-
ons. In this case, a backscattering geometry was employed.
Unpolarized light from an Ar*-ion laser (1, = 4765 &)
was allowed to impinge onto the sample at room tempera-
ture near normal incidence. The unpolarized, Raman-scat-
tered Stokes lines were collected along the substrate normal
direction with the use of a double-pass grating spectrometer
(SPEX, model 1404) and a liquid-nitrogen-cooled photo-
multiplier tube. Again, scans were acquired digitally and
peak positions determined numerically by the procedure
mentioned above for the x-ray data. Estimated Raman peak
position uncertainty is + 0.1 meV. At the laser wavelength
used, all of the incident light is absorbed in (hence, all of the
Raman signal comes from) the epitaxial layers.

Il. RESULTS

A. Extent of strain relaxation

Initially, we annealed pieces of all of our samples together
at 700 °C for 2 h to examine the extent of strain relaxation.
This thermal treatment was seen to be more than adequate to
allow complete strain relaxation while avoiding noticeable
interdiffusion. Additionally, we note that any strain due to
differential thermal expansion at this temperature is quite
negligible (~1072%) in comparison with the lattice mis-
match. Figure 2 shows XRD scans of an alloy and a superlat-
tice sample before and after the anneal. The peaks that are
indicated in the figure correspond to the Si, _ ,Ge, alloy
(400) reflection in the upper curves, and to the (400)-like
zeroth-order superlattice reflection in the lower curves. The
x-ray peaks shown for the alloy sample correspond to atomic
plane spacings along the substrate normal direction. The in-
terplanar distance d is simply related to the peak position 26
through Bragg’s law,

A =2dsin 6. (1)
The d-spacings, and hence peak positions, are fixed by both
alloy comparison and strain. For an unstrained Si, _  Ge,

alloy of Ge molar fraction x the d-spacing is given approxi-
mately by Vegard’s law as

dV=dg[1 + (4.18%)x], (2)

wheredg, = 1.358 A is the spacing between adjacent bulk Si
(400) planes, and the bulk lattice constant mismatch
between Si and Ge is 4.18%. In contrast, for a coherently
strained alloy, the d-spacing, due to tetragonal distortion’ €
is

dEM=d ™[] 4 (4.18% )xer ]
=~dg[1+ (4.18%)(1 + €7)x], 3)

where € is equal to 0.76 for alioy compositions studied
here."? For superlattices, the interpretation of x-ray data is
similar except that in this case we analyze the position of the
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FiG. 2. X-ray (6-26) spectra showing strain relaxation in alloy sample A2
(a) and superlattice SL3 (b). The symmetric Bragg (400) alloy peak and
(400)-like zeroth-order superlattice peaks, before and after the anneal, are
indicated. The alloy relieves about 849% of its coherent strain while the
superlattice loses only about 43% ( £+ 2% absolute error). The large peaks
at 61.68° are due to the Si substrate.

zeroth order superlattice peak, and we replace x by X and d
by d, the average composition and d-spacing in the superlat-
tice, respectively, in the above equations.

Considering the solid curves in Fig. 2, we see that before
the anneal the alloy peak (sample A2) and zeroth-order su-
perlattice peak positions (sample SL3) are the same. This is
the peak position expected for a Si, ; Ge, , layer coherently
strained to Si(100). From Table I we see that the average
compositions of these two samples is approximately the
same (20%). Thus, both samples are initially coherently
strained as grown, according to the XRD measurement.
After the anneal, the alloy peak is shifted toward increasing
26 (smaller d) values by.an:-amount which corresponds to a
reduction in d-spacing of (0.55%) d ;. From Egs. (2) and
(3), this corresponds to a reiaxation of ~ 84% of the coher-
ent strain. In contrast, the same figure shows that the super-
lattice as a whole relaxes only about 439 of its initial strain.
The large peaks at 61.68° correspond to the Si substrate
(400) reflection and do not shift as a result of the anneal.
Also, the small peaks seen in Fig. 2(a) are due to scattering
of CuKj, radiation from the same (400) substrate and alloy
reflections. In general, the relaxation of any strained film of
finite thickness will be incomplete, the equilibrium condition
being given by the lattice mismatch partially accommodated
elastically through strain and partially accommodated plas-
tically through formation of misfit dislocations. However,
this does not account for the differing extent of relaxation of
the alloy and superlattice shown in Fig. 2. Since both sam-
ples are of the same average composition and total thickness,
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simple energy minimization considerations would predict
the same relaxation behavior for both.?

Raman spectra showing the same superlattice sample be-
fore and after the anneal are shown in Fig. 3. The spectra
shown contain four prominent peaks. The peaks near 37, 52,
and 62 meV are attributed to Ge-Ge, Si~Ge, and Si-Si local
vibrations in the Si, _, Ge, layers of the superlattice while
the highest energy peak is the zone-center optical phonon
mode (64.5 meV) from the Si layers. For the backscattering
geometry along [100] employed here, the influence of the
lattice-mismatch-induced biaxial stress and resultant tetra-
gonal distortion is to shift both the Si and Si-Si phonon peaks
in energy in approximate accordance with the relation®'*

€,(%) = — 1.1 X8E(meV), 4)

where € is the Si (Si, _ ,Ge, ) layer strain in the plane of the
interface with respect to the unstrained lattice constant of Si
(Si, _ . Ge,). In deriving Eq. (4) it is assumed that strains
parallel and perpendicular to the interface are related by

€,/€ = —€r. (5)

Thus, from Eq. (4), we see that strain relaxation in the film
corresponds to a reduction in phonon energy. This behavior
is demonstrated in Fig. 3. There, we see that both the Si-Si
and the Si zone-center phonons shift together upon anneal-
ing toward lower phonon energies by an amount 0.5 meV.
Furthermore, through Eq. (4) we see that the magnitude of
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== AS GROWN 1
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FiG. 3. Raman specira of superiattice 51,3 before and after the anneal. The
peaks shown are 2li Stokes lines due to optical phonons. The highest energy
peak (64.5 meV) is due to the Si layers of the superlattice. The peaks near
62, 52, and 37 meV are attributed to Si-3i, $i-Ge, and Ge-Ge local vibra-
tions in the Si, _ , Ge, layers. The phonon pesk shifts reveal that the Si and
Si, . .Ge, layers are relaxing commensurately. The shifts correspond to a
strain change of ~0.6%, which is ~ 60% of the coherent strain.
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strain change is the same for both the Si; _ , Ge, and Silayers
of the superlattice. This indicates that the initially coherent-
ly strained superlattice is relaxing as a whole with respect to
the substrate rather than layer-by-layer. If the latter were the
case, we should expect only the Si,  Ge, peaks to shift
toward lower energies upon annealing since the Si layers,
coherently strained to the substrate as grown, would already
be unstrained. Further evidence that the superlattice is co-
herently strained as grown comes from the fact that the Si
zone-center phonon peak position occurs at 64.5 meV,
which is also the position observed for bulk Si.

InFig. 4 and Table II we compare the relaxation of coher-
ent strain in all of our samples as determined by XRD and
Raman spectroscopy. In this figure, 0% strain relaxation
corresponds to complete coherent strain as given by Eq. (3),
and 100% relaxation corresponds to the bulk, unstrained
condition specified by Eq. (2). [A small correction to Eq.
(2) was applied for the case of the superlattices to take into
account the variation in elastic constants with alloy layer
composition such that 100% relaxation corresponds to the
appropriate free-standing superlattice configuration.] Nom-
inally, all data points should lie on the dashed diagonal line
in the figure, corresponding to identical strains measured by
XRD and Raman techniques. In comparison with the XRD
scans, we see from Figs. 2 and 3 that the amount of peak shift
relative to peak width is much smaller in the Raman spectra,
rendering quantitative analysis less precise for the latter.
This uncertainty is reflected in the error bars shown in Fig. 4.

Samples Al and SL3 are both seen to be coherently
strained as grown. Upon anneal, a significantly greater ex-
tent of relaxation is observed for the alloy sample than for
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F1G. 4. Relaxation of coherent strain for superlattices and alloys as a result
of a 700°C/2 h anneal, determined by XRD and Raman spectroscopy.
Open and solid symbols correspond to strain before and after the anneal,
respectively. Superlattices relax less than the alloy shown. (No Raman is
available for alloy sample A2, but XRD data agree with that shown here for
alloy sample Al.)
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TaBLE I1. Raw XRD and Raman data for samples before and after a 700 °C/2 h anneal, and the corresponding coherent strain relaxation, r. €™ is relative to

the Si substrate. All stated uncertainties are given as absolute errors.

E.Ird r\rd ES: ESIASI ’Ramun
Sample (+0.03%) (+2%) ( 4+ 0.0l meV) ( + 0.01 meV) ( + 10%)

Preanneal SL1 0.97 84 63.6 61.0 84
Preanneal SL2 1.36 36 64.2 62.8 28
Preanneal SL3 1.44 0 64.5 62.8 -5

Preanneal Al 1.71 0 . 63.4 6
Preanneal A2 1.51 0 s s e

Postanneal SL1 0.97 84 63.6 60.9 88
Postanneal SL2 1.22 56 64.0 62.6 52
Postanneal SL3 I.16 43 64.0 62.3 59
Postanneal Al 1.10 83 . 62.5 109
Postanneal A2 0.96 84 e e

the superlattice by both measurement techniques. Not
shown in Fig. 4, but listed in Table II, is alloy sample A2,
which, through XRD, is also observed to be coherently
strained as grown, and to relax to the same extent as alloy
sample A 1 upon a similar anneal treatment. In contrast, su-
perlattice samples SL1 and SL2 both appear to have relaxed
during MBE growth. For example, SL1 is not seen to relax at
all upon annealing in either XRD or Raman measurements,
within experimental error. Comparison of the observed su-
perlattice XRD scan with a simulation calculated in the kin-
ematical approximation suggests that superlattice SL1 was
fully relaxed as grown. As noted earlier, for a film of finite
thickness there will always remain some residual strain in
the “fully relaxed” state. In Fig. 4, this corresponds to a
strain relaxation value less than 100%. We see both before
and after the anneal that superlattice SL1 has relaxed ~ 84%
of the full coherent strain for this structure. Interestingly,
this strain relaxation value is nearly identical to that of alloy
samples Al and A2 after the anneal. Lastly, we see that su-
perlattice SL2 appears to be=36% relaxed as grown from
the XRD measurement, and subsequent to the anneal be-
comes =~ 56% relaxed. This final relaxation state is similar to
that of SL3. Thus, we see that, of the three superlattice and
two alloy samples studied, all of the alloys relax to a signifi-
cantly greater extent than the superlattices, except for the
one superlattice that was already fully relaxed as grown. In
the latter case, the final strain state of the superlattice is that
of the fully relaxed alloy.

B. Alloy strain relaxation kinetics

In the preceding discussion we examined the extent of
strain relaxation which results from a 700 °C, 2 h anneal
treatment. We now consider the kinetics of strain relaxation
for the case of a coherently strained Si, _ ,Ge, alloy on Si
(100). To accomplish this, we follow the partial relaxation
of the alloy through a series of successive isochronal anneal
steps at fixed temperatures ranging from 390 to 450°C.
These temperatures are significantly lower than the MBE
growth temperatures typically employed elsewhere'®!
(500600 °C). For a fixed anneal temperature, the strain is
observed to decay approximately exponentially in time to a
residual strain value. Through comparison of decay rates at
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different temperatures, we obtain an activation energy for
the strain relaxation process.

Figure 5 shows x-ray scans taken on alloy sample A2
which was successively annealed at 414 °C in 35 min steps.
The initial (coherent) and final (relaxed) states of the same
sample are also shown for comparison. From the figure, we
see that the alloy peak shifts in decreasing amounts with
each successive anneal step. Also apparent is an initial
broadening of the alloy peak (compare peaks labeled
“COH” and 1), after which successive anneals do not ap-
pear to result in significant further broadening. The initial
broadening is probably due to the onset of dislocation gener-
ation in the film. Unfortunately, the resolution of the present
measurements is too poor to permit a meaningful quantita-
tive analysis of x-ray peak widths. This resolution can be
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FI1G. 5. 8-20 XRD of alloy A2 as grown (COH), successively annealed at
414 °C/35 min (1-4), and after achieving the residual strain value (RLX).
The relaxation decays exponentially to the residual value.
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seen by considering the Si substrate peak in Fig. 5, whose
width is entirely due to instrumental resolution. However,
we note here that high-resolution x-ray diffraction
{(HRXRD) measurements made on this sample prior to the
anneal using a four-crystal monochromator show that the
initial alloy peak width is quite sharp, broadened essentially
only due to finite alloy layer thickness. This initial, intrinsic
alloy peak width is below the instrumental resolution asso-
ciated with the scans shown in Fig. 5. Hence, we believe the
initial sample to be of high structural quality, and that signif-
icant degradation of the crystallinity (duc to dislocation
generation) evidently occurs at the beginning of the strain
relaxation process.

The temporal dependence which is typical of the strain
relaxation in our alloy films is shown in Fig. 6. In this case,
relaxation of sample A1 is shown after several 25 min anneal
steps at 407 °C. Plotted in the figure is the alloy XRD peak
position versus anneal time. The “fraction of coherent
strain,” 7, defined by the equation

d. (n)=dg[ + (4.18%) (1 + 7€) x], (6)

varies linearly from 100% to 0% as the strain varies between
the fully coherent and fully relaxed values according to Eqs.
(3) and (2), respectively. The value 7, is the residual frac-
tion of coherent strain observed after the relaxation has evi-
dently proceeded to completion. In Fig. 6, we plot
In(% — 7,) versus anneal time. The data approximately ex-
hibit a decaying exponential behavior. From the slope, a
strain relaxation rate is obtained. The error bars presented in
the figure correspond to x-ray peak position uncertainty.
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FIG. 6. Strain relaxation at fixed T for successive 25 min anneal steps. The
parameter 7 is defined to vary linearly from 100% to 0% as the film strain
varies between its theoretical fully coherent and fully relaxed values. The
strain decays approximately exponentially in time. Because of the finite film
thickness, a residual strain value 7, = 17% is observed. The error bars are
1o estimates due to uncertainty in x-ray peak positions.
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Despite the error bars, there appears to be a systematic devi-
ation from a simple exponential decay, suggesting that the
assumption of a single, first order kinetic process in only an
approximation, and that the actual relaxation may be more
complicated. That the relaxation is more complicated was
also hinted at above in the discussion of peak broadening; for
instance, the peaks appear to broaden quite nonlinearly with
anneal time.

Figure 7 shows an activation energy plot of the strain re-
laxation of alloy sample A2. A slight systematic correction
due to warmup transients in the anneal furnace (mentioned
earlier in Sec. II) has been applied to the data. As noted
above, this correction does not change the activation energy
obtained. We see from the figure that the Si;, , Ge, layer
strain relaxation is approximately described by a single,
thermally activated process. From the slope of the curve we
obtain an activation energy for this sample of
E, =204 0.1eV. The error bars shown in Fig. 7 are based
on the statistical uncertainty of the relaxation rates obtained
from data such as that shown in Fig. 6. As mentioned earlier,
we estimate our anneal temperatures to be repeatable to

+ 1°C, though a slightly larger error in absolute tempera-
ture (no larger than + 5°C) is possible. The data points
seen in Fig. 7 do not appear to exhibit a systematic deviation
from the line. However, there does appear to be somewhat
more scatter than would be expected from uncertainties in
peak positions and temperatures alone. In fact, we take the
observed scatter as further evidence that the assumption of a
single, thermally activated description of strain relaxation is
only approximately correct.
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F1G. 7. Activation energy plot of the strain relaxation rate vs anneal tem-
perature for a Si, . ,Ge, alloy on Si. The activation energy is 2.0 + 0.1 eV.
The error bars are based on statistical uncertainty of relaxation rate estimat-
ed from plots of the type shown in the previous figure. The scatter of data
points about the fit line suggests that the assumption of a simple, thermally
activated description of strain relaxation is only approximately correct.
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IV. DISCUSSION

We have shown in previous work®’ that, by lowering
MBE growth temperature, superlattices could be grown co-
herently strained to thicknesses that are in excess of A, val-
ues which were deduced’ on the basis of MBE growth at the
higher temperatrues (500-600 °C) commonly reported else-
where,"®' and, further, that as the growth temperature is
increased, a systematic strain relaxation is observed.®” In the
present work, we have likewise shown that it is possible to
increase the empirical 4, for single Si, _ , Ge, layers through
growth at reduced temperatures ( =365 °C) from the values
deduced for growth near 550 °C,' and provide further evi-
dence that: (i) growth of metastable strained Si, _ , Ge, /Si
heterostructures is possible; (ii) empirical 4, is a function of
MBE growth temperature; and (iii) strain relaxation is a
thermally activated process. We have also seen that the na-
ture of strain relaxation is dependent on more than the just
average properties of the sample, as the positioning of a sam-
ple on a graph such as that shown in Fig. 1, even for the case
of a growth temperature-dependent empirical critical thick-
ness, might naively suggest. The question of whether or not a
structure can be grown coherently strained, the extent of
strain relaxation, and the rate of strain relaxation as well,
depend on detailed as well as average structural characteris-
tics.

To account for the observed phenomena, it is necessary to
understand the driving force(s) responsible for strain relax-
ation, the mechanisms by which strain is relieved, and the
dependence on the detailed heteroepitaxial structure. Ener-
gy minimization is clearly a driving force which depends on
the average properties of the heteroepitaxial structure as a
whole.? Since energy in a uniformly strained film is propor-
tional to film thickness, at some point, it is energetically fa-
vorable for a strained film (or multilayered structure) to
reduce its elastic strain energy at the expense of forming
misfit dislocations. This is the basis of derivation of the so-
called equilibrium critical thickness curves.**> Unfortunate-
ly, these equilibrium theories completely leave out the ques-
tion of whether the desired minimum energy state is
kinetically accessible.

In order to address the latter question, it is necessary to
know how the sample relaxes, i.e., to identify the precise
microscopic mechanisms involved, to understand how these
mechanisms interact to result in the overall process, and how
the epitaxial microstructure affects these mechanisms. For
example, the appearance of strain relieving, interfacial misfit
dislocations requires some sequence of processes, such as
surface nucleation of dislocation half-loops, multiplication,
and glide of the threading segments.'® Some or all of these
might have some characteristic thermal activation which
may dominate within a particular range of temperatures.
For instance, glide of dislocations in bulk Si is a thermally
activated process with a (possibly strain dependent'®) acti-
vation energy near 2 eV'® while generation mechanisms,
which at this point are not well understood in this system,
may have a significantly lower activation energy ( < 1eV)."”
Steps in this direction have been taken in a recent set of
papers by Dodson and co-workers.'®'¥-2° In their work, an
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attempt is made to account for the observed metastable be-
havior through a phenomenological description of thermally
activated microscopic processes such as dislocation nuclea-
tion, glide, etc., which must act in the proper sequence to
result in the stable, relaxed configuration.

We can attempt to determine what microscopic processes
are significant on the basis of our observations. For example,
in Sec. III we saw that our coherently strained superlattice
sample relaxed to a significantly lesser extent than a corre-
sponding alloy sample as a result of a 700 °C, 2 h anneal. This
result suggests that additional kinetic barriers are present in
the superlattice which are absent in the alloy. For instance, it
is well known that superlattices can be effective as disloca-
tion-blocking filters in lattice-mismatched heteroepitaxy as
in the growth of GaAsP on GaAs.?! In that case, it is be-
lieved that the alternating strain fields in the superlattice
interfere with the propagation of dislocations upward across
layer interfaces, causing the dislocations instead to bend lat-
erally outward to the sides of the crystal. In the present
work, strain relaxation may be taking place through some
surface nucleation and glide processes as mentioned above.
If this is indeed the case, then our results suggest that the
movement of dislocations is being hindered by the alternat-
ing strain fields of the superlattice. Our results would further
tend to rule out any mechanisms which do not involve the
movement of dislocation lines across superlattice interfacial
layers since in such a case one would expect to have the same
relaxation behavior in both the superlattice and alloy films.
At this point, it is important to note that the differing extent
of relaxation observed for alloys and superlttices is only ap-
parent; the true final relaxed state of both structures is simi-
lar, but the superlattice gets “trapped” in a metastable, in-
completely relaxed configuration.

Another significant aspect of the present work is the fact
that we observe strain relaxation at temperatures as low as
390 °C. That we get appreciable activation at such a low tem-
perature is apparently due to the significant amount of ex-
cess stress'® “frozen” into our structures since they are
grown so far in excess of the equilibrium critical thickness.
It is possible that the large excess stress results in a lower
effective kinetic barrier because of the large “driving force”
associated with the stress. For example, as the thickness is
lessened to a value below the People and Bean critical thick-
ness’ (but still above the equilibrium critical thickness), the
films will appear coherently strained at least up to 550 °C
(the growth temperatures usually employed for Si, _, Ge,
MBE layers). However, recent work by Baribeau et al.'’
shows that such samples may relax upon heating to still
greater temperatures. Thus, it would appear that the rate of
strain relaxation, for a given type of structure, increases with
increasing film thickness (increasing excess stress). The sys-
tematics of this dependence on film thickness and composi-
tion remain to be explored.

Recently, there has been related work on the subject of
strain relaxation in Si, _, Ge, /Si heterostructures. Tuppen
et al. have shown that alternating strain fields between the
layers of a Si, _ . Ge, /Si superlattice interfere with the glide
of dislocation half-loops.® These workers use this observa-
tion to account for the difference in apparent extent of relax-
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ation between Si, _ , Ge, superlattices and single alloy lay-
ers. This conclusion is consistent with the results of the
present study. However, it is interesting to note that Tuppen
et al. reached their conclusion from strain measurements
made over a set of several samples which were grown at
substantially higher temperature (550—600 °C) and over a
range of film thicknesses both above and below the People
and Bean critical thickness,> whereas in the present work,
the same conclusion is reached by directly observing the ex-
tent of strain relaxation in initially strained superlattices and
alloys.

There have also been other ex siru anneal experiments re-
ported recently for Si, _ , Ge, single alloy layers. Fiory et al.
have studied strain relaxation in Si, _ ,Ge, films through
ion channeling and TEM observations.”> More recently,
Hull has reported on strain relaxation dynamics based on
real-time observation of in situ-annealed TEM specimens.*?
Also, Baribeau et al. have made XRD measurements of
ex situ-annealed alloy and superlattice films, as mentioned
above.!* However, in all of these cases, the films were grown
near 550°C and at or below the People and Bean critical
thickness,” and the ex situ anneals had to be performed at
much higher temperatures ( ~ 800 °C or more) in order to
observe substantial relaxation effects. It is quite possible
that, at such high anneal temperatures, the strain relaxation
kinetics is governed by a different rate-limiting behavior,
and that the dominant relaxation mechanism(s) may be dif-
ferent. Moreover, the effects of bulk interdiffusion at hetero-
junction interfaces can no longer be neglected at these tem-
peratures. In order to better understand the microscopic
behavior during strain relaxation in our own samples, we are
presently attempting TEM measurements and will report
the results in a later publication.*

V. CONCLUSIONS

In conclusion, we have studied the strain relaxation in
initially strained Si, ,Ge,/Si heteroepitaxial structures
through ex situ anneal treatment with the use of x-ray dif-
fraction and Raman spectroscopic techniques. Highly
strained samples are produced through molecular-beam epi-
taxial growth at unusually low temperature (=365 °C).
This results in nearly coherently strained, metastable alloy
and superlattice structures grown significantly in excess of
critical thicknesses previously reported for such structures.
These samples readily relax their strains upon subsequent
anneals at temperatures ranging from 390 to 450 °C, sub-
stantially below the growth temperatures typically employed
in similar strain relaxation studies of this material system.
The extent of strain relaxation after a 700 °C, 2 h anneal is
seen to differ for single Si, _ . Ge, layers and corresponding
Si, _ . Ge, /Si superlattices of the same total thickness and
average alloy composition. The strain relaxation kinetics of
an initially strained alloy layer is studied quantitatively for
the first time. Strain relaxation in this case is seen to be ap-
proximately described by a single, thermally activated, first
order kinetic process having activation energy £, = 2.0¢eV.
This value is close to the activation energy associated with
dislocation motion through glide in bulk Si. Such a quantita-
tive analysis should prove useful in identifying the relevant
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microscopic mechanisms responsible for strain relaxation in
lattice-mismatched semiconductor heterostructures.
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