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Solid phase epitaxy of diamond cubic Sn xGe12x alloys
M. E. Taylor,a) G. He, and Harry A. Atwater
Thomas J. Watson Laboratories of Applied Physics, California Institute of Technology, Pasadena,
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Solid phase epitaxy of amorphous SnxGe12x films on strain relieved Ge films on Si~001! substrates
was investigated for alloy compositions in the range 0.02< x < 0.26. Films with compositionsx
, 0.05 crystallize by solid phase epitaxy as substitutional, strain relieved, diamond cubic all
without phase separation or surface segregation of Sn. Films with higher Sn compositions ex
more complicated behavior in which phase separation is believed to follow solid phase epitaxy.
sequence of transformations for higher Sn compositions yields epitaxial, substitutional, st
relieved, diamond cubic SnxGe12x films with x ; 0.05, and excess Sn is segregated in;100 nm size
domains within the epitaxial alloy film. ©1996 American Institute of Physics.
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I. INTRODUCTION

Synthesis of group IV semiconductor alloys for use
Si-based heterostructures is now expanding beyond the o
nal work on SixGe12x alloys1 to include CxSi12x ,

2

~CxGe12x)ySi12y ,
3,4 ~CxSn12x)ySi12y ,

5 and SnxGe12x

alloys.6–17 Electronic structure calculations predict that th
binary alloy SnxGe12x is a direct energy gap semiconducto
with a gap that ranges between 0.55 and 0 eV as the com
sition is varied betweenx50.2 andx50.8.18–21Recent infra-
red spectroscopy measurements of the absorption coeffic
indicate that the direct energy gap of SnxGe12x ranges be-
tween 0.8 and 0.25 eV as the composition is varied betw
x50 andx50.15.22 SnxGe12x also has potential for mono-
lithic integration on Si substrates. As a result, SnxGe12x is of
interest for future Si-based infrared optoelectronics appli
tions.

The synthesis of SnxGe12x alloy films has been the sub
ject of previous investigations with growth by solid phas
recrystallization,6–8 sputtering,9 molecular beam
epitaxy,10–14 ion assisted molecular beam epitaxy,15,16 and
pulsed laser deposition.17 Unfortunately, Sn and Ge form a
simple eutectic with mutual solid solubilities of less tha
1%.23–26 As a result, conventional thermal growth leads
severe Sn surface segregation. Ion assisted molecular b
epitaxy and pulsed laser deposition have produced epita
films with compositions falling in the range believed to b
necessary for direct gap material. However, these grow
methods are conceptually and practically more complica
than solid phase epitaxy, which is already widely employ
in silicon integrated circuit technology. In the present wor
SnxGe12x alloy growth by solid phase epitaxy was studied
explore the kinetics of segregation and to determine the co
position limits achievable by this simple growth proces
Previous reports of the kinetics of Ge solid pha
epitaxy27–29 and SixGe12x solid phase epitaxy30,31 provided
the context for this work.

a!Electronic mail: maggie@daedalus.caltech.edu
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II. EXPERIMENT

Amorphous SnxGe12x alloy films were deposited by ul-
trahigh vacuum molecular beam deposition on clean
Si~001! substrates. Prior to growth, desorption of the surfac
hydrogen from the Si~001! surface was performed at 550 °C
The substrate temperature was subsequently lowered
400 °C for deposition of a strain relieved heteroepitaxia
Ge~001! layer ~c-Ge!, and to 70 °C for deposition of amor-
phous Ge~a-Ge! and amorphous SnxGe12x (a-SnxGe12x)
layers. Four sample compositions were investigated:~1! 170
nm a-Sn0.02Ge0.98/10 nm a-Ge/60 nm c-Ge/Si~001!, ~2!
170 nm a-Sn0.10Ge0.90/70 nm a-Ge/20 nm c-Ge/Si~001!,
(3) 170 nm a-Sn0.19Ge0.81/100 nm c-Ge/Si~001!, and~4!
190 nm a-Sn0.26Ge0.74/70 nm a-Ge/10 nm c-Ge/Si~001!.

Following isothermal vacuum anneals, film compos
tions and microstructures were characterized by 300 ke
transmission electron microscopy and high resolution x-ra
diffraction using CuKa1 radiation and the~400! diamond
cubic peak. In the electron and x-ray diffraction analysis, th
virtual crystal approximation was assumed. The electron d
fraction patterns were used to identify the crystal orient
tions, and the differences in lattice parameter between Si a
SnxGe12x reflections were used to estimate the compositio
of the annealed films. The presence of~400! peaks in x-ray
diffraction and the angular positions of these peaks relati
to the Si substrate peak were also used to identify the crys
orientations and to estimate the film compositions, providin
an independent confirmation of the structure and compo
tion information.

Two MeV He11 Rutherford backscattering spectra wer
obtained before and after anneals to provide informatio
about film composition, film microstructure, and growth ki
netics of solid phase epitaxy. The preanneal and postann
random spectra were compared to identify changes in the
depth profile and Ge surface energy indicative of Sn surfa
segregation. The preanneal and postanneal channeling sp
tra were compared to identify changes in amorphous lay
thickness, from which crystal–amorphous interface veloc
ties were calculated.
96/80(8)/4384/5/$10.00 © 1996 American Institute of Physics
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To obtain additional information about solid phase ep
taxial growth kinetics, time-resolved reflectivity measure
ments were performed using either a 5 mWcontinuous-wave
GaAs diode laser operating at 825 nm or a 5 mW
continuous-wave InGaP diode laser operating at 670 nm. L
ser irradiation was focused on the sample surface at ne
normal incidence, and the reflected intensity was measu
with a Si photodetector over the course of an anneal.
time-resolved reflectivity, the film thickness correspondin
to one reflectivity oscillation is given byl/2n, wherel is the
laser wavelength andn is the index of refraction of the film.
Dividing the thickness corresponding to one oscillation b
the time needed to complete one oscillation yields the int
face velocity. Since data on the refractive index o
SnxGe12x alloys are not available, the index values wer
taken as 4.64 and 5.21, the reported values for crystalline
at 825 and 670 nm, respectively.32

In solid phase epitaxy, interface velocities ideally exhib
an Arrhenius temperature dependencev 5 v0e

2Q/kT, where
v0 is a pre-exponential velocity andQ is an activation en-
ergy for interfacial rearrangement processes in crystalliz
tion. Values for the pre-exponential velocity and activatio
energy were calculated from Arrhenius plots of the interfa
velocities obtained from the Rutherford backscattering a
time-resolved reflectivity measurements. For Ge, pr
exponential velocities and activation energies of 1.23109

cm/s, 2.0 eV, 2.1760.20 eV, and 2.2660.02 eV have been
reported.27–29

III. RESULTS

Figure 1 is a cross-sectional transmission electron mic
graph of a partially crystallized epitaxial Sn0.02Ge0.98 film
annealed at 360 °C for 40 min. It illustrates several intere
ing microstructural features. Dislocations, stacking fault
and twins are visible at the interfaces between Si and Ge a
between Ge and Sn0.02Ge0.98, as expected for strain relieved
lattice mismatched layers. The crystal–amorphous interfa
is characterized by pits~i.e., local minima in the crystal
thickness! located at the exit points of threading dislocation
Previously, in solid phase epitaxy of SixGe12x , the crystal–
amorphous interface was observed to roughen by format
of $111% facets, a phenomenon attributed to stra
relaxation.30 While the interface pits observed in this work
resemble$111% facets, it is unlikely that their formation is
related to misfit strain relaxation, since full strain relaxatio
was most likely achieved through the crystallographic d
fects that occurred earlier in the solid phase epitaxy proce
The ^110& electron diffraction pattern exhibits a spot separ
tion consistent with epitaxial, substitutional, strain relieve
diamond cubic Sn0.02Ge0.98, which is confirmed by the x-ray
data of Fig. 2~a!, collected from a film annealed at 360 °C fo
70 m. Rutherford backscattering spectra were obtained fr
films annealed at 300 and 325 °C. The spectra shown in F
2~b! correspond to a partially crystallized alloy annealed
300 °C for 14 h. The Sn profiles in the preanneal and po
anneal random spectra overlap exactly, indicating that
surface segregation of Sn occurred during the anneals. T
channeling spectra yielded interface velocities which, wh
plotted against temperature, gave values for the p
J. Appl. Phys., Vol. 80, No. 8, 15 October 1996
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exponential velocity and solid phase epitaxy activation en
ergy of 13 1011 cm/s and 2.38 eV. In both the Sn and Ge
profiles, channeling minimum yields of approximately 50%
were observed, which is consistent with the high density o
crystallographic defects arising from lattice mismatch. Th
time-resolved reflectivity data of Fig. 3~a! were collected at
350, 375, 400, and 425 °C. These spectra show a slight d
crease in the reflectivity amplitude as compared to publishe
spectra for pure Ge.28 This is consistent with the rough
crystal–amorphous interface observed in Fig. 1. Interface v
locities were calculated and plotted against temperature, g
ing values for the pre-exponential velocity and solid phas
epitaxy activation energy of 83 109–33 1010cm/s and 2.30
60.04 eV, respectively.

For the annealed Sn0.10Ge0.90 alloy, plan view transmis-
sion electron microscopy in combination with energy disper
sive x-ray spectroscopy shows a SnxGe12x film with low Sn
content, obscured by roughly circular regions of Sn approx
mately 60 nm in diameter. Thê001& diffraction pattern ex-
hibits a spot separation indicative of epitaxial, substitutiona
strain relieved, diamond cubic Sn0.05Ge0.95. No spots or rings
corresponding to the Sn regions were observed. The tim
resolved reflectivity data of Fig. 3~b! were collected at 390,
455, and 505 °C. As before, a decrease in the reflectivi
amplitude is apparent, indicating loss of interface planarity
Qualitatively, the traces are very similar to the traces ob
served for the Sn0.02Ge0.98 alloy. However, after the final

FIG. 1. Cross-sectional transmission electron micrograph of a partially cry
tallized Sn0.02Ge0.98 alloy annealed at 360 °C for 40 min. Crystallographic
defects arising from lattice mismatch are visible at the Si and Ge interfa
and at the Ge and Sn0.02Ge0.98 interface. Pits in the crystal–amorphous in-
terface resemble$111% facets, and correspond to the exit points of threading
dislocations. Thê110& diffraction pattern indicates that the annealed film is
an epitaxial, substitutional, strain relieved, diamond cubic Sn0.02Ge0.98 alloy.
4385Taylor et al.
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reflectivity minimum that corresponds to completion of sol
phase epitaxial crystallization, the reflection intensities in t
Sn0.10Ge0.90 traces rise smoothly into plateaus. Since Sn ha
higher reflectivity than Ge, Sn surface segregation could le
to increased reflection intensity. A possible explanation
that there was a time delay between the completion of cr
tallization and the onset of phase separation resulting from
difference in the activation energies for solid phase epita
and phase separation. Such a delay was observed previo
for polycrystalline Sn0.25Ge0.75 grown by solid phase crystal-
lization on amorphous substrates.8 This result implies that,
by a very careful choice of the anneal time, Sn0.10Ge0.90
might be grown by solid phase epitaxy without phase se
ration. However, if the annealing time is too long, the S
phase separates, leaving behind an epitaxial Sn0.05Ge0.95film.
Interface velocities were calculated and plotted against te

FIG. 2. ~a! High resolution CuKa1 x-ray diffraction data and~b! 2 MeV
He11 Rutherford backscattering spectrometry data for annea
Sn0.02Ge0.98 alloys. In ~a!, the sample was annealed at 360 °C for 70 mi
The position of the~400! x-ray peak is consistent with epitaxial, substitu
tional, strain relieved, diamond cubic Sn0.02Ge0.98. In ~b!, the sample was
annealed at 300 °C for 14 h, and is not completely crystallized. The rand
spectra show no change in the Sn profile or in the Ge edge energy, ind
ing that no Sn surface segregation occurred. The channeling spectrum s
equal minimum yields in the Sn and Ge, suggesting that no Sn phase s
ration occurred.
4386 J. Appl. Phys., Vol. 80, No. 8, 15 October 1996
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perature, giving values for the pre-exponential velocity an
solid phase epitaxy activation energy of 63 1025–10 cm/s
and 0.7760.38 eV, respectively.

Figure 4~a! is a plan view transmission electron micro
graph of a Sn0.19Ge0.81 alloy annealed at 300 °C for 60 min.
It indicates that the microstructure of annealed Sn0.19Ge0.81 is
very similar to that observed for annealed Sn0.10Ge0.90. The
Sn regions are approximately 400 nm in diameter. As in th
case of annealed Sn0.10Ge0.90, the ^001& diffraction pattern
exhibits a spot separation indicative of epitaxial, substitu
tional, strain relieved, diamond cubic Sn0.05Ge0.95. Figure
4~b! are Rutherford backscattering spectra collected befo
and after an anneal at 325 °C for 42 min. Comparison of th
Sn profiles in the preanneal and postanneal random spe
indicates that Sn surface segregation occurred. The lead
edge of the Ge peak in the postanneal spectrum is at a low
energy than in the preanneal spectrum, also indicating th
some Sn surface segregation occurred. However, this cha
in the Ge edge is not large enough to suggest complete s
face segregation of Sn. Rather, it indicates that less than 1
of the phase separated Sn is at the surface. Postanneal c
neling spectra exhibit minimum yields of approximately 50%

led
n.
-

om
icat-
hows
epa-

FIG. 3. Time-resolved reflectivity measurements atl5825 nm for ~a!
Sn0.02Ge0.98 and ~b! Sn0.10Ge0.90. In ~a!, the traces are indicative of solid
phase epitaxy characterized by a rough interface. In~b!, the traces are in-
dicative of solid phase epitaxy as described in~a!, possibly followed by
surface segregation of Sn.
Taylor et al.
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and 90% in the Ge and Sn profiles, respectively, which is
further indication of Sn phase separation within the body
the film. Time-resolved reflectivity data were collected a
300, 352, 373, and 398 °C. Although oscillations were o
served, they were not characteristic of solid phase epita
Instead, the reflectivity intensity increased monotonically
a constant value for each anneal temperature, which can
attributed to Sn surface segregation. A short time delay,
quired to align the laser, occurred between the start of t
anneal and the start of data collection. It is possible that
oscillations corresponding to solid phase epitaxy were o
served because solid phase epitaxy was completed be
data collection began. This explanation would imply a tim
lag between completion of crystallization and onset of pha
separation, as possibly observed in the case of
Sn0.10Ge0.90 alloy. It is also possible that no oscillations cor

FIG. 4. ~a! Plan view transmission electron micrograph and~b! 2 MeV
He11 Rutherford backscattering spectrometry data for anneal
Sn0.19Ge0.81 alloys. In ~a!, the sample was annealed at 300 °C for 60 min
The image shows dark regions identified as Sn by energy dispersive x
spectroscopy, indicating Sn phase separation. The diffraction pattern is
of an epitaxial, substitutional, strain relieved, diamond cubic Sn0.05Ge0.95
alloy. In ~b!, the sample was annealed at 325 °C for 42 min. The change
the Sn profile and the offset in the Ge surface energy between the prean
and postanneal random spectra indicate that some Sn surface segreg
occurred. However, the offset is not large enough to account for all Sn
incorporated into the epitaxial film, suggesting that most of the phase se
rated Sn remained in the body of the film. The difference between the
and Sn minimum yield is also suggestive of Sn phase separation.
J. Appl. Phys., Vol. 80, No. 8, 15 October 1996
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responding to solid phase epitaxy were observed becau
phase separation occurred concurrently with solid phase e
itaxy, destroying the interface planarity. This second expla
nation is unlikely, considering that an epitaxial film resulted
It is not clear whether an appropriately short annealing tim
would enable solid phase epitaxy without phase separatio
If a time interval exists between these processes, it is clea
very short. Interface velocities were calculated from the ob
served oscillations and plotted against temperature to gi
values for the pre-exponential velocity and apparent activ
tion energy of 7–30 cm/s and 1.0560.04 eV, respectively.

For the annealed Sn0.26Ge0.74 alloy, plan view transmis-
sion electron microscopy reveals a microstructure very sim
lar to those observed for the annealed Sn0.10Ge0.90 and
Sn0.19Ge0.81alloys, with Sn regions approximately 600 nm in
diameter. As in the previous two cases, the^001& pattern and
spot separations are indicative of epitaxial, substitutiona
strain relieved, diamond cubic Sn0.05Ge0.95, and x-ray diffrac-
tion confirms this observation. Time-resolved reflectivity
data were collected at 325, 350, and 375 °C, and a mon
tonic reflectivity increase indicative of Sn segregation, as i
the previous alloy composition, was observed. Interface v
locities were calculated and plotted against temperature
give values for the pre-exponential velocity and apparent a
tivation energy of 23 1024–0.3 cm/s and 0.4860.20 eV,
respectively.

IV. CONCLUSIONS

In summary, solid phase epitaxy of diamond cubic
SnxGe12x from amorphous SnxGe12x layers with Sn fraction
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FIG. 5. Arrhenius plot of interface velocities obtained from the Rutherford
backscattering spectrometry and time-resolved reflectivity measuremen
For Ge, pre-exponential velocities of 1.23 109 cm/s and solid phase epitaxy
activation energies of 2.0, 2.1760.20, and 2.2660.02 eV have been reported
~Refs. 27–29!. For the Sn0.02Ge0.98 alloy, Rutherford backscattering and
time-resolved reflectivity give pre-exponential velocities of 13 1011 and 8
3 109–3 3 1010 cm/s and solid phase epitaxy activation energies of 2.3
and 2.3060.04 eV, respectively. For the Sn0.10Ge0.90 alloy, time-resolved
reflectivity gives a pre-exponential velocity of 63 1025–10 cm/s and a
solid phase epitaxy activation energy of 0.7760.38 eV. For the
Sn0.19Ge0.81 alloy, time-resolved reflectivity gives a pre-exponential velocity
of 7–30 cm/s and an apparent activation energy of 1.0560.04 eV. For the
Sn0.26Ge0.74 alloy, time-resolved reflectivity gives a pre-exponential velocity
of 2 3 1024–0.3 cm/s and an apparent activation energy of 0.4860.20 eV.
4387Taylor et al.
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less thanx ; 0.05 is possible without evidence of phase sep
ration. The crystal–amorphous interface in alloy solid pha
epitaxy appears to be considerably rougher than that
served for solid phase epitaxy of pure Ge. In alloys of high
Sn fraction, phase separation occurs, leaving an epitax
substitutional, strain relieved, diamond cubic film withx
; 0.05. For these alloys, some of the Sn segregates to
surface, but most of the phase separated Sn remains in
body of the film.

These results are surprising in light of a previous stu
of solid phase epitaxy in amorphous Si supersaturated w
impurities including In, Bi, Ga, and Sn.33 In that work, phase
separation was observed to occur either before or concur
with crystallization, probably driven by the lower solid solu
bilities of the impurities in crystalline Si than in amorphou
Si. Polycrystalline Si films resulted. In this work, Ge supe
saturated with at least twice the solid solubility of Sn cry
tallized epitaxially with no sign of phase separation. In allo
with higher Sn fractions where phase separation was
served, the resulting films are epitaxial Ge films supersa
rated with at least five times the solid solubility of Sn. Whi
other interpretations are certainly possible, the fact that e
taxial films are observed suggests that crystallization p
ceded phase separation.

Since recent absorption spectroscopy experiments s
gest that SnxGe12x may have a band gap tunable over a
proximately 0.25 eV in thex50 to x50.05 composition
range, solid phase epitaxy may prove to be an attractive
practical fabrication method for SnxGe12x/Ge hetero-
structures.22
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