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We characterize the structures of Ge;_,Sn, films with x up to 0.14 grown on Ge (001) by molecular-beam epitaxy at
low temperature. The results show that Ge|_,Sn, films are fully strained even at high Sn composition. The in-plane lattice
parameters remain exactly the same as that of the substrate. Depth sensitivity analysis of the lattice parameters indicates
that the strains of the epitaxial films are all in homogeneity. The films are fully strained. Poisson ratios, the force constants
for the bonds between Ge and Sn are estimated and discussed in the present paper. Raman results show Ge-Ge, Ge—Sn,
Sn—Sn vibrational modes. The Sn—Sn bond aggregation may respond to the high quality of our films. The fully strained

epitaxy films with high content of Sn may be useful in designing the high quality GeSn films.
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1. Introduction

Sn—Ge solid solution (alloy) has been proved to be a
direct band semiconductor with Sn composition higher than
9%. The Ge;_,Sn, alloys have fantastic optical and electrical
properties, !l which are of potential in the applications of Si-
based optoelectronic devices?! and light emitting devices."!
The properties of the devices are influenced greatly by the
quality of the films. !

However, the large lattice mismatch of about 14.7% be-
tween Ge and Sn becomes an obstruction in growing high
quality epitaxial films. The low equilibrium solubility of Sn
in Ge (< 0.01) restricts the formation of Ge;_,Sn, alloys."!
Also, growth temperature is critical when we obtain certain
samples by molecular beam epitaxy.[® It is difficult to grow
the Ge;_,Sn, alloys at high or low temperatures.”-'% At high
temperatures, Sn tends to surface aggregate during growth of
the Ge;_,Sn, alloys by molecular-beam epitaxy. At lower
temperatures Ge;_,Sn, alloys tend to roughen the surface. ]
It is, therefore, hard to grow high quality Ge;_,Sn, films for
device applications although high quality films may bring nice
optoelectronic properties. In the present paper, the strain struc-
tures of the epitaxial Ge;_,Sn, films are studied by high reso-
lution X-ray diffraction (HRXRD) and Raman measurements.
Fully strained films are confirmed by a multiple X-ray diffrac-
tion technique. Raman measurements are used to investigate

the epitaxial structures of Ge;_,Sn, alloys.
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2. Experimental procedures

High quality Ge;_,Sn, films are grown on the Ge (00I)
substrate by molecular beam epitaxy at the Center for Con-
densed Matter Science and Graduate Institute of Electronics
Engineering, National Taiwan University. Briefly, raw materi-
als, including Ge and Sn, are evaporated through an effusion
cell during the deposition. The substrate is n-type Ge (001)
with a resistivity of ~ 0.02 Q-cm, which is cleaned using stan-
dard processing to remove the oxide layer at the surface before
film growth.!'') Ge serves as the buffer layer before a 300-
A Ge;_,Sn, film growth. The growth temperature is kept at
200 °C.

Three composite Ge|_,Sny films with the nominal value
x = 0.04, 0.08, and 0.14 are obtained. The composition of
Sn in each Ge|_,Sn, film can be estimated by X-ray reflectiv-
ity measurements, and energy dispersive X-ray spectroscopy
(EDX) measurements. U1 The strain, strain-depth distribution,
and Poisson ratio are analyzed by HRXRD studies, which can
reveal the microstructures of thin films.[!>~'41 HRXRD ex-
periments are performed on the beamline BL14B1 located at
Shanghai Synchrotron Radiation Facility (SSRF). The wave-
length of the X-ray is chosen to be 1.238 A. To confirm the
experimental results, similar experiments are also performed
at the beamline 1W1B located in Beijing Synchrotron Radia-
tion Facility (BSRF), the wavelength of the X-ray is chosen to
be 1.54 A.
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3. Results and discussion

The quality of the epitaxial films is confirmed from the
phi-scan X-ray diffraction with the asymmetric GeSn/Ge re-
flection of (115). Figure 1 shows the typical phi-scan X-ray
diffraction patterns for the sample with x = 0.14 with the X
ray wavelength of 1.238 A. Reflections from Ge (115) and
GeSn (115) are fully overlapped and separated in 90° each.
The full width at half maximum (FWHM) of each of the four
reflections is about 2°. And the four reflections are in symme-
try, which indicates that the film is well crystallized.
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Fig. 1. X-ray diffraction patterns for x = 0.14, which are in phi-scan
mode around (115) reflection.
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Fig. 2. (color online) High resolution X-ray diffraction patterns for
Ge_,Sn, with x = 0.04, 0.08, and 0.14 are shown.

Figure 2 shows the high resolution X-ray diffraction
(HRXRD) patterns for the three samples. Two main reflec-
tions, which are from the substrate and the Ge;_,Sn, films,
are observed in the HRXRD patterns. The right peak origi-
nates from the substrate, and the left peak, marked by arrows,
results from the X-ray diffraction of Ge|_,Sn, film. With in-
creasing the Sn content, reflections from the Ge;_,Sn, film
shift toward the left, which means that the perpendicular lat-
tice constant (the out-of plane lattice parameter, ¢) increases

with increasing the Sn content. Furthermore, we measure the
(115) asymmetric X-ray diffraction (6/26 connecting scan),
together with the asymmetric rocking curves (0 scan). The in-
plane lattice constants and out-of-plane lattice constants then
can be deduced from the asymmetric and symmetric HRXRD,
which is shown in Fig. 3. The in-plane lattice constants are
almost the same as that of the substrate Ge, the out-of-plane
constants increase with the increase of the Sn content. The
results confirm that the Ge|_,Sn, displays a tetragonal distor-
tion. The full relax Ge;_,Sn, bulk crystallizes in cubic, and
the lattice parameters of the alloys may be deduced based on
the Vegard law.!'>1 Figure 3 compares the lattice parameters
obtained by Vegard law and those obtained in our experiments.
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Fig. 3. (color online) The Sn content dependence of the in-plane and the
out-of-plane lattice constants for the epitaxy films. The lattice constant
of the substrate is indicated by the dashed line. From bottom to top, the
solid lines are shown as: in-plane lattice constant of a, the cube root of
the unit cell volume, lattice constant deduced by the Vegard rule, and
out of-plane lattice constant of c.

We note that the difference between the cube root of the
unit cell volume, i.e., ay = (a®-¢)'/3, and the lattice con-
stant from the Vegard law, avegard, A = Avegard — dav, inCreases
with increasing the Sn content. Our experiments show that
all Ge;_,Sn, films are in full compressive strain (totally epi-
taxy). The strain energies in the epitaxial films may increase
with increasing the Sn content at the same thickness. When
the strain energy is larger enough, the dislocation may form
and induce the lattice relax. There is a critical thickness with
dislocation free, which may be calculated from the mismatch
between the film and the substrate.!'”-'8] The critical thick-
ness of the Geg g¢Sng 14 film is about 1 nm, which is reported
in our previous work.!'!l In our case the Ge;_,Sn, films are
fully strained and the films are in epitaxy. Based on the elastic
theory, the in-plane compression may induce the out-of plane
expansion. The Poisson ratio may indicate the relationship be-
tween the in-plane and out-of-plane strain. The Poisson ratio
for the epitaxial Ge|_,Sn, film can be deduced from the strain
(g) in a three-dimensional system. The in-plane strain (g,
&) and out-of-plane strain (€33) are calculated from the for-
mula (@ — agesn)/dcesn- Here, a is the lattice constant of the
film obtained from HRXRD and ages,, is the lattice constant of
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GeSn alloy in full relax (bulk), which may be estimated from
the Vegard law. The Sn composition is determined by EDX.
Then the Poisson ratio for Ge{_,Sn, film can be calculated
based on the following formula: ]
€33

r= £3— €11 — €0

Figure 4 shows the Poisson ratio dependence of the Sn
content. The Poisson ratio increases with increasing Sn con-
tent in Ge_,Sn,. The Poisson ratios of bulk Ge and Sn are
respectively 0.25 and 0.36. The Poisson ratio of the Ge|_,Sn,
alloy is between the Poisson ratios of the two end members,
i.e., Ge and Sn.

0.36 m

0.32 -7

Possion ratio

0.28

To further understand the above results, we may see the
force constants of the bonded Ge—Ge, Ge—Sn, and Sn—Sn. The
force constants of Ge-Ge (0.86 N-cm’l), Ge-Sn (0.77 N-
em~!), and Sn—Sn (0.65 N-cm™!) are not the same.!*?! The
force constant of the Ge—Ge bond is respectively 12% and
32% larger than those of the Ge—Sn and Sn—Sn. Therefore,
Ge may be easier to bond with Sn, and Sn is easier to bond
with Sn during bonding, which may form the aggregation in
the bond area. Figure 6 shows the scheme of the bonding. The
bond force constants may help us to understand the fully com-
pressive strained structures of Ge_,Sn, alloy films with high
Sn content. At the same time, the smallest force constant may
bring the Sn—Sn bond during the growth, which can be proved
by Raman measurements.
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Fig. 4. Variation of Poisson ratio with Sn composition.

Glancing incidence X-ray diffraction (GIXRD) is adopted
to study the depth dependence of the strain structure in the
Ge;_,Sn, alloy.[?%?!l The wavelength of the X-ray is 1.54 A.
Further depth-sensitive GIXRD?"! proves the previous results.
Figure 5 shows the depth dependences of in-plane lattice pa-
rameter for the three samples by measuring the (400) reflec-
tions of the films with varying the grazing incident angle. All
the in-plane lattice parameters remain 5.65 A, consistent with
that of the substrate, which is independent of the film depth.
The result indicates that the whole films are in compressive
strain, and the growth is epitaxial. This result is the same
as that deduced from the X-ray symmetric and asymmetric

diffraction.
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Fig. 5. In-plane constants of three samples remain the same as those of
the substrate with increasing depth.
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Fig. 6. (color online) Scheme of the process of the growth for GeSn
alloys on Ge substrate.

The structures of Ge_,Sn, films can be further investi-
gated by Raman spectra, which is a useful method to analyze

23241 Raman scattering spectra are

the structures of thin films.!
measured by an excitation wavelength of 633 nm at room tem-
perature. The laser intensity is about 1 mW. Figure 7 shows
the Raman results of the samples. Various peaks can be ob-
tained by Lorentzian fitting. The left peak indicated by the
arrow is about 187 ¢cm™~!, which is identified to be due to
the Sn—Sn vibration.>! The existence of Sn—Sn bonds proves
our previous results obtained by analyzing force constants and
these bonds are critical for growing epitaxial GeSn films. At
the same time, the peaks obtained from the other vibrating
modes are observed. The peak at 261 cm ™! is from the Ge—-Sn
bond.!?®! The Ge-Ge peak at 300.5 cm™'[>] mainly comes
from the substrate. From the relative intensity of the peak,
the peak at about 285 cm~! may come from Ge-Ge vibration
(mainly originating from the Ge-Ge mode in the GeSn layer),
which is induced by the tensile strain of the Ge—Ge bond in
the film out of plane. Strain in sample can induce the shift of
the peaks.!?’] Red shift of Raman peaks are always induced by
tensile strain.?®! The tensile strain from the bonds of Ge-Ge
out of plane can be seen from the lattice constant out of plane
in Fig. 3. The Ge—Ge peaks in plane and out of plane confirm
the tetragonal distortion structure of the three samples, which
are deduced by HRXRD.
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Fig. 7. (color online) Raman spectra for Ge;_,Sny films with different
quantities of Sn.

Moreover, for samples with different quantities of Sn, the
same vibration modes have almost the same peak positions, in-
dicating that Ge;_,Sn, films have the same strained structure
and are all epitaxial films on substrate Ge.

4. Conclusion

Epitaxial Ge;_,Sn, films are analyzed by a multiple high
resolution X-ray diffraction technique. The in-plane lattice pa-
rameters are the same as that of the substrate. Depth sensitive
lattice parameter analysis shows that the strain of the epitax-
ial film is in homogeneity. The Poisson ratios of the samples
are respectively 0.265, 0.278, and 0.306, for x = 0.04, 0.08,
and 0.14, which are in the range of the Poisson ratios of the
end-member Ge and Sn single crystals. The Sn—Sn aggrega-
tion bonding is analyzed by variation of the force constants
of the Ge-Ge, the Ge—Sn, and the Sn—Sn bonds, and also the
Raman measurements. Raman measurements clearly show the
different Ge—Ge bonds in the films.
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