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A method to grow GeSn nanodots has been developed by magnetron sputtering using anodic aluminum oxide as a template. With a high substrate
temperature and a high deposition rate, flattened hill-like GeSn nanodots with high Sn content have been successfully formed directly on Ge(001)
and Si(001) substrates. The GeSn nanodots are polycrystalline on Si and monocrystalline on Ge without Sn segregation. High-resolution
transmission electron microscopy observations revealed that GeSn nanodots formed on Ge had a perfect interface without misfit dislocations.

© 2022 The Japan Society of Applied Physics

ilicon photonics is a fast-growing technology that
S integrates photonic circuits onto a Si substrate and has

been growing steadily since the 1980s."” GeSn
materials have attracted much attention as a promising
optoelectronic material that is compatible with Si-based
CMOS processes.™ GeSn have higher carrier mobilities
than Si,” and the energy band of GeSn materials can be
regulated by Sn content. When the Sn content reaches 6%—
10% or more,®” GeSn materials could transfer from indirect
to direct bandgap. However, Sn atoms can hardly incorporate
into the Ge lattice matrix caused of the large difference in
lattice between Ge and Sn. Therefore, the equilibrium solid
solubility of Sn in Ge is less than 1% leads to Sn segregation
at high temperatures.*'” To overcome these difficulties,
non-equilibrium methods including molecular beam epitaxy
(MBE),""™'® chemical vapor deposition (CVD),'*'® and
magnetron sputtering'*'® are widely used for the preparation
of high-quality GeSn materials with high Sn content.

On the other hand, for the obtained GeSn bulk material
with high Sn content, the bandgap could be too narrow to
reach the optical communication 1550 nm wavelength. GeSn
nanodots could be an effective solution to enlarge the
bandgap by the quantum confinement effect.'” Several
approaches have been proposed to produce GeSn nanocrys-
tals so far, such as GeSn nanodots grown on ultrathin SiO,
films,?” GeSn nanodots with Sn mediation,”?” GeSn nano-
dots based on Sn diffusion by sputtering,”” and so on.
Aiming to obtain aligned nanodot arrays, several techniques
such as multilayer stacking® and self-assembled porous
templates24’25) were studied. Other than the above methods,
using anodic aluminum oxide (AAO) as a template was
proved to be a cost-effective and convenient way to fabricate
uniform nanodot arrays such as InAs,26) GaAs,27) and Ge.?®

In this work, we studied the crystallization of GeSn films
on Si and Ge substrates as well as GeSn nanodots with a
template of AAO on Si and Ge substrates by sputtering. It is
found that the GeSn films were obtained with good crystal
quality at higher temperatures and deposition rates. The
formed GeSn nanodots are demonstrated as polycrystalline
on Si and monocrystalline on Ge, respectively. No Sn
segregation was found on the surface of the GeSn dots.

Before the GeSn films and GeSn nanodots growth by
magnetron sputtering, Si (001) substrates were cleaned by
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the RCA cleaning method, while Ge (001) substrates were
cleaned with acetone, alcohol, 10% HF, and deionized water
sequentially. To fabricate the GeSn nanodots, the substrates
were transferred by AAO templates in acetone and then
immediately loaded into the sputtering chamber. The base
pressure of the sputtering chamber was better below 7 x 107>
Pa. GeSn was then sputtered from a high purity GeSn target
(99.999%) with 12 at% Sn content. During the deposition, the
substrate was kept at calibrated temperatures ranging from
124 °C to 276 °C, respectively. And the ambient pure Ar gas
pressure was fixed at 0.5 Pa. For GeSn films, the thickness is
300 nm. For GeSn nanodots, the nominal deposition thickness
is 50nm. The deposition rate was separately controlled from
3.3to 25nm min~'. After GeSn deposition, the GeSn nano-
dots are finally obtained by detaching the AAO template
simply using polyimide adhesive tape.

The surface morphology of samples was investigated by
scanning electron microscopy (SEM). High-resolution
transmission electron microscopy (HRTEM) and energy
dispersive spectroscopy (EDS) were used to characterize
the crystallinity and composition of the GeSn nanodots. For
the GeSn films, Raman scattering and X-Ray diffraction
(XRD) were conducted to investigate the crystalline
quality.

Before the growth of the GeSn nanodots, the growth of the
GeSn films was firstly studied to find the optimized deposition
conditions. During film growth, the temperature is the most
effective parameter to improve the materials’ crystallinity,
especially for GeSn. At a fixed growth rate of 8 nmmin ',
GeSn films were grown on Si at various temperatures. As shown
by the Raman scattering spectra in Fig. 1(a), the GeSn film
grown at 164 °C was amorphous while the GeSn film began to
crystallize at a grown temperature of 212 °C. Further crystal-
lization was verified by narrowing the Raman crystalline peak
and shifting toward a higher wave number as the growth
temperature was increased to 276 °C.

However, the (111), (220), and (311) XRD peaks showed
that the GeSn film grown at the temperature of 212 °C is just
polycrystalline [Fig. 1(b)]. By further increasing the growth
temperature to 276 °C, the GeSn (004) XRD peak started to
emerge at § = 32.9°, and the (111), (220), and (311) XRD
peaks all disappeared. This indicates the epitaxially growth of
GeSn on the Si(001) substrate. So the rise of the GeSn(004)

© 2022 The Japan Society of Applied Physics
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Fig. 1.

(Color online) (a) Raman spectra of GeSn films grown on Si(001) at different temperatures (T). (b) XRD scan of GeSn film grown on Si(001) at

276 °C, the deposition rate (Rate) is 8 nm min~'. The inset shows the XRD scans from 20 = 20° to 60° of the two crystalline samples in (a).

XRD peak can be regarded as a symbol of monocrystalline
GeSn formation.

The crystallinity of the GeSn film is also affected by the
deposition rate. To investigate the effect of deposition rate,
the growth temperature was fixed at 276 °C and the
deposition rate varied from 3.3 to 25nm min ' during the
sputterings. As shown in Fig. 2(a), with increasing deposition
rate, the GeSn (004) peak is found to move to a lower degree
presenting enhanced Sn content incorporation. Our GeSn
films are 300 nm thick in their thicknesses, the strain of the
GeSn films is assumed to all be relaxed. Maintaining the
deposition rate of 25 nm min "', the temperature was care-
fully tuned within a small window between 250 °C and
276 °C. The monocrystallinity is found very sensitive to the
growth temperature as shown by the XRD patterns in
Fig. 2(b). As the growth temperature was reducing, the

GeSn(004) peak quickly disappeared which indicated the
transformation between polycrystalline and monocrystalline.
As concluded from the above results, epitaxial growth of
GeSn is favored by a relatively higher growth temperature
and growth rate. Due to the limitation of our equipment, even
higher growth temperature and faster growth rate are not
possible.

The rapid deposition rate is regarded to reduce Sn surface
segregation and increase Sn incorporation as more Sn atoms
are immediately buried into the Ge lattice matrix before
segregation. And high Sn content in GeSn leads to a lower
nucleation potential barrier for GeSn crystallization and
improved film crystallinity.”” Such a Sn migration model
predicted a uniform high Sn content depth distribution in the
GeSn film and improved film crystallinity as verified by the
MBE GeSn layer growth work of Noriyuki et al.*” Improved
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Fig. 2.

(b) with various growth temperatures at a fixed deposition rate of 25 nm min '

Theta(degree)

®

GeSn film on Ge

(Color online) XRD scans of GeSn films grown on Si(001) (a) with various deposition rates (Rate) and a fixed growth temperature (7) of 276 °C and

. XRD scans of GeSn films grown on Ge(001) (c) with various deposition rates

and a fixed T of 276 °C and (d) with various growth temperatures and a fixed rate of 25 nm min~'. SEM images of Sn segregation on the surface of GeSn films

grown at 276 °C and 25 nm min~! on Si and Ge, respectively (e), (f).
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crystallinity of the GeSn films with a high deposition rate was
also reported for CVD method®” and a magnetron sputtering
method.*"

The growth of GeSn film on Ge is also performed. Both
the growth temperature and the deposition rate are studied to
show their effect on the crystallinity of the GeSn film. A
similar conclusion can be drawn which gave the best growth
condition of 276 °C and 25 nm min~'. But it seems that the
formed GeSn film acquired much-improved monocrystalli-
nity on Ge since the lattice mismatch between GeSn and Ge
is much smaller than that between GeSn and Si. As indicated
in Figs. 2(c) and 2(d), narrower and stronger (004) XRD
peaks were recorded for the GeSn films grown on Ge when
using the same growth condition as that grown on Si.
Although a fast deposition rate was employed to improve
the film crystallinity, serious Sn surface segregation was still
observed for the GeSn films grown on Si and Ge at 276 °C
and 25 nm min ' as shown in Figs. 2(e) and 2(f). Therefore,
relatively low Sn contents of the two films were calculated to
be 4.6 and 6.1 at% by Vegards’ law and the estimated GeSn
lattice parameters from the GeSn(004) XRD peaks.

With the same sputtering technique and by using AAO as
the template, GeSn nanodots were formed on Si and Ge
substrates. SEM morphologies of the GeSn nanodots formed
on Si(001) at 8 nm min~"' with various growth temperatures
(124 °C-276 °C) are shown in Fig. 3. The average diameter
of 70 nm of the nanodots matches the pore size of the AAO
templates. The density of GeSn nanodots was 7.4 x 10°
cm 2. By replacing the AAO template, smaller nanodots
down to 30 nm and higher dot density up to 10'® cm ™2 could
also be realized. The surfaces of the GeSn nanodots were
smooth when grown at 124 °C and 164 °C. With a higher
growth temperature of 212 °C, the GeSn nanodots started to
show the morphology of many nano-bulges. When the
temperature reaches 276 °C, the surface bulges of GeSn
nanodots became even larger as seen in Fig. 3(d). Comparing
the morphology evolution and the Raman -crystallinity
analysis in Fig. 1, the rough bulge-like surface morphology
is ascribed to the crystallization of the nanodots.

Cross-section TEM of the GeSn nanodots grown at 276 °C
and 8nm min~' is shown in Figs. 4(a) and 4(b). The
nanodots are comprised of several large grains with random

Fig. 3. (2)-(d) SEM images of GeSn nanodots formed on Si(001) substrate

with various growth temperatures. The deposition rate is fixed at

8 nm min .
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crystal orientation. The interfaces between the grains and the
Si substrate are disturbed. EDS mapping (not shown) also
reviewed oxygen contaminations at the grain/Si interfaces.
The deposition condition of the polycrystalline GeSn nanodot
in Fig. 4(b) has been controlled exactly the same as for the
monocrystalline GeSn film grown on Si in Fig. 1(b).
However, the GeSn nanodots failed to epitaxially grow on
Si(001). It is noticed that the maximum height of the GeSn
nanodots is only 25 nm. Compared to the nominal deposition
thickness of 50 nm, the actual deposition rate of the GeSn
nanodots is almost half of the blanket deposition rate due to
the shadowing effect.’” Probably, the lowered deposition
rate caused the failure of the epitaxial growth. To improve
GeSn nanodots’ crystal quality on Si, the deposition rate is
further increased to 25nm min~' with the same 276 °C
growth temperature. As can be seen in Fig. 4(c), the surface
morphology of nanodots did not change after the deposition
rate was increased. Although the size of the grain has become
almost as large as the whole dot as seen in Fig. 4(d),
quantities of tiny grains and oxygen contaminations were
still observed at the GeSn/Si interface, which indicated the
tremendous difficulty of the GeSn epitaxy on Si.

GeSn nanodots were also grown on Ge(001) substrates. At
a first sight, the GeSn nanodots showed a somewhat rectangle
shape which is obviously different from the round shape of
the AAO pores as seen in Fig. 5(a). Further HRTEM study in
Fig. 5(b) showed that nanodots comprising high-quality
GeSn single-crystal grains are observed epitaxially grown
on the Ge substrate. The lattice alignment across the GeSn/
Ge interface is perfect without any obvious mismatch defect.
As a consequence, the interface became almost invisible in
Fig. 5(c). Figure 5(d) shows the inverse fast Fourier trans-
form (IFFT) figure across the GeSn/Ge interface. The
extracted atomic (111) planes across the interface are verified
to be intact without any fracture or broken end.

EDS elemental analysis in Fig. 5(e) showed that the Sn
element was distributed uniformly in the GeSn nanodot. An
EDS line scan in Fig. 5(f) showed that the Sn content in GeSn
nanodot grown on Ge reached as high as 16 at%. Compared
to the 12 at% Sn content in the GeSn target, the higher Sn
content in the nanodot came from the higher sputtering yield
of Sn over Ge. Another possible reason is ascribed to the
serious surface Sn segregation of the GeSn sputtering target.
Anyhow, the Sn segregation is not observed in the fabricated
GeSn nanodots even if its Sn content has reached so high. As
compared to the serious Sn segregation in the GeSn films
with the final Sn content of 4.6-6.1 at%, nanodots show the
great potential to incorporate more Sn content. As is known,
extremely low solid solubility (<1%) of Sn in Ge came from
the large difference in atoms’ size (14.6%) between the two
atoms. But for nano-structured GeSn material, the high
surface-to-volume ratio provides more free surface sites to
relax the local lattice matrix strain and accommodate higher
Sn content. With the nano-structured GeSn, the Sn content
can easily reach over 10 at% as shown by our previous work
and many other reports.”"**>* Such a high Sn content in our
GeSn nanodots is obviously higher than the reported GeSn
nanodots grown by Stranski—Krastanov growth mechanism
on Si** and the GeSn nanodots array fabricated by
Nanoheteroepitaxy technology.’ Our Sn content is also
comparable to the high 13% Sn content of the GeSn nanodots

© 2022 The Japan Society of Applied Physics
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Fig. 4. GeSn nanodots grown on Si(001) with a growth temperature of 276 °C and a deposition rate of 8 nm min™~": (a) TEM image, (b) HRTEM image. GeSn
nanodots grown on Si(001) with a growth temperature of 276 °C and an increased deposition rate of 25 nm min~': (c) SEM image, (d) HRTEM image.
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Fig. 5. (Color online) GeSn nanodots grown at 276 °C and 25 nm min~" on Ge(001). (a) SEM image. (b) HRTEM image of one GeSn nanodot. the white dot
arrow indicates the position of the GeSn/Ge epitaxial interface. (c) magnified image of the white rectangle in (d) which corresponds to a region of the GeSn/Ge
interface. (d) IFFT pattern of (c). (¢) EDS mapping of Sn element. (f) EDS line scan of Ge and Sn follow the white arrow in (e).
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fabricated by MBE combined with nano-SiO, template.””

The high Sn content in GeSn nanodots favors the fulfillment
of the direct-band GeSn material which can be employed in
Si photonics. As a future work, optical characterization of the
GeSn nanodots is be carried out.

In summary, high Sn fraction (~16%) nanodots mono-
crystalline GeSn nanodots with a uniform size of 70 nm were
successfully fabricated by magnetron sputtering on Ge(001)
with a growth temperature of 276 °C and a deposition rate of
25nm min~'. The GeSn nanodots epitaxially grown on Ge
exhibited a high-quality interface without misfit defects. For
GeSn nanodots grown on Si, polycrystalline structure was
formed composed of several grains without epitaxy due to the
oxygen contaminations and large lattice mismatch
between GeSn and Si. The Sn atoms were uniformly
distributed in all GeSn nanodots without any observable
segregation.
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