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Segregations and desorptions of Ge atoms in nanocomposite Si; . Ge,
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Nanocomposite Si|_,Gey films are deposited by dual-source jet-type inductively coupled plasma chemical vapor de-
position (jet-ICPCVD). The segregations and desorptions of Ge atoms, which dominate the structural evolutions of the
films during high-temperature annealing, are investigated. When the annealing temperature (7) is 900 °C, the nanocom-
posite Sij_,Ge, films are well crystallized, and nanocrystals (NCs) with the core-shell structure form in the films. After
being annealed at 1000 °C (above the melting point of bulk Ge), Ge atoms accumulate on the surfaces of Ge-rich films,
whereas pits appear on films with lower Ge content, resulting from desorption. Meanwhile, voids are observed in the films.
A cone-like structure involving the percolation of the homogeneous clusters and the crystallization of NCs enhances Ge

segregation.
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1. Introduction

SiGe nanostructured materials have been extensively
studied for more than two decades. Thus far, SiGe has been
used in the fields of microelectronics and optoelectronics as
heterojunction bipolar transistors,!!=! infrared detectors!*"]
and thin-film solar cells.!*8! Moreover, nanostructured SiGe
shows a considerable prospect of using it as thermoelec-
tric material.[”"!%! Recently, enhancements in thermoelectric
figure-of-merit were reported in the nanocomposite SiGe

ILI21 The thermal conductivity is reduced due to the

alloys.!
boundary phonon-scattering at the increased interface of the
nanocomposite sample. However, the electrical conductivity
drops and degrades the thermoelectric figure-of-merit. To im-
prove the electrical conductivity, high-temperature treatments,

such as spark-plasma sintering!'®! and hot-pressing, 4]

are
conducted. With thermal treatment, the density and crystalline
fraction of nanocomposite grains increase. Consequently the
electrical conductivity is enhanced. With ambient temperature
rising, the ability of an atom to migrate in the nanocompos-
ite SiGe alloy is greatly enhanced due to the effects of the
interface, strain and element aggregation, and results in the
segregation and desorption of Ge atoms. Consequently, the
structural and morphological transformation present the mi-
grations of atoms, which affects the performance of nanocom-
posite SiGe alloy serving as a thermoelectric material.

Many efforts have been made to fabricate nanocomposite
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SiGe materials. Gresback et al.,!'>! Pi and Kortshagen!!®! have
synthesized freestanding SiGe alloy nanocrystals (NCs) by the
plasma method. Yang et al. adjusted the proportion of Ge
and Si sources in magnetron sputtering and obtained complex
films containing various crystalline structures, namely, Ge
nanocrystals, Ge-SiGe core-shell, and nc-Si;_,Ge, alloy.m]
In our previous work, a deposition technique that combined
very high-frequency inductively coupled plasma with gas-jet
(jet-ICPCVD) has been developed for high-rate depositions of
Si and Ge films.[!®8] With further improvement, a dual-source
structure was added to the system for depositing the nanocom-
posite SiGe films.!"”] This structure provides different resi-
dence times for SiHs and GeHy4. To be specific, GeHy has
a longer residence time, and is more likely to dissociate.?"!
Meanwhile, the longer residence time also provides greater
probability for Ge precursors to nucleate,?! and contributes
to the formation of localized micro-clusters in the film. In
the present work, nanocomposite SiGe films are deposited by
dual-source jet-ICPCVD. Furthermore, the internal structures
and surface morphologies of Si;_,Ge, films are investigated
to understand the influence of atomic migrations during high-

temperature annealing (up to 1000 °C).

2. Experimental details

Nanocomposite Sij_,Ge, films were deposited on sili-
con dioxide and quartz substrates by dual-source jet-ICPCVD

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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(Fig. 1). The gas Hj served as a source of plasma, and the H,
flow rate was controlled in a range from 40 sccm to 150 sccm.
The flow rates of SiH, (20% diluted in Hy) and GeHy (20% di-
luted in H,) were adjusted from 0 sccm to 6 sccm and 0 sccm
to 8 sccm, respectively. The chamber pressure was regulated
from 40 Pa to 130 Pa, and the radio-frequency (RF) power was
controlled from 50 W to 150 W.

The Si;_,Ge, films were annealed in an ambient vacuum
after being deposited. The annealing temperature (7,) was in
the range from 300 °C to 1000 °C, and the annealing times (¢,)
were 60 s, 120 s, and 300 s. Characterizations of the micro-
structures were conducted by Raman spectroscopy (Horiba
HR800), x-ray photoelectron spectroscopy (XPS, PHI 5000
Versa Probe), energy dispersive spectroscopy (EDS, Horiba
EX-250), scanning electron microscopy (SEM, Joel 7000F),
and transmission electron microscopy (TEM, TECNAI G2
20).

|
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Fig. 1. (color online) Schematic diagram of the dual-source jet-
ICPCVD system.

3. Results and discussion

Figure 2 shows the Raman spectra of the Ge-rich
Sig3Gep7 films after being annealed at 300 °C-900 °C for
300 s. When T, = 500 °C, peaks appear at 285, 396.5, and
465 cm™!, corresponding to the optical phonon modes of Ge—
Ge, Ge-Si and Si-Si in the Si;_,Ge, alloy, which implies the
formation of NCs. As the T, was raised to 800 °C, the inten-
sities of these peaks are enhanced, and slight blue-shifts occur
in all phonon modes, indicating that the density and size of
NCs increase. Meanwhile, a weak peak at 440 cm™~! emerges.
According to the work by Alonso and Winer!*?! and Liu et
al.,'?! this peak is ascribed to the localized vibration of the
Si-Si bond surrounded by Ge atoms. The frequency of the
Si—Si bond vibration is red-shifted when most of the neigh-

boring Si atoms are replaced by heavier Ge atoms. When 7,

is increased from 800 °C to 900 °C, both the intensities and
frequencies of the phonon peaks obviously change. Figure 3
shows the TEM image of the Ge-rich sample after being an-
nealed at 900 °C for 300 s. A large number of NCs with sizes
of tens of nanometers can be observed, indicating that the film
is well crystallized. The detailed analysis shows the structural
evolutions of the Ge-rich Si;_,Ge, films during thermal an-
nealing below 900 °C.1"") Many Ge-rich regions exist in the
as-deposited films, and in the initial stage of crystallization
at t, = 500 °C, these regions act as crystallization centers to
form Ge NCs. As T, is continually increased, due to the seg-
regation of Ge and relaxation of strain, a transformation oc-
curs from micro-clusters to composite NCs with Ge cores and
SiGe shells. By Monte Carlo simulations, Tzoumanekas and
Kelires suggested that homogeneous atoms in an amorphous
SiGe alloy tend to cluster in the annealing process, resulting

in a similar structure, 2425
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Fig. 2. (color online) Raman spectra of the Sip3Ge 7 films annealed at
different values of T,.

According to the phase diagram, the melting point of the
Sij_,Ge, alloy is between those of Si and Ge and varies with
the composition of Sij_,Ge,. A large co-existence zone exists
between solid and liquid phases, which indicates that the SiGe
NCs is a mixture of liquid and solid when T, exceeds the melt-
ing point of bulk Ge (938 °C). To investigate the atomic migra-
tion behavior and its influence on the Si;_,Ge, films at high
temperatures, we raise T, to 1000 °C. Figure 4(a) shows the
Raman spectrum of the Sip 3Gey 7 film annealed at 1000 °C for
300 s. The Ge-Ge mode peak located at 299.5 cm™! is sharp
and highly symmetrical, implying that Ge is well crystallized.
The Si—Si mode is extremely weak relative to the Ge-Ge mode
and remains localized as shown in the inset of Fig. 4(a). The
Ge-Si mode is much more complicated and can be fitted to
four sub-peaks located at 379, 394, 393, and 400 cm~ !, re-
spectively (Fig. 4(b)). We assume that the sub-peaks below
400 cm~! are related to localized Si-Ge bonds surrounded by
different numbers (1, 2 or 3) of Ge atoms, which is similar to

the scenario of localized Si—Si bonds. For the further analy-
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sis of the surface morphology, an SEM measurement is con-
ducted on the annealed Sip3Geg 7 film. Figure 5(a) shows the
SEM image of the surface, which clearly displays a layer of
melted matter with an underlying porous structure. By EDS
mapping (Fig. 5(b)), the melted layer is confirmed to be Ge.
Hence, based on the experimental results, a portion of the Ge
atoms transfer to the film surface and accumulate in the an-
nealing process. When T, increases to above the melting point
of Ge, the accumulated Ge atoms are molten and lay over the

film surface.

Fig. 3. TEM image and the diffraction pattern (inset) of Ge-rich SiGe
film after thermal annealing at 900 °C for 300 s.
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Fig. 4. (color online) (a) Raman spectrum of the Sip3Gep 7 film an-

nealed at 1000 °C. The inset shows the zoomed spectrum of the Si-Si
mode. (b) Multiple peak fitting of the Ge—Si mode.

Fig. 5. (a) SEM image and (b) EDS mapping of the Sip3Gep 7 film
annealed at 1000 °C.

To investigate the influence of the atomic composition,
another set of Si;_,Ge, films with lower Ge content (x = 0.4)
is deposited and then annealed at 1000 °C for 60, 120, and
300 s. In the Raman spectra shown in Fig. 6, peaks at 286,
404, and 490 cm~! indicate that the film is well crystallized
after being annealed at 1000 °C for 60 s. As ¢, is prolonged to
300 s, the intensities of the Ge—Ge and Ge—Si modes obviously
increase, and the frequency of the Ge—Ge mode is slightly
blue-shifted to 287 cm™!, revealing that both the density and
the size of the NCs in the film increase with ¢, increasing. The
intensity of the Si—Si mode shows no obvious change, whereas
the frequency of the Si-Si mode is red-shifted to 482.5 cm ™',
and a new localized Si-Si mode emerges at 446 cm~!. These
results indicate that the Si atoms prefer to disperse into the film
rather than form Si-rich NCs. SEM measurements are used to
investigate the morphologies and structures of the Si;_,Ge,
films. In Fig. 7, pits with diameters of 1 u—2 pm are observed
on the surface of the Siy¢Geg 4 film annealed at 1000 °C for
300 s (Figs. 7(a) and 7(b)], which is different from that ob-
served on the Ge-rich films as shown in Fig. 5(a). Meanwhile,
many voids with sizes of tens of nanometers are embedded
in the annealed film. To analyze the variation of the atomic
composition on the film surfaces, the Ge concentration as a
function of annealing time #, is determined by EDS and XPS
as plotted in Fig. 8. The XPS data indicate that the Ge con-
centration evidently decreases as #, increases after annealing
the film at 1000 °C. In general, the area that can be probed by
XPS is confined to a layer with a certain thickness (approxi-
mately 2 pm—5 nm) on the top of the film surface. According
to the XPS results, we infer that Ge desorption occurs in the
film surface region during being annealed at 1000 °C, which is
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attributed to evaporation in previous reports.”°! However, the
EDS data show a different trend with respect to the Ge con-
centration, indicating a slight Ge enrichment when ¢, is 60 s.
Since the probing depth of EDS probes is much deeper than
that of XPS, we can assume that a portion of the Ge atoms
segregate from the bulk to the surface of the film. Upon in-
creasing f,, the Ge concentration drops to the original value
before annealing. These results clearly indicate that an equi-
librium is present between Ge segregation and desorption.
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Fig. 6. (color online) Raman spectra of the Sip ¢Gep 4 films annealed at
1000 °C for different values of t,.

Fig. 7. ((a) and (b)) SEM images of the surface of the SipGeg4 film
before and after being annealed. ((c) and (d)) Cross-sectional SEM im-
ages before and after annealing the Sig 6Geg 4 film.

The Ge atom segregation phenomenon on the Sij_,Gey
nanocomposite surface is driven by the different covalent radii
and surface energies of Ge and Si.?’-?°! From the cross-
sectional SEM image of the crystallized Si;_,Ge, film shown
in Fig. 9, cone-like crystalline grains are observed. In general,
NCs grow via nucleation on a seed in the amorphous phase. 3]
For the Si;_,Ge, films discussed in this work, the Ge-rich re-
gions act as nucleation seeds during crystallization. As the an-

nealing process proceeds, increasingly more NCs are absorbed

to form cone-like grains, which provides sufficient vertical in-
terfaces as intermediate paths for segregation. First, Ge atoms
transfer to the grain boundary and then travel toward the film
surface along the boundary. Therefore, the Ge atom migration
is enhanced due to the much faster surface diffusion than bulk
diffusion. 3!
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Fig. 8. EDS and XPS measured Ge atomic compositions as a function
of t,.

Fig. 9. Cross-sectional SEM image of the Sij_,Ge, film annealed at 900 °C.
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Fig. 10. (color online) Schematic diagrams of the formation of pits and
voids in the SiGe film.

A mechanism involving the structural and morphological
evolutions is proposed. As depicted in Fig. 10, Ge atoms seg-
regate from the bulk to the surface, and simultaneously, Ge
desorption to the vapor phase occurs on the surface during
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high-temperature annealing. In the Ge-rich film, the segre-
gation rate is higher than the desorption rate, and therefore,
Ge atoms accumulate and are melted at 1000 °C. In the film
with lower Ge content, the segregation rate is lower because
the density of Ge—Si bonds increases, and the Ge—Si bonds are
stronger than the Ge—Ge bonds. Accordingly, a net loss of Ge
atoms occurs, and pits form on the surface. Since Ge atoms
continuously transfer to the surface, voids form in all the films
due to Ge atom migration.

4. Conclusions

The Si;_,Ge, films are deposited by dual-source jet-
ICPCVD to investigate the behaviors of nanostructured
Si;_,Ge, films during high-temperature annealing. When
T, <900 °C, the Si;_,Ge, films are well crystallized, and
core-shell structures form as the effects of segregation and
strain relaxation. As T, increases to 1000 °C, a mechanism
involving Ge segregation from the bulk to the surface and des-
orption from the surface is proposed to explain the structural
and surface morphological evolutions. In the Ge-rich film, Ge
atoms accumulate and are melted on the surface. In the film
with a lower Ge content, pits form on the surface because Ge
desorption is faster than segregation. Voids appear in films
due to the loss of Ge atoms. The cone-like crystalline grains
formed upon annealing enhance the Ge atom migration. The
present work is helpful in understanding the thermal stabili-
ties of nanostructured SiGe materials and guide us in further
exploring their applications.
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