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In this article, metal �palladium, Pd�-induced lateral crystallization �MILC� of amorphous-germanium ��-Ge� films prepared by
room-temperature sputtering on an insulating material �SiO2� is observed and investigated using micro-Raman microscopy and
transmission electron microscopy. The planar �-Ge thin films were annealed at 300, 350, and 400°C in a N2 ambient. The MILC
phenomenon is not observed for the samples annealed at 300°C for 2 h, while the MILC phenomenon is observed for �-Ge films
annealed at 350 and 400°C for 2 h with a lateral growth rate of �1.1 and 1.3 �m/h, respectively. A poly-Ge film with a 400°C
annealing temperature exhibits a smaller full width at half-maximum and a higher intensity of the sharp c-Ge peak than that
annealed at 350°C, which can be the promising material candidate for Si-based three-dimensional integrated circuit applications.
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Microelectronics has primarily been a Si-based technology for
many years. As silicon devices scale down to their fundamental
limits, high mobility semiconductor materials have been considered
as alternative channel materials to further enhance the performance
for the future generation devices beyond 22 nm technology nodes.
In addition to device performance, a large power dissipation and a
time delay arising from interconnects also present serious chal-
lenges. One solution to tackle these problems is to use three-
dimensional integrated circuits1 �3D ICs�. Germanium �Ge� pos-
sesses both a higher carrier mobility and a lower melting
temperature than Si, making it a very promising candidate for 3D
ICs. Ge is also an attractive material for Si-based optoelectronic
devices. Ge �or poly-Ge� photodetectors have been demonstrated on
a Si substrate successfully.2,3 Forming crystallized Ge on an insula-
tor at low temperature also offers great opportunity to integrate pho-
tonic devices at the top level of the 3D ICs.

Several techniques have been reported to form crystallized Ge on
insulator �GeOI�, such as rapid melt growth,4 laser annealing,5 solid
phase crystallization,6 and metal-induced crystallization7 or metal-
induced lateral crystallization8-10 �MILC�. To meet the requirements
for 3D ICs, the growth temperature of GeOI must be low enough
��450°C� such that the interconnect layers are unaffected by the
thermal budget. Among the different ways of forming GeOI, MILC
stands out because of its unique features in terms of the low thermal
budget process, the high crystal quality of the film, and the batch
compatible process. To identify suitable metal candidates to induce
the lateral crystallization of Ge films, one of the main important
criteria is low crystallization temperature. It has been reported that
metals that form germanides at the lowest temperature �Cu, Pd, and
Ni� can also provide the most significant reduction in the crystalli-
zation temperature of �-Ge.11 For Cu, although MILC of Si has
been reported, no kind of lateral growth has been reported for Ge
unless a stress-assisted Cu-induced crystallization technique is
used.9 For Ni, lateral crystallization of pure Ge was not observed at
annealing temperatures from 450 to 600°C,12 while lateral crystal-
lization of the chemical-vapor-deposited �-Ge film is recently re-
ported with a lower annealing temperature at 360°C.10 For Pd,
MILC of Si has been reported;13 however, there is no report on the
MILC of �-Ge. In this study, Pd, as another possible promising
metal candidate for inducing the low temperature lateral crystalliza-
tion for �-Ge, is experimentally investigated. The �-Ge film is de-
posited using sputtering, which has even lower cost than the chemi-
cal vapor deposition process.

* Electrochemical Society Active Member.
z E-mail: elezhucx@nus.edu.sg
ownloaded 26 May 2010 to 159.226.100.225. Redistribution subject to 
Experimental

The starting wafers were p-type Si�100�. After SC1 �5 min�
+ 1 kWmegasonic + diluted HF �1:200, 120 s� standard chemical
cleaning, a SiO2 layer of 200 nm was thermally grown in a furnace
tube. After that, a 100 nm thick �-Ge film was deposited using radio
frequency sputtering at room temperature. A thin oxide film was
then deposited at low temperature ��300°C� using plasma-
enhanced chemical vapor deposition to protect the Ge layer imme-
diately. After that, the �-Ge film was patterned and dry etched to
form islands on the insulating substrate. Some windows were then
opened for the metal contact. A thin Pd layer of �4 nm was then
deposited using an electron-beam evaporator and patterned using a
lift-off process to prevent any unwanted metal contamination. The
thin metal layer was chosen to favor the �-Ge crystallization be-
cause the PdxGey compound formation and amorphous Ge crystalli-
zation are mutually competitive processes.14 The test structure, as
shown in Fig. 1, was used to investigate the MILC process in Ge.
The samples are isothermally annealed in a N2 ambient at atmo-
sphere pressure for 2 h at 300, 350, and 400°C, respectively. The
MILC regions were then subsequently investigated by Raman spec-
troscopy, high resolution transmission electron microscopy �HR-
TEM�, and selective area electron diffraction �SAED�.

Results and Discussion

Micro-Raman spectroscopy using a 514.5 nm Ar+ laser has been
employed to evaluate the crystalline quality of the Ge MILC re-
gions. The thin protecting oxide layer on Ge was chemically re-
moved before the Raman measurement. Figure 2 shows the Raman

Figure 1. Structure used to investigate the lateral crystallization of the �-Ge
thin film.
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spectra for samples annealed at different temperatures. The sample
annealed at 300°C has a broad peak centered at 272.5 cm−1 with a
full width at half-maximum �fwhm� height of �54.6 cm−1, as
shown in the inset of Fig. 2. This peak is attributed to the scattering
of local transverse optical phonons of amorphous Ge.15 Therefore, it
can be seen that 300°C is not high enough for the MILC process to
take place on the �-Ge film on the insulating material. When the
annealing temperature is increased to 350°C, the Raman spectra of
the Ge film at the MILC region is dominated by zone-center optical
phonons in bulk c-Ge peaked at 299.6 cm−1 with a small asymmet-
ric shoulder at lower frequencies. For the sample annealed at 400°C,
the intensity of the main peak becomes even greater, suggesting the
increase in Ge crystallinity in the film. Compared to bulk c-Ge pho-
non peaks at �301.4 cm−1,16 a 1.8 cm−1 Raman shift to a lower
frequency is observed for our MILC Ge films. This is possibly due
to the tensile stress resulting from the lattice mismatch between
germanide and crystalline Ge. It should also be noted that the vol-
ume shrinkage associated with the transformation of an amorphous

Figure 2. Raman spectra of the Ge lateral region obtained after 2 h anneal-
ing at 300, 350, and 400°C.

Figure 3. Raman spectra of the poly-Ge films deconvoluted into its compo-
nents for �a� 400 and �b� 350°C annealed samples: Sharp peak at 299.6 cm−1

is due to the zone-center optical phonons in bulk c-Ge; the broader band
peaking at �287.5 cm−1 is due to Ge nanocrystals.
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region into a denser, crystalline material will also cause the tensile
stress. From the Raman peak shift for Ge, an in-plane strain �� can
be calculated from the relationship of strain vs phonon peak shift,
�� = �1/�0��q − �C12/C11�p��� = B��,

17 where C11 and C12 are
elastic constants and q and p are phonon deformation potentials.
Using the parameter in Ref. 18 for elastic constants and that in Ref.
19 for phonon deformation potentials, the proportionality factor B
= −415 cm−1 with strain �� of about 0.43% is obtained in the Ge
film.

The Raman spectra for samples annealed at 400 and 350°C are
further deconvoluted into its components, as shown in Fig. 3. The
sharp peaks at �299.6 cm−1 are due to the zone-center optical
phonons in bulk c-Ge; the broader peaks at �287.5 cm−1 are for Ge
nanocrystals.20 The amorphous Ge �peaked at �272 cm−1� fraction
is undetectable, suggesting that the MILC region is fully crystallized
when the samples are annealed at 350°C or higher. The fwhm is
7.01 cm−1 for samples annealed at 350°C, and it decreases to
6.06 cm−1 when the annealing temperature increases to 400°C. This
value is close to those of single-crystalline Ge �fwhm
�4.5 cm−1�.21 The decrease in fwhm and the increase in intensity
of the sharp c-Ge peak suggest that an increase in grain size and an
increase in Ge crystallinity are obtained at higher annealing tem-
peratures, which is confirmed by transmission electron microscopy
�TEM�. It should also be noted that a decrease in fwhm could also
result from the defect reduction at higher annealing temperatures.

The MILC regions were further characterized using TEM. It was
found that the minimum lateral growth lengths are �2.2 and
2.6 �m for samples annealed at 350 and 400°C, respectively, which
correspond to the MILC growth rates of �1.1 �m/h at 350°C and
1.3 �m/h at 400°C. Figure 4a shows the cross-sectional transmis-
sion electron microscopy �XTEM� picture for the MILC region and
at the interface between poly-Ge and �-Ge after annealing at 400°C

Figure 4. �a� XTEM image of a 100 nm thick �-Ge sample after annealing
for 2 h at 400°C; �b� HRTEM image for the poly-Ge region; �c� HRTEM
image for the �-Ge region; ��d� and �e�� magnified HRTEM image.
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for 2 h. The HRTEM image and the magnified TEM images, as
shown in Fig. 4b, d, and e, reveal that the MILC region is com-
pletely crystallized to very fine grains with sizes as large as
�100 nm. This is consistent with the Raman results. For compari-
son, Fig. 4c shows the HRTEM image for the �-Ge region; we can
see that no crystallization takes place after 400°C annealing. Figure
5 shows the SAED pattern for the same region of Fig. 4b. The Ge

orientations are � 1̄11̄�, � 1̄11�, and �002� when a beam axis of � 1̄10�
is assumed based on the angles in the SAED pattern.

It is clear that �-Ge crystallizes at much lower temperatures in
metal/Ge thin films than that of an isolated �-Ge film. For Pd, the
enhancement of crystallization at lower temperature is related to the
thin germanide �Pd2Ge� phase at the metal/�-Ge interface, which is
thought to act as a nucleus for Ge crystallization.14 Pd2Ge has a
hexagonal structure, and its basal plane �0001� is epitaxial on the
�111� plane of Ge. Therefore, the crystallization of �-Ge may be
initiated through epitaxial growth on previously crystallized Pd2Ge
at the Pd2Ge/�-Ge interface. This crystallization can further simu-
late �-Ge crystallization in preferred sites, and finally the grain
growth propagates into the lateral area if sufficient thermal energy is
provided. According to Ref. 22 an interfacial reaction takes place
when Pd is deposited on Ge at room temperature �forming Pd2Ge�.
Larger 3D Pd2Ge clusters are formed at 475 K, and the formation of

� �

Figure 5. SAED pattern taken on the same area of Fig. 4b.
faceted Pd2Ge crystallites and a � 3 � 3�R30° reconstruction on
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the �0001� facets take place at 675 K.23 This is why samples an-
nealed at 400°C exhibit better MILC quality than samples annealed
at 350°C.

Conclusions

Lateral crystallization of �-Ge planar films on an insulating ma-
terial �SiO2� induced by Pd has been observed and investigated
using Raman microscopy and TEM. The MILC regions are fully
crystallized with very fine grains. The lateral crystallization rates are
�1.1 and 1.3 �m/h at 350 and 400°C, respectively. The high qual-
ity MILC poly-Ge thin film can be the promising material for Si-
based 3D IC applications.
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