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electrochemical deposition using a mixture of germanium tetrachloride (GeCl,) and propylene glycol
(C3HsOy). The effects of deposition environment and applied current density on the properties of
deposited Ge films were investigated. Ge film containing germanium dioxide (GeO,) microclusters was
obtained for deposition in air-exposed environment while high purity Ge film with no impurity detectable
by energy-dispersive x-ray spectroscopy (EDS) was obtained in nitrogen (N_) filled environment. In
Raman spectra, N, exposed sample shows smaller full width at half maximum (FWHM) values of Ge-Ge
peak compared to air exposed sample, thereby indicating better crystallinity of Ge. Relatively flat and
smooth Ge surfaces with the average roughnesses of 0.828-1.069 nm were obtained for all tested current
densities of 10, 20 and 60 mAcm. The mean Ge crystallite grain sizes were determined to be in the range
of 2-4 nm. In qualitative voltammetry study, two reduction peaks were observed in cyclic voltammograms
measurement which confirms that the deposition of Ge at cathode occurs via two reduction processes. It is
expected that the impurity-free Ge film on Si is promising for various device application towards
heterogeneous integration on Si platform.
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1.0 INTRODUCTION

The performance of present silicon ultra-large-scale-integrated-
circuits (Si-ULSIs) has been significantly improved by the
miniaturization  of  transistors. **  However, further
miniaturization down to nano-scale regime seems to be
impractical due to the increase in gate leakage current > ¢, short
channel effect ®7 etc. The most promising breakthrough to
further increase the performance of ULSIs is to introduce new
channel materials with superb properties such as germanium
(Ge) *# and compound semiconductors **% on Si platform.
Interestingly, these materials are not only being used to increase
the performance of conventional complementary metal-oxide-
semiconductor (CMQS) transistors, but also to fabricate new
transistors with different operating principles such as tunnel
field effect transistor (FET) %, plasma wave device 2% etc, as
well as to fabricate various kinds of functional devices such as
sensors 22 optical devices %, detectors **, solar batteries 3!
and ultra-high frequency electronic devices. 33 Heteroepitaxial
structures of these materials on the Si platform is more
beneficial since Si is a cheap material and available in large
wafer size. In addition, Si technology is mature and a

combination with Si based devices is still needed for certain
purposes. Therefore, the growth of high quality materials on Si,
particularly Ge films in this present study, is highly required in
order to realize such concept of heterogeneous integration.

The typical technique to grow high quality epitaxial Ge
films directly on Si is chemical vapour deposition (CVD) %%
and molecular beam epitaxy (MBE). **° However, these
techniques require precise control of growth parameters and are
very costly. Other techniques such as sputtering and evaporation
commonly produce amorphous or polycrystalline layer *** and
more contaminated Ge/Si interface, which could prevent the
crystallization by the subsequent processes such as rapid
melting process. “*** As an alternative of these techniques, we
employed a simple and low cost electrochemical deposition to
deposit Ge film on Si substrates in this work.

In electrochemical deposition technique, electrolytes or
medium solvents play an important role in the quality of
deposited materials. An electrochemical deposition of
semiconductor material has been mainly achieved in non-
aqueous solvents ** such as a mixture ionic liquids and glycols.
4549 Eor example, the first attempt for electrodeposition of Ge
from a solution of germanium tetrachloride (GeCl) in
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propylene glycol (CsHgO,) was made by Szekely. 4% 49 A thick
Ge layer was successfully formed on metal substrates such as
copper and nickel substrates at certain range of temperatures.
Saitou et al. also had successfully fabricated crystalline Ge thin
films on copper substrates using a mixture of GeCl, and C3HgO,
at room temperature. *® Those works have mostly shown that Ge
was successfully electrodeposited on metal substrates. However,
metal substrates used might limit the power and the potential of
the process. More researches about electrodeposition on
semiconductor substrates seems better to understand the
capability of electrodeposition technology that offers more
established applications related to semiconductor devices.
Eventhough Freyland et al. already reported that Ge could be
deposited on hydrogenated silicon, H-Si (111) about a decade
ago °!, a different electrolyte mixture was attempted in this
present paper. In this work, Ge was electrodeposited from a
mixture of GeCl, and C3HgO, while [BMIM]*PF¢ saturated
with GeCl, mixture was employed in Freyland et al.’s work. 5!
With that, it was proven that the mixture of GeCl, and C;HgO,
is an alternative electrolyte available for Ge electrodeposition.
Besides that, further investigations on the effects of deposition
environment and applied current density on the properties of
electrodeposited Ge on Si also were studied in this paper.

H2.0 EXPERIMENTAL

An n-type phosphorus-doped Si (100) wafer with thickness of
355-405 pm and resistivity of 0.7-1.3 Qcm was used. The as-
received GeCl, (Merck) and C3HgO, (Merck) were used without
any purification treatment. A non-aqueous electrolyte formed by
5% GeCl, in C3HgO, was used. The electrochemical deposition
process was carried out at room temperature in a simple teflon
cell by using two terminal configuration where Si substrate
which is the piece to be deposited, acts as a cathode and
platinum (Pt) wire acts as an anode. Since Pt is an inert anode, it
is expected there will be no impurities reaction will take place
and affect on the quality of resulted deposited Ge. The
schematic of the experimental setup is illustrated in Figure 1.

The effect of deposition environment was investigated by
performing the electrodeposition in open air (denoted as sample
A) and nitrogen (N,) (denoted as sample B). In this case, the
deposition was done at constant current density, J of 20 mAcm™
for 30 min and other deposition parameters such as electrolyte
type, anode and cathode were kept same for both samples. Next,
the effect of applied current density on Ge electrodeposition was
investigated by applying J of 10 mAcm™ (sample C), 20 mAcm’
2 (sample D) and 60 mAcm™ (sample E) with 60 min deposition
time. For these experiments, all processes including the
electrolyte preparation and deposition were done in a N, purged
glove box.

Prior to deposition process, all samples were cleaned by
standard RCA process and diluted hydrofluoric (HF) acid to
remove native oxide layer. After deposition, the samples were
rinsed with deionized water. The structural, compositional and
morphological properties of the deposited Ge on Si substrate
were characterized using Raman spectroscopy (Horiba Jobin
Yvon: Ar* laser, 514 nm wavelength, 20 mW power), field-
emission scanning electron microscopy equipped with energy-
dispersive x-ray spectroscopy (FESEM-EDS, Hitachi SU8030),
and atomic force microscopy (AFM, XE-100 Park).
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Figure 1 Schematic of electrochemical deposition setup.
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3.0 RESULTS AND DISCUSSION
i. Effect of deposition environment:

Samples denoted as sample A and B are used to evaluate the
effect of deposition environment on the properties of deposited
film. Physically, smooth silver-like bright color films were
obtained for both samples. Figure 2(a) and (b) show the surface
morphologies captured by FESEM and EDS spectra for sample
A and B, respectively. The deposited layers seem to show flat
and smooth surface but some microclusters seem to appear on
sample A. The EDS spectra confirm the presence of small
amount of oxygen (O) element besides Ge element in sample A.
On other hand, there is no O or other impurity element
detectable with EDS in the sample B. We speculate that the
observed cluster-like structures are formed due to the effect of O
element since we observed that germanium dioxide (GeO,) tend
to form cluster-like structures as reported in ref. %% The
measured Raman spectrum is used to clarify GeO, structure.

Figure 3 shows the measured Raman spectra of both
sample A and B. No strong peak at 520 cm™ which corresponds
to the Si phonon mode, indicating that the deposited Ge was
considerably thick. The penetration of 514 nm Ar* laser seems
to be limited to 20 nm depth in Ge. >* The significant Ge-Ge
vibrational mode peak (near to 300 cm™) was observed in both
sample A and B %, indicating that Ge was deposited in both
ambient condition. However, this Ge-Ge peak for sample A was
slightly broader with a value of full width half maximum
(FWHM) of 38.83 cm™ compared to sample B with FWHM of
14.02 cm™. These values of both samples are relatively large
compared to crystalline Ge (c-Ge) which is 3.2 cm™? . % This
may due to the dominant amorphous structure. This was also
proven by appearance of shoulder peak within 210-280 cm™
range that associated to amorphous-Ge (a-Ge). % It was not
shown here that we also confirm the structure to be amorphous
by using electron back scattering diffraction (EBSD). In
addition, appearance of another small significant peak
corresponds to GeO, (164 cm™) was also observed in sample A.
Therefore, we assume that the observed clusters on sample A
likely to be GeO,. We speculate that Ge deposited in open air
environment tends to form GeO, structure together with Ge
layer. It suggests that the process in air-free ambient is needed
in order to achieve electrodeposited Ge layer without any
impurity.
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Figure 2 FESEM images and EDS spectra of Ge deposited on Si in (a)
open air (Sample A) and (b) N, (Sample B) environment.
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Figure 3 Raman spectra of Ge deposited on Si substrate in open-air
(sample A) and N, (sample B) ambient.

From this result, it can be assumed that a hydrolysis of GeCl,
and glycol solution in open-air environment leads to the
formation of GeO,, Due to the hygroscopic nature, we assume
that glycol solutions have absorbed moisture from the
atmosphere during deposition process. As a result, humidity
from the air seems to contribute oxygen for the reaction with
GeCly, thereby, leading to the formation of GeO, microclusters
before being deposited on Si substrate. The possible chemical
reaction in the solution is proposed as follows:

GeCly + 2H,0 — GeO,+ 4HCI 1)
These GeO, microclusters then will be deposited together with
Ge layer on Si substrate.
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Figure 4 FESEM images and EDS spectra of Ge deposited on Si at

current of (a) 10 mAcm™ (Sample C), (b) 20 mAcm™ (Sample D), and
(c) 60 mAcm? (Sample E).
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ii. Effect of current density:

Based on the result described in previous section, for the
investigation on the effect of current density, all processes
including the electrolyte preparation and deposition were done
in a N, purged glove box in order to reduce the air effect on
electrolyte as well as on substrate. The current densities of 10,
20 and 60 mAcm™ were applied to samples denoted as sample
C, D and E, respectively.

Figure 4(a)-(c) show the surface morphologies and EDS
spectra for sample deposited at J of 10, 20 and 60 mAcm?,
respectively. It can be seen that the deposited layers seem to
show flat and smooth surface. It is noted that a small atomic
ratio of carbon (C) element could be due to C background signal
contributed by hydrocarbon contamination from the chamber
surfaces, vacuum pumps and sample surface. This C peak
usually fast grows when the beam is positioned in the spot
mode. %

Further observation using AFM had confirmed the uniform
and relatively smooth Ge films were electrodeposited on Si
substrate. The two-dimensional (2D) and three-dimensional
(3D) AFM images of all three samples were shown in Figure 5.
The roughness in root-mean-square (RMS) was estimated to be
0.964, 0.828 and 1.069 nm for sample C, D and E, respectively.
These roughness values are relatively small and show no
significant change among the samples.
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Figure 5 Two-dimensional (2D) and three-dimensional (3D) AFM
images (10 pum x 10 pm) of Ge deposited on Si (a) Sample C, (b)
Sample D, and (c) Sample E.

The Raman spectra of samples C, D, and E measured at room
temperature are shown in Figure 6. The strong Ge-Ge peak near
300 cm™ indicates the deposition of pure Ge on all samples. *°
The FWHM values for respective samples are 8.63 cm™, 10.79
em® and 11.79 cm™. These values are still wider than that of
single c-Ge (3.2 cm™). % Therefore, it suggests that the as-
deposited Ge layer is amorphous. It is worth to note here that the
crystallization of electrodeposited a-Ge can be achieved by
subsequent annealing process known as rapid melting process.
%61 There is no peak at 520 cm™ which corresponds to the Si
phonon. This may be caused by considerably thick Ge layer that
deposited on Si substrates. As measured by surface profiler, the
thicknesses of deposited Ge for these samples are in the range of
100 to 200 nm. No evidence of Si-Ge alloy mode was observed
near 400 cm™ region indicating that intermixing of Si and Ge
from Ge/Si interfaces was not aggressive or not happened. It has
been reported that the intermixing of Ge-Si could be formed by
further annealing process. 5% 2

The mean Ge grain size can be estimated based on peak
shift as compared to that of the bulk c-Ge (at 300 cm™). The
mean Ge crystallite grain size d (in nm) can be calculated from
the following equation %54

d= 27{ B JE ©)
Aw

where Aw is the peak shift for the microcrystalline as compared
to that of the bulk c-Ge (at 300 cm™) and B = 0.96 nm?cm™ for
Ge. % The average Ge nanocrystallite size was estimated to be
around 3.77 nm, 3.00 nm and 3.02 nm due to peak shift of 2.67
cm?, 4.23 cm?, and 4.13 cm™, respectively. It can be noticed
that no significant change in crystallize size for all tested current
densities.
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Figure 6 Measured Raman spectra at room temperature for sample C,
DandE.

iii. Electrochemical deposition mechanism:

The cyclic voltammograms have been performed in order to
generally understand the qualitative study of Ge electrochemical
deposition process. This analysis comprises of studying current-
potential (I-U) curve to briefly understand the different
electrochemical reactions that take place at the substrate
interface.

Figure 7 shows the voltammogram of GeCl,:C3HgO,
electrolyte done at a sweep rate of 10 mVsec™. On the passage
of electricity, germanium will get oxidized (forward scan)
before reduction process (backward scan) takes place as
reported by Martineau et al. % The first reduction peak at 0.25 V
can be correlated to the reduction of Ge (1V) to Ge (I) while the
second peak at -1.5 V corresponds to deposition of Ge. From
these results, it can be confirmed that the electrochemical
deposition of Ge at cathode (Si substrate) actually occurs via
two reduction processes.
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Figure 7 (a) Typical voltammogram of GeCl,:C3HsO; electrolyte with a
scan rate of 10 mVs® at 25°C. (b) Schematic representation of Ge
electrodeposition mechanism.

4.0 CONCLUSION

In this study, we demonstrated that the proposed
electrochemical method can be used to deposit high purity Ge
film on Si substrate without any impurity. However, it requires
that all processes including the electrolyte preparation and
deposition to be done in air-free or recommended to be fully N,
environment, so that the air effect on electrolyte as well as
substrates can be eliminated and the formation of GeO,
microclusters can be avoided. The deposited Ge layers show
amorphous structure with smooth and flat surface. Two
reduction peaks were observed in cyclic voltammograms
measurement which confirms that the deposition of Ge at
cathode occurs via two reduction processes. It is expected that
the impurity-free of Ge film on Si is promising for various
device application towards heterogeneous integration on Si
platform.
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