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Abstract. In this work, a system of embedded Ge nanoclusters (NCs) has been fabricated inside a thermally grown SiOx
matrix via a low-energy ion-implantation technique. The low-energy ion-implantation technique gives the flexibility to
choose the number of ions to be implanted and depth at which the ions to be placed below the SiOx surface. This can be
achieved by choosing the proper fluence and energy. Thirty kilo electron volts Ge ions have been implanted into a SiOx
matrix (thermally grown) on Si(100) substrate. Ge concentration has been varied by choosing three different fluences (2.5
9 1015, 5 9 1015 and 1 9 1016 ions cm-2). Further, ex situ annealing was carried at 800°C under an inert atmosphere.
Fluence-dependent distribution of Ge NCs post-annealing has been explained using Raman spectroscopy, photoluminescence spectroscopy (PL), Rutherford backscattering spectrometry (RBS) and cross-sectional transmission electron
microscopy (XTEM) analysis.
Keywords. Embedded Ge nanostructures; ion implantation; Raman spectroscopy; Rutherford backscattering spectrometry; cross-sectional transmission electron microscopy.

1.

Introduction

Owing to the various potential applications in photovoltaics, optoelectronics and others [1–4], a greater interest
has been developed in the fabrication of semiconductor
nanoclusters (NCs) inside suitable dielectric media. While
choosing an appropriate combination of semiconductor
and dielectric matrix; compatibility among the two at the
NC/matrix interface plays a huge role. When such small
semiconductor NCs are embedded in various dielectric
matrices, nature of the resulting quantum confinement
effect can be of two categories [5]. First one is exciton
confinement effect for the semiconductors with the exciton
Bohr radius (rB) very small compared to the NC radius
(R) (R/rB [ 4). CuCl, CuBr, etc. belong to this category.
Second one is the independent confinement of electron and
hole. This happens mostly in the case of semiconductors
with larger Bohr exciton radius (R/rB \ 2). CdSe, GaAs,
Si and Ge come in this category [6–9]. Apart from size,
shape and annealing temperature; surrounding matrix
compatible with the chosen semiconductor NCs also plays

an important role. For example, Mirabella et al [10]
studied the growth of embedded Ge NCs in two different
matrices, namely SiO2 and Si3N4. Even though both are
amorphous, density of silicon nitride is larger than that of
SiO2 and hence, Ge atoms diffuse slowly inside Si3N4
matrix. As a result, rate of growth of Ge NCs, number of
quantum dots per unit area, inter NC distances, onset of
crystallinity, etc. are different among these two matrices
under similar conditions. Hence, it is very important to
study the structure of NC/matrix interface to understand
the mechanism of NC formation. Here, in this paper, we
attempt to study one such species, namely Ge atoms
embedded in SiOx matrix mainly using cross-sectional
transmission electron microscopy (XTEM) results. We
have already studied in situ growth of Ge NCs in 15 keV
Ge implanted system using planar TEM, wherein the
effects of spatial confinement of Ge NCs stuck between
SiOx surface and Si/SiOx interface have been presented
[8]. But, XTEM would give a better understanding of the
process of agglomeration in a direction perpendicular to
the SiOx surface.
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Ge NCs have got a larger Bohr-exciton radius (*25.3 nm
compared with *4 nm of Si) and a larger absorption
coefficient, which makes it easier to tune the band gap for
intended applications in optoelectronics [11–13]. Also,
aforementioned size-induced confinement of the embedded
nanostructures could result in a shift in the energy gap into
the visible region [11,14].
There are various techniques for the fabrication of the
embedded nanostructures, such as ion implantation, sol–gel
technique, UV-assisted oxidation, sputtering, spark processing and laser ablation [15–19]. Among these, the ionimplantation technique has been the most sought-after
technique as it gives the flexibility to choose the depth and
size of the NCs. Changing incident energy decides the depth
at which Ge atoms to be situated, either inside the SiOx
matrix or inside the crystalline Si matrix [9]. The fluence
can be varied to get different Ge ion number density inside
the matrix.
In this work, we have implanted 30 keV Ge ions at three
different fluences into thermally grown SiOx matrices over
Si substrate. As-implanted specimens were annealed at
800°C. The growth of Ge NCs with increasing fluences has
been studied using Raman spectroscopy, photoluminescence (PL) spectroscopy, Rutherford backscattering spectrometry (RBS) and XTEM.

2.

Experimental

Commercially available Si(100) wafers were cut into 1 9 1
cm2 pieces. Further, it was ultrasonically cleaned using
suitable solvents and rinsed using deionized water to get rid
of contaminants. A thin film of SiOx was grown via thermal
oxidation. The corresponding experimental procedure has
been explained in our previous work [8,9]. Further, 30 keV
Ge ions were implanted into SiOx layer at three different
fluences (2.5 9 1015, 5 9 1015 and 1 9 1016 ions cm-2)
using the low energy accelerator facility at Institute of
Physics (IOP), Bhubaneswar. During the implantation, the
chamber was maintained at a very high vacuum of the order
of 10-7 mbar. The beam current was maintained at around
100 nA. The as-implanted specimens were annealed (at
800°C) using a tubular furnace in an inert atmosphere for
1 h.
Raman measurements for the annealed specimens were
carried out using micro-Raman spectrometer - Lab RAM
HR 800, Horiba Jobin–Yvon. PL spectroscopy was carried
out using Horiba Jobin–Yvon (FL-1039/40). RBS measurements for the annealed specimens were carried out in a
1.7 MV, Tandetron accelerator at Indira Gandhi Centre for
Atomic Research (IGCAR), Kalpakkam, India. The detector
(surface barrier) with an energy resolution of 25 keV, was
placed to detect the backscattered ions at a scattering angle
of 165°. Further, XTEM specimens were prepared using the
conventional mechanical process involving thinning of the
samples, followed by dimpling, ion milling using a 3 keV
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Ar? ions to achieve the electron transparency. The XTEM
measurements were done in 200 keV JEOL 2010 TEM at
the IOP, Bhubaneswar.

3.

Results and discussion

Raman spectra for the post-annealed specimens at 800°C,
implanted with 30 keV Ge ions with three different fluences
are shown in figure 1. This shows a characteristic peak
corresponding to Ge–Ge vibrations around 300 cm-1
[20,21]. This peak is weak as the Ge concentration available
for Raman reflection is very small. As a result, we did not
see any appreciable monotonic changes in the peak width or
intensity as shown in the figure. Further, the shape and size
of Ge NCs in SiOx might have influenced non-monotonicity
[22].
Figure 2 shows PL emission spectra for three different
fluences with the excitation wavelength of 280 nm. For
comparison, PL emission spectrum from pure Si substrate is
shown at the top. All four spectra show a strong UV
emission band between 300 and 320 nm. For the pure silicon, there are no extra emissions between 400 and 500,
except for a broad band. But, 2.5 9 1015 ions cm-2
implanted specimen shows multiple weak emission peaks in
this region (around 415, 445 and 475 nm). This might be
due to the wide size distribution of tiny Ge NCs as shown in
figure 4a. These wide peaks are suppressed by the development of a broad peak in 5 9 1015 ions cm-2 specimen.
They could be hardly noticed at the maximum fluence of
1 9 1016 ions cm-2. Several reports have suggested that it is
difficult to explain this trend solely on the basis of the
presence and growth of Ge NCs alone. The creation of
oxygen defects in the SiOx layer and development of
defects at the Ge/SiOx interface also play a huge role in

Figure 1. Raman spectra for the post-annealed specimens at
800°C, implanted with 30 keV Ge ions with 2.5 9 1015, 5 9 1015
and 1 9 1016 ions cm-2.
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Figure 3. RBS spectra for the post-annealed specimens at
800°C, implanted with 30 keV Ge ions with 2.5 9 1015, 5 9
1015 and 1 9 1016 ions cm-2.

Figure 2. PL spectra for the post-annealed specimens at 800°C,
implanted with 30 keV Ge ions with 2.5 9 1015, 5 9 1015 and 1 9
1016 ions cm-2.

developing such random emission bands [22–25].
According to them, correlation of increasing size of the
embedded Ge NC to any proposed Ge originated PL band
would be continuously suppressed due to two reasons:
(i) defects in the SiO2 matrix mainly originated due to
implantation, creation of oxygen defects and strain at the Ge
NC/SiO2 interface. Emission due to such defect centres may
mask any emission related to radiative recombination of
excitons confined in the Ge NC, (ii) post-annealing of the
specimen may result in two adjoining NCs which have
coalesced, leading to an electronic state which now effectively corresponds to one bigger nanocrystal. The fraction
would increase with increasing fluency/temperature and this
will further add to the complications in describing any
subtle changes in the peak position and intensity conclusively [24]. Giri et al [22] studied the influence of excitation
wavelength, fluence and particle size on the PL emission
trends. We studied with the excitation wavelength of 325
nm to begin with a range of samples including the one
without Ge. They observed three strong bands in the UV
and blue band regions in all samples including the one
without Ge. We concluded that the bands may not necessarily be from Ge centre. As a result, we attributed that
these bands are due to the defects in the SiOx matrix and Ge

NC/SiOx interface [22,25–27]. It also should be noted that
we had used much thicker SiOx films for implantation with
higher energy (300 keV) and fluence. It is well known that
higher energy puts Ge ions much deeper (closer to Si substrate) and a larger volume is prone to radiation-induced
damage at higher fluences. Whereas in our case, the thickness of SiOx is only about 100 nm. With an energy of 30
keV and lower fluence, it is harder to distinguish between
bands originated from Ge or defects alone.
RBS helps in determining the thickness and quality of the
interface. As it is known that the intensity of the RBS signal
depends on the scattering cross-section which is in turn
directly proportional to the square of the atomic number of
the element. Figure 3 shows RBS spectra for specimens of
three different fluences (2.5 9 1015, 5 9 1015 and 1 9 1016
ions cm-2). Ge signal can be seen around channel number
760. The magnified portion shows increasing intensity for
three different fluences from 2.5 9 1015 to 1 9 1016 ions
cm-2. As per the SIMNRA simulation results, the total
thickness of the SiOx layer is about 100 nm. Ge NCs are at
the depth of 25 nm (value from simulation) which is closer
to the projected ion range of 25 nm of 30 keV Ge ions in
SiOx. The measured Ge concentration is closer to the
implanted ion fluence. This is further corroborated by
XTEM analysis of all the three specimens.
Figure 4 shows cross-sectional bright-field low magnification TEM images of three different fluences (2.5 9 1015,
5 9 1015 and 1 9 1016 ions cm-2). Ge ions are spatially
confined between SiOx and Si interface. SRIM (stopping
and range of ions in matter) calculations for 30 keV Ge in
SiOx shows the projected range to be around 25 nm with a
lateral straggling around 6 nm. Surprisingly, it can be noted
that in the case of lower fluence i.e., 2.5 9 1015 ions cm-2,
the depth of implanted Ge appears to be slightly larger and
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Figure 4. The cross-sectional TEM images of the post-annealed specimens at 800°C, implanted with 30 keV Ge
ions with (a) 2.5 9 1015, (b) 5 9 1015 and (c) 1 9 1016 ions cm-2.

Figure 5.

Average size of the Ge NCs: (a) 2.5 9 1015 and (b) 5 9 1015 ions cm-2 Ge ions.

Figure 6. The cross-sectional TEM images of the post-annealed
specimens at 800°C, implanted with 30 keV Ge ions with (a) 2.5 9
1015, (b) 5 9 1015 and (c) 1 9 1016 ions cm-2, showing the Ge
NCs.

clusters are uniformly distributed in a much larger area.
This might have happened during the annealing process
[10]. Also, it can be noted that at higher fluences, the
number of ions available for the formation of NCs is more
as compared to the lower fluence. In other words, more
volume is available for the Ge ions to explore at lower
fluences.
The average size of the Ge NCs of specimens implanted
with 2.5 9 1015 and 5 9 1015 ions cm-2 fluences are represented in figure 5. The number of nanoparticles available
for measurement is lesser in XTEM images. The average
size was found to be in the range of 1.5–3.6 nm (out of 53
particles) in the case of 2.5 9 1015 ions cm-2 (figure 6a)
and 1.5–4.5 nm (out of 23 particles) in the case of 5 9 1015
ions cm-2 (figure 6b). The reduction in the number of
particles per unit area suggests that there is more agglomeration of Ge ions as the fluence is increased. At the highest
fluence, it is very hard to find isolated NCs. Here, a larger
number of Ge ions are available and hence, atomic density
increases resulting in an apparent fractured Ge thin film, as
can be seen in figure 6c. Dark contrasts visible in certain
clusters are due to diffraction contrast.
Figure 7 shows the crystalline status of the specimen at
different fluences. Selected area electron diffraction
(SAED) for all post-annealed specimens did not show any
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Figure 7. (a) SAED pattern, HRTEM images of Ge NCs implanted with the fluence of (b) 2.5 9
1015, (c) 5 9 1015 and (d) 1 9 1016 ions cm-2.

reflections corresponding to crystalline Ge as shown in
figure 7a. Later, high resolution imaging shed some light on
the absence of Ge reflection. Even though 2.5 9 1015 ions
cm-2 specimen did not show any lattice-resolved Ge NCs
with increasing fluence to 5 9 1015 ions cm-2, we do see a
few lattice-resolved nanocrystals as shown in figure 7c. The
number of Ge nanocrystals increased at the highest fluence
as shown in figure 7d. Most of them are showing Ge(111)
planes with the interplanar distance of 3.25 Å (as shown by
arrows). So, under the current annealing conditions, amorphous Ge NCs slowly transform into tiny nanocrystals with
increasing fluence.

4.

thermally grown SiOx matrix over Si(100) substrate with
three different fluences with an energy of 30 keV and
further, the specimens were annealed at 800°C.
(1) RBS results show a monotonic increase in Ge atomic
density with increasing fluence.
(2) From the XTEM analysis, it was observed that the Ge
NCs are clearly isolated and distributed over a larger
volume at the lowest fluence. With increasing fluence,
the average size slightly increases, confined to a smaller
volume below the SiOx surface. The largest fluence
shows maximum agglomeration forming a fractured thin
film of Ge just below the SiOx surface.

Conclusion
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