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ABSTRACT This paper reports the formation of Ge nanoclusters
in a multi-layer structure consisting of alternating thin films of
Ge-doped silica glass and SiGe, deposited by plasma-enhanced
chemical vapor deposition (PECVD) and post annealed at
1100 ◦C in N2 atmosphere. We studied the annealed samples
by transmission electron microscopy (TEM) and Raman spec-
troscopy. As-deposited and annealed samples were analyzed by
secondary ion mass spectroscopy (SIMS). TEM investigation
shows that Ge nanoclusters were formed in the as-deposited
SiGe layer and the SiGe layer was transformed into a silicon
dioxide layer embedded with Ge nanoclusters after annealing.
These nanoclusters are crystalline and varied in size. There were
no clusters in the Ge-doped glass layer. Raman spectra verified
the existence of crystalline Ge clusters. The positional shift of
the Ge vibrational peak with the change of the focus depth indi-
cates that the distribution of the stress applied to the Ge clusters
varies with depth. SIMS measurements show clearly the dra-
matic O increase in the as-deposited SiGe layer after annealing.
The creation of Ge nanoclusters by the combination of PECVD
and annealing makes possible the application in complicated
waveguide components.

PACS 81.07.Bc; 78.66.Jg; 42.65.Wi

1 Introduction

Ge nanoclusters (nc) embedded in silica matri-
ces have attracted intensive research interest during the past
decade due to the unique electric and photonic properties,
brought about by the quantum-confinement effect, and their
potential applications in new-generation devices. Among
these, optical memories [1, 2], light emitters [3–8] and en-
hanced third order optical nonlinearity [9–13] are the three
main fields into which much effort has been put. At present,
Ge nc have been successfully made by a lot of methods. The
film deposition methods have encompassed radio-frequency
(rf) or magnetron co-sputtering [3, 5, 6, 9, 11, 13–16], ion im-
plantation [10, 17–20], oxidizing of SiGe [2, 8] and plasma-
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enhanced chemical vapor deposition (PECVD) [21, 22]. After
the deposition, the film is usually post processed by anneal-
ing, electron-beam irradiation or both. However, none of the
methods can pre-design the size, concentration and distribu-
tion of the Ge nc, which stimulates further investigation of this
material.

In this study, PECVD was used to deposit films, and an-
nealing was applied to form Ge nc in the silica matrix. One of
our earlier papers [22] reported that Ge nc had been made by
the combination of PECVD, annealing and electron-beam ir-
radiation. As expected, the electron beam irradiation method
can hardly make large amounts of Ge nc in a large area. There-
fore, that method cannot be applied for nonlinear planar wave-
guide components. However, the making of Ge nc only with
PECVD and annealing, without subsequent electron-beam ir-
radiation, as reported in this paper, opens up a promising
method for fabricating enhanced third order nonlinearity sil-
ica waveguide components.

2 Experiments

Multi-layer films were deposited by using PECVD
(STS cluster system) with the alternation of Ge-doped glass
layers and amorphous SiGe layers. The deposition started
with a Ge-doped glass layer on top of a 4-in, (001)-oriented,
525-µm-thick silicon wafer. This deposition used 5 sccm
(standard cubic centimeters per minute) SiH4, 5 sccm GeH4

and 1600 sccm N2O as reaction gases, at a temperature of
300 ◦C, a process pressure of 400 mTorr (∼ 50 Pa) and an
applied rf power of 600 W. Then, an amorphous SiGe layer
was deposited by switching off the N2O, while keeping
the remaining parameters like 5 sccm SiH4, 5 sccm GeH4,
pressure and power the same as for glass deposition. The
deposition time of the glass was 5 min and the SiGe layer
deposition time was set at 1 min, which led to a 0.5-µm-
thick glass layer and a 0.14-µm-thick SiGe layer, respectively.
A four-layer structure consists of two pairs of glass layer
and SiGe layer. The second pair of Ge-doped glass layer
and SiGe layer was deposited in sequence on top of the first
pair.

After the deposition, the thin films were annealed at
1100 ◦C for 4 h in dry N2 at ambient pressure.
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The prepared samples were examined by transmission
electron microscopy (TEM) using a JEOL JEM-3000F oper-
ated at 300 kV.

The Raman spectra were measured at room temperature
by using a DILOR XY spectrometer with a liquid nitrogen
cooled CCD detector (140 K) and a microscope entrance.
All the spectra were excited with the 514.5-nm line from
an argon-ion laser. Calibration of the wavenumber scale was
done to an accuracy of ±1 cm−1 with liquid cyclohexane and
neon gas lines superimposed on the spectra.

Secondary ion mass spectroscopy (SIMS) was performed
using an ATOMIKA 4000 with an O+

2 - or Cs+-ion source. The

FIGURE 1 (a) TEM image of a four-
layer structure: Si substrate is indi-
cated as 1; two Ge-doped glass layers
are indicated as 2; layer containing
embedded Ge nanoclusters is 3 and
porous top layer is 4. Inset is the
size histogram of Ge nanoclusters in
layer 3; (b) HRTEM image show-
ing crystal planes of one round clus-
ter; (c) selected area diffraction pat-
terns confirm excellent crystallinity of
the nanoclusters, without including Si
substrate

beam energy ranged between 1 and 15 keV. A quadruple mass
analyzer was used.

3 Results and discussion

3.1 TEM and HRTEM

As described in an earlier paper [22], irradiation
by an electron beam plays an important role during the for-
mation of Ge nanoclusters from Ge-doped glass. Therefore,
extreme caution has been taken here to reduce the effect of
the electron beam when TEM images were recorded. An
image of a four-layer structure after annealing is shown in
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Fig. 1a. One 140-nm-thick layer with dark Ge nanoclusters
was clearly seen, marked as number 3 in Fig. 1a. These clus-
ters vary in size, and the maximum diameter of the clus-
ters is 140 nm, which is the thickness of this layer. The in-
set is the size histogram of these clusters. The number of
the clusters decreases exponentially as the diameters of the
clusters increase. By tuning the thickness of the SiGe layer,
the maximum diameter of the clusters can be tuned at the
same time. However, there is an upper limit for the max-
imum diameter. Under our deposition conditions, a 500-nm-
thick SiGe layer broke after annealing. These clusters ap-
pear as round and darker dots due to increased mass con-
trast. The Ge-doped glass layer (SiO2:Ge) is 500-nm thick,
marked as 2 in Fig. 1a. Another 140-nm-thick porous layer is
seen on the top surface, marked as 4 in Fig. 1a. The forma-
tion of the porous surface layer is due to the evaporation of
the Ge clusters during annealing at 1100 ◦C. In comparison
with layer 2, layer 3 (excluding the dark Ge clusters) is much
whiter, which implies a much lower Ge concentration in this
layer.

FIGURE 2 (a) Raman spectra from sample with Ge nc. Spectra from bulk Si and Ge are included as references. Spectra D1, E1, E4 and E6 were collected
when changing the focus from the top surface of the sample to deep inside the substrate; (b) expanded view of Ge peak; (c) expanded view of Si peak

A high-resolution transmission electron microscopy
(HRTEM) image of one of the clusters is shown in Fig. 1b.
Perfect lattice fringes are visible.

A selected area diffraction pattern (SADP) from the clus-
ters is shown in Fig. 1c. A clear diffraction pattern exhibiting
sharp spots is present, showing that the clusters are crystalline.

Composition of the different layers was analyzed by en-
ergy dispersive X-ray spectroscopy (EDS) during the TEM in-
vestigation. It was found that the initial SiGe layer was turned
into a SiO2 layer with embedded Ge nanoclusters after anneal-
ing. This was further confirmed by the SIMS measurements
in Sect. 3.3.

3.2 Raman spectroscopy

Raman spectra of the same sample investigated by
the above TEM were recorded from the top surface. Spectra
of bulk silicon and germanium specimens were also recorded
as references. In Fig. 2a, six curves are shown. Curves Ge
and Si are from mono-crystalline bulk reference materials.
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Curves D1, E1, E4 and E6 are from the same spot on the
sample while changing the focus of the microscope from the
top surface to deep inside the substrate. These four curves
have two prominent peaks; one is located at ∼ 300 cm−1, con-
tributed from Ge, and the other is at 520 cm−1, contributed
from Si. Expanded views of these two peaks are shown in
Fig. 2b and c for details. From Fig. 2b, we can see that
the intensity of the 300 cm−1 peak increases first, reaches
a maximum and then decreases as the focus is changed from
the top surface to deep inside the substrate. The peak is
strongest when the Ge nanocluster layer is in focus. The fur-
ther the focus is away from the Ge nc layer, the weaker the
peak becomes. Compared with the mono-crystalline Ge peak
at 302.1 cm−1, the peaks from Ge nc shift to 303.6 cm−1,
304.8 cm−1, 306.2 cm−1 and 305.8 cm−1 corresponding to
curves D1, E1, E4 and E6, respectively. Moreover, the peaks
from Ge nc are broader than that from mono-crystalline Ge.
According to [16], a probable cause of the shift of the Ra-
man peaks is internal stress, with compressive stress exerted
on the clusters causing the shift of the peaks to longer wave-
lengths. Therefore, we infer that the Ge nc in our struc-
ture experience compressive stress and that the magnitude
of the stress on these Ge nc at different depths in the layer
may have different values. The broadening of the Raman
peak may be attributed either to the size distributions in Ge
nc [23] or to the size dependence of the stress-induced line
shift.

Another point from Fig. 2b is that the Ge nc peak in curves
D1 and E1 is even stronger than that in mono-crystalline bulk
Ge. The reason could be the quantum effect or a porous top
layer acting as a surface enhancement. Further investigations
are being carried out to clarify this.

From Fig. 2c, the Si peak is seen to be insensitive to
changes in the focus. For all the curves, this peak is located at
520.9 cm−1, about the same as bulk Si, and the silicon peak is
much weaker than the Ge peak. The position of the peak over-
laps with the mono-crystalline bulk Si, which indicates that it
comes from the Si substrate. The intensity ratio of the Ge peak
to the Si peak is almost the same for different focuses. The
absence of a signal at around 400 cm−1, which would be re-
lated to Si–Ge bonds, further supports the nanoclusters being
composed of Ge exclusively.

Another conclusion that can be drawn from the weak Si
peak is that Ge nc absorbed strongly at the wavelength of
514.5 nm (Raman pump light) and 528.7 nm (Si Raman shift).
Little pump light can pass Ge nc and reach the Si substrate,
and even less Raman scattered light from the Si substrate can
go through the Ge nc again and be collected by the detector.

3.3 SIMS

In order to analyze the composition change, espe-
cially in the Ge nanocluster layer, a trilayer structure (a glass
layer ending as the top surface layer, acting as a cap to
avoid evaporation of Ge during annealing) was prepared and
SIMS measurements were made for both as-deposited sam-
ples and annealed samples for comparison. Three elements
(O, Si and Ge) were analyzed through the three layers and
the results are shown in Fig. 3a and b, respectively. Three in-
terfaces (SiO2–Ge nc, Ge nc–SiO2 and SiO2–Si) are clearly

FIGURE 3 (a) SIMS depth profile of the as-deposited trilayer structure on
top of Si substrate. Solid black line, dotted blue line and dashed red line are
secondary ion intensities of Si, Ge and O, respectively; (b) SIMS depth pro-
file of the trilayer structure after annealing at 1100 ◦C for 4 h. Solid black line,
dotted blue line and dashed red line are the secondary ion intensities of Si, O
and Ge, respectively

observed in both figures. Comparing Fig. 3a and b, there is
no visible difference for the Ge-doped glass layer. They have
almost the same concentration with respect to elements O,
Si and Ge. However, a big difference is seen in the mid-
dle SiGe layer. After annealing, O composition in the mid-
dle layer increases dramatically. Since the sample was an-
nealed in N2 at ambient pressure, the increase of O must come
from the surrounding Ge-doped glass layer. The O source
from the glass layer could be some content of O-rich non-
stoichiometric SiO2:Ge. The O could be released and diffused
to the middle SiGe layer during the annealing, and turned the
as-deposited SiGe layer into a SiO2 layer with Ge nc. The
possibility of oxygen coming as residual amounts from an-
nealing gas was eliminated here after an experiment. In this
experiment, the same annealing recipe was used to anneal Si
wafers. The oxide thicknesses before and after the anneal-
ing were measured to be 1.2 nm and 2.3 nm, respectively. The
thickness increase of the oxide was assigned to oxidization
during the loading and unloading of wafers at 700 ◦C for about
10 min.
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FIGURE 4 SEM image of a seven-layer structure: three Ge nc stripes
(marked as 1) plus four glass layers (marked as 2)

3.4 Multi-Ge nanocluster-layer structure

Multi-Ge nc-layer structures can readily be achiev-
ed by using the described PECVD deposition followed by
annealing. To illustrate this, a scanning electron microscope
(SEM) image of a seven-layer structure is shown in Fig. 4,
where three Ge nc layers were sandwiched by four glass
layers. Since one of the potential applications of this struc-
ture is the fabrication of nonlinear waveguide components,
this method can be easily adopted for mass production.

4 Conclusion

Ge nc were successfully synthesized in a SiO2 ma-
trix by the combination of PECVD and post annealing. A four-
layer structure with alternating glass layers and SiGe layers
was deposited by PECVD. After annealing at 1100 ◦C in N2
for 4 h, the SiGe layers were turned into glass layers with em-
bedded Ge nanoclusters. The Ge nc varied in size. The max-
imum diameter was 150 nm. HRTEM and electron diffraction
verified that all the clusters were made of Ge, and were crys-
talline without noticeable defects. Raman spectra confirmed
the presence of crystalline Ge nc. The strong Ge peak shifted
to longer wavelengths compared to bulk mono-crystalline Ge.
Furthermore, the Ge peak from the same spot on the sam-
ple shifted as the focus was changed from the top surface of
the chip to deep inside the substrate. This shift is interpreted

to indicate the difference of the stress the Ge nc experience
with depth. SIMS analysis confirmed that an as-deposited
SiGe layer was turned into a glass matrix embedded with Ge
nc. The oxygen source for this modification was discussed
and probably is from the O-rich non-stoichiometric SiO2:Ge.
A seven-layer structure was fabricated by the same method
and was shown to be a good candidate to make complicated
waveguide components.
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