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Abstract 

Ge nanocrystals were fabricated in Si3N4 matrix by rf (radio frequency) magnetron sputtering, followed by post-
annealing in a conventional tube furnace filled with N2. Ge content was varied between 30-50vol%  in Ge-rich silicon 
nitride (GRN) layer with variation of annealing temperature between 600-900 ºC were applied to study the 
crystallization properties. The structure of the Ge nanocrystals was studied by Raman spectroscopy, glancing 
incidence x-ray diffraction (GIXRD) and transmission electron microscope (TEM). The composition and bonding 
status of Ge nanocrystals was confirmed by x-ray photoelectron spectroscopy (XPS). TEM images, Raman and XRD 
results show that the crystallization transition is dependent on temperature and Ge content. Crystals in 50vol% 
annealed at 900 ºC were found as partially oxidized with 2at% of oxygen during the annealing process. This was 
shown by the XPS result. However, absorption measurement did not show evidence of quantum confinement of the 
Ge crystals. 
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1. Introduction 
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As an alternative to silicon (Si) quantum dot, germanium (Ge) has been one of the promising candidate 
for quantum dot formation in the areas of photovoltaic, electronic and optoelectronic devices [1, 2].  

The advantage of Ge over Si is the lower processing temperature and in effect, greater compatibility 
with other processes. This reduces the thermal budget and hence the manufacturing cost. The smaller 
electron and hole effective masses of Ge also allows greater theoretical quantum confinement than Si. The 
disadvantage is the cost and lower abundance of Ge compared to Si. Quantum dot fabrications have been 
realized by many techniques like co-sputtering with post-annealing [3-5], in-situ formation by molecular 
beam epitaxy [6, 7] and chemical vapor deposition [8]. In this work, Si3N4 is selected as a compromised 
matrix for band gap engineering and carrier mobility to replace SiO2 matrix, which has already been much 
studied [3, 9-11]. The crystallization behavior for Ge nanocrystals in Si3N4 matrix was investigated by 
structural and optical characterization.  

2. Experimental details 

The 20 alternating bilayers of 5nm Ge-rich silicon nitride (GRN)/ 3nm Si3N4 were co-sputtered by 
radio frequency (rf) magnetron sputter (AJA International) on (100) silicon wafer substrates and quartz 
slides with a deposition rate in a range of 1-2 nm/min. The rf suppliers (13.56MHz) were connected to 
Si3N4 (4 in., 99.999 %) and Ge (4 in., 99.999 %) targets. Ge volume content of the GRN film was 
controlled by varying the rf power from 30 vol % to 50 vol % in increments of 10 vol %. The base 
pressure was 6.0 10-7 torr and working pressures during film deposition was 3.0 10-3 torr with argon 
(Ar). A post-annealing process was conducted by a conventional tube furnace with N2 with an annealing 
temperature from 600 ºC up to 900 ºC in increments of 100 ºC, for 1 hour. Raman spectroscopy 
(Renishaw, 514nm) and glancing incidence x-ray diffraction (GIXRD) (Philips X’Pert Pro) using Cu  
radiation were performed to study the phase and crystalline properties of the Ge nanocrystals. GIXRD 
was operated at a voltage of 45 kV and a current of 40 mA and using a 1/16º divergent slit, a parallel plate 
collimator of 0.27º acceptance and a soller slit of 0.04 rad aperture. Crystalline Ge was detected by 
glancing incidence x-ray diffraction; 2  scan with a critical angle ( =0.295°). The structure of the 
nanocrystals was observed by transmission electron microscope (TEM) (Philips CM200) at 200kv. The 
TEM specimen was prepared by a small angle cleavage method for the cross-sectional and plan-view 
observations. For the compositional analysis, x-ray photoelectron spectroscopy (XPS) (ESCALAB 
220IXL) detected the elements consisting the film and quantified their contents. Spectrophotometer 
(PerkinElmer) measured optical properties; transmission and reflection values. Samples on silicon wafer 
substrates were used for XPS, TEM and GIXRD and those on quartz slides were used for Raman 
spectroscopy and optical measurement. 

3. Results and discussion 

3.1. TEM investigation 

The structural properties of the Ge nanocrystals were studied by TEM. 5nm GRN layer and 3nm 
barrier layer were identified in the TEM images. TEM images of Ge content 30 and 40 vol% annealed at 
900 ºC did not show any visible nanocrystals. However, a crystallization transition was observed in the 
50vol% sample with temperature variation from 800 ºC to 900 ºC. Figure 1 (a) and (b) show spherical Ge 
crystals formed at 800 ºC at low and high magnification and Figure 1 (c) and (d) show disk shaped 
crystals formed at 900 ºC at low and high magnification. We observed homogeneous lattice fringes across 
the specimen. 
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The Ge 50vol% sample annealed at 800 ºC showed the initial stage of crystallization as shown in 
Figure 1 (a) and (b). Some of the observed dot-like crystals were 2-3nm in size and some disk-like 
crystals were ~5nm in length and 2-3nm in width. 

Annealing at temperature of 900 ºC, more disk shaped crystals were observed as shown in Figure 1 (c) 
and (d). The multilayer structure was well-maintained by the 3 nm nitride barrier. With a fixed width 
according to the GRN layer thickness, some of the disks were grown up to 10nm in length.  
 

 

Fig 1 Initial stage of crystallization observed by TEM images at annealing temperature of 800º (a) at low magnification and (b) at 
high magnification. Disk-shaped Ge nanocrystals observed at annealing temperature of 900º (c) at low magnification and (b) at high 
magnification 

Within 100 ºC temperature difference, from 800 ºC to 900 ºC, the degree of crystallization and the 
crystal shape were found to be very different. This suggests the temperature control is a very significant 
factor in the high Ge content films. It seemed that the barrier layer strongly restricted the crystal 
movement in the lateral direction, limiting the crystal formation to the thickness of the GRN layer. There 
is also possibility of Ge cluster diffusion via high diffusivity paths, for example point defects or vacancies 
along the boundaries. Ge atoms could preferentially diffuse laterally through such defects, travelling 
throughout the Si3N4 barrier layers. Hence, forming spherical crystals were found to be much difficult 
unless much fine temperature control is implemented. 

3.2. Raman spectroscopy investigation 

The crystalline properties of Ge nanocrystals were studied by Raman spectroscopy; Figure 1 shows the 
critical crystallization Ge content and the temperature required. A broad peak at ~121 cm-1  was observed, 
which indicated the amorphous Si3N4 matrix [12]. The Ge state in GRN layer was verified by two peaks; 
the amorphous peak at 270 cm-1 and the crystalline peak at ~290 cm-1 , which is close to the transverse 
optical (TO) phonon peak of crystallized Ge 25 [13]. The crystallization transition process was clarified 
by the peak intensity change between the amorphous Si3N4 and the Ge TO phonon. The annealing 
temperature up to 700 ºC did not show evidence of crystalline Ge at all.  

At annealing temperature of 800 ºC, Ge content dependent crystallization transition was observed. The 
50vol% sample showed increased amorphous peak height, which was different from the 30vol% and 
40vol% as shown in Figure 2(a).  

Figure 2 (b) shows that the annealing at 900 ºC results in more distinct crystallization change between 
the different Ge content. The crystalline peak height clearly increased with narrowing peak width for the 
50vol%. In addition, only amorphous peak was observed in 30vol% whereas there was only a small bump 
near the crystalline peak observed for the 40vol%.  
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Bermejo [13] previously observed the bulk crystalline peak at ~300 cm-1 whereas the results of 
crystalline peak was centered at 293 cm-1. This peak shift can be explained by either the phonon quantum 
confinement by the nanocrystals or the stress induced between the Ge nanocrystals and the matrix [14]. 

 

Fig 2 Raman spectra showing crystallization transition for Ge 30-50vol% in GRN layer annealed at (a) 800 ºC and (b) 900 ºC 

3.3. GIXRD investigation 

With the Raman results presented above more crystalline properties were studied by x-ray diffraction. 
Glancing incidence XRD was used to obtain the maximum signals from thin films at a fixed angle 
( =0.295°), which is slightly larger than the critical angle. In order to minimize the signal interference 
from the wafer substrate, all samples were mounted at 45 º tilted from the (100) plane.  

Up to annealing temperature of 800 ºC, XRD patterns show an amorphous feature for all samples, 
shown in Figure 3 (a) for the 50vol%. Figure 3 (b) shows the Ge content dependent crystallization 
behavior. An amorphous feature was mainly observed in the 30 vol% and 40 vol%. The (111) plane for 
the 40 vol% increased the peak height and narrowed the width, indicating the crystal size increase. 
Amongst the samples annealed at 900 ºC, only the 50vol% sample exhibited three Bragg peaks at 
positions identified as (111), (220) and (311) at 27.45º, 45.77º, and 53.42º, respectively. 

Crystalline properties of nanocrystals are determined by the degree of the FCC cubic Ge atoms aligned 
with a same d-spacing for each plane, which are presented by the intensity and full-width-half-maximum 
(FWHM) of the Bragg peak. The average crystal size has been calculated by Scherrer’s equation with an 
assumption that nanocrystals are spherical [15]. However, our cross sectional TEM images revealed that 
the 50vol% contained disk-shaped crystals at 900 ºC. Since Scherrer’s equation estimates the depth of the 
crystal domain in x-ray entering direction, it can be used to estimate the average size of the crystals in z-
scan direction [15]. Therefore, the Scherrer’s calculation was partially implemented to explain the XRD 
results.  
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Since the XRD results showed both amorphous and crystalline features, FWHM for each XRD result 
was measured after background correction using a curve fitting software (X’pert Highscore Plus). The 
volume-average crystal size g was estimated using Scherrer’s formula, g=K /FWHMcos , where g is the 
crystal size,  is the wavelength of the x ray 0.1542nm, FWHM is the line broadening at half the 
maximum intensity in radians, and K is a correction factor, 0.90 [15]. The crystal size in z-direction was 
calculated by Scherrer’s equation using (111) plane; 0.95nm, 1.70nm and 2.68nm for 30vol%, 40vol% 
and 50vol% annealed at 900 ºC. Note that estimated size is less accurate for wider Bragg peaks due to the 
difficulty of determining the peak breath. Clear trend was shown as the crystal size in z-direction 
increased with increasing Ge content in the GRN layer as shown in Figure 3 (b). Unfortunately, crystals 
in the 30 and 40 vol% could not be confirmed in the TEM investigation. 
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Fig 3 (a) GIXRD patterns of 50 vol% ; from ‘as-deposited’ state to annealed at 900 ºC, (b) GIXRD patterns of 30-50vol% sample 
annealed at 900 ºC 

3.4. XPS investigation 

The chemical composition and bonding status of the samples was analyzed using XPS. The surface 
was etched by Ar ion bombardment for two minutes (etching rate of 0.2nm/s) to remove the 
contaminants on the surface. It is difficult to control the etching time to only reach up to the GRN layer 
from the alternating layered structure. Therefore, a 100nm of GRN single layer with the same Ge 
content was prepared to quantify the elements. Then the multilayer structure was used to measure the 
traces of oxygen and the bonding status. Average of ~2at% oxygen was detected in both single layer and 
multilayer structures, which may have come from the targets or the wall of the chamber. 

The identified elements in the single layer of 50vol% annealed at 900 ºC were Si, N, and Ge excluding 
the traces of oxygen contaminant. The atomic content for each element was quantified with aluminum 
source using the peaks; Si2p, N1s, and Ge3d. The Ge content was about 20at%, which is equivalent to 
~50vol%. The Si and N consisted of the rest 80at% and followed the ratio of 3:4, even though the Ar 
etched film was slightly Si rich. This could be due to the change in  composition of nitrogen during the 
Argon etching as reported previously by Christie et al. [16].  

Figure 4 (a) shows the asymmetrical Ge3d peak in the Ge 50vol% sample annealed at 900 ºC from the 
multilayer structure, which consists of a major bulk Ge component at 29.66eV and a small fraction 
Ge1+at 30.88eV. Analysis of the Ge3d is complicated because the Ge3d peak is asymmetrical which 
composted of 3/2 and 5/2 subpeaks [17, 18]. However Ge1+-O was confirmed by the O1s peak centered 
at 532.1eV [17, 19].  
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A N1s peak centered at 397.7eV and a Si2p peak was observed centered at 101.5eV , which Si4+ peak 
and N were attributed to the Si3N4 matrix [20]. It seemed the Ar etching induced the asymmetrical peak 
shape but no direct evidence for Ge-Si bonds were found. 

3.5. Optical investigation 

The optical properties of the Ge nanocrystals were studied by measuring transmission and reflection 
spectra and calculating the absorption coefficient due to the absence of the photoluminescence signal 
detected with 514nm and 442nm laser sources. A signal jump at 1.4eV was observed in Figure 4 (b), at 
which the detector change-over point occurred from the Si to the PbS detector. 
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Fig 4 (a) Ge3d XPS spectrum of multilayered Ge 50 vol% annealed at 900 ºC and (b) absorption coefficient spectrum of Ge 30–50 
vol% annealed at 900 ºC   

The absorption coefficient was calculated as =1/d (ln(1-R)/T) where d is the thickness of the sample, 
and the relative content of the Ge in the total thickness was used, for example 50nm for 50vol% sample, 
R is the reflection value and T is the transmission value. Figure 4 (b) shows there is no obvious quantum 
confinement observed by revealing unaffected absorption edge near the indirect band gap region.  

The Tauc-plot method is one of the most widely used technique to estimate the confined band gap 
energy in nanocrystals [21]. But it is not valid in this study because of the surface polarization effects by 
spherical nanocrystals modifying the spectral shape [21, 22]. In Figure 4 (b), the 30 and 40 vol% annealed 
at 900 ºC did not show the E1 and E2 peak of bulk Ge indicating the amorphous state [22]. The 50 vol% 
sample containing disk-shaped crystals exhibited different spectral shape for the absorption coefficient as 
two peaks corresponding to the E1 and E2 were observed. Having non-spherical Ge crystals makes the 
spectrum analysis even more complex. 

4. Conclusion 

Ge 30-50vol% in GRN layer with 3nm barrier layer structure was annealed at 600-900 ºC to study the 
Ge crystallization properties in Si3N4 matrix. TEM images show disk-shaped Ge crystals being formed in 
the 50 vol% sample annealed at 900 ºC and having no crystals identified in the 30 and 40 vol% sample 
annealed at 900 ºC. For the 50vol% sample the crystallization was initiated from 800 ºC and the spherical 
crystals became disk-shaped, which showed the importance of annealing temperature control.  
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XRD results and Raman spectra indicated the clear evidence for the Ge content and annealing 
temperature dependent crystallization behavior. The XPS results also demonstrated partially oxidized Ge 
during the annealing process. Additionally no evidence of the quantum confinement was observed from 
the optical result. The absorption edge was unaffected by the size and shape of the crystals.  
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