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Abstract: Germanium nanocrystals are being extensively examined. Their
unique optical properties (brought about by the quantum confinement
effect) could potentially be applied in wide areas of nonlinear optics, light
emission and solid state memory etc. In this paper, Ge nanocrystals
embedded in a SiO, matrix were formed by complementary metal-oxide-
semiconductor compatible technology, e.g. plasma enhanced chemical
vapour deposition and annealing. Different sizes of the Ge nanocrystals
were prepared and analyzed by transmission electron microscopy with
respect to their size, distribution and crystallization. The samples of
different size Ge nanocrystals embedded in the SiO, matrix were
characterized by Raman spectroscopy and photoluminescence. Interplayed
size and strain effect of Ge nanocystals was demonstrated by Raman
spectroscopy after excluding the thermal effect with proper excitation laser
power. It was clarified that two strong emission peaks at 3.19 eV and 4.40
eV are from the interface between Ge nanocrystals and SiO, matrix.
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1. Introduction

Zero-dimensional germanium (Ge) nanocrystals (ncs), also called nanoclusters or quantum
dots, have undergone intensive theoretical and experimental research due to their potential
applications as light emitters [1-6], non-volatile optical memories [7,8] and their enhanced
third-order optical nonlinear effects [9-12], etc.

Among the applications, the high-efficiency Ge light emitter application is receiving
tremendous attention because Ge has a direct bandgap (0.80 eV) only slightly larger (by 0.136
eV) than its indirect bandgap (0.664 eV), putting Ge emission at high efficiency within the
third optical communication window (~1520-1620 nm). It has been reported that bulk Ge
could emit with 10% efficiency at its direct bandgap wavelength of 1550 nm by optimized
doping and strain implementation [13,14]. By tuning the strain, the emission wavelength
could be tuned between 1238 nm and 2476 nm [13]. The emission wavelengths can also be
tuned between 1548 nm and 1905 nm by changing the doping levels [13]. Ge ncs were
reported to emit between 563 nm and 1548 nm explained by the quantum confinement effect
(QCE) [15-21]. In addition, many results have been published covering the entire visible and
ultraviolet (UV) ranges related to various defects or interface of Ge ncs with matrix [18,22—
27].
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Based on these published results, it is very promising to achieve a highly efficient Ge ncs
light emitter within the third optical communication window with combined effects of QCE,
strain and doping. To reach such a goal, size and strain effects play very important roles, and
therefore should be studied carefully.

In this paper, Ge ncs embedded in SiO, matrix were formed successfully by a
complementary metal-oxide-semiconductor (CMQOS) compatible technology, e.g. plasma
enhanced chemical vapour deposition (PECVD) and annealing, which is very unique. One big
potential application of these Ge ncs is to make a monolithically integrated light source for
silicon (Si) photonics, which is a still missing crucial building block. The successful
demonstration of strong light emission from Ge ncs made by CMOS compatible processing
will be implemented easily to a wide range of Si based optoelectronic devices. Different sizes
of the Ge ncs were obtained by tuning the ratio of Ge/Si in a SiGe alloy layer. The Ge ncs
were analyzed by transmission electron microscopy (TEM) in terms of their size, distribution
and crystallization. The samples of different size Ge ncs embedded in SiO, matrix were
characterized by Raman spectroscopy. It is clearly shown that the Raman peak position and its
full width at half height (FWHM) are dependent both on the sizes and on the strain of the Ge
ncs. How to separate the effects of size and strain will be explored further in future. Moreover,
photoluminescence of the samples from 250 to 500 nm were measured and compared to a
SiO, sample without Ge ncs at an excitation wavelength of 244 nm. It is clarified that two
strong peaks at 3.19 eV and 4.40 eV are not from Ge ncs, but from the interface of Ge ncs
with the SiO, matrix.

2. Sample Preparation

Five samples (Ge0, Ge0.25, Ge0.5, Gel A and Gel_B) have been prepared by using PECVD
deposition and annealing. We started with 4 inch (100) oriented Si substrates. First, one layer
of Ge doped SiO, was deposited. Then a SiGe alloy layer was deposited on top of the SiO,
layer. The ratios of the Si to Ge were tuned from 1:1 to 1:0.5 and 1:0.25 for samples Gel A,
Ge0.5 and Ge0.25, respectively. Thirdly, one identical layer of Ge doped SiO, was deposited
on the SiGe alloy layer. By repeating alternate layers of SiGe alloy layer and Ge doped SiO,
layer, a multilayered structure was readily made by means of PECVD deposition. A 5-layer
structure is shown schematically in Fig. 1. The samples were annealed at 1100 °C in N, for 4
hours after deposition. More details of the fabrication parameters are found in [28].

I— Ge doped SiO;
SiGe alloy
Ge doped SiO;
SiGe alloy

[— Ge doped SiO,

[4—Si Sub.

Fig. 1. A schematic drawing of the multilayer structure.

The 5 different samples prepared (Ge0, Ge0.25, Ge0.5, Gel A and Gel B) are
summarized in Table 1.

Table 1. Summary of Samples Prepared and Their Structures

Sample ID Si/Ge ratio Layer structure
Ge0 Si Sub. + SiO,
Ge0.25 1:0.25 Si Sub + SiO, + SiGe + SiO,
Ge0.5 1:05 Si Sub + SiO, + SiGe + SiO,
Gel A 11 Si Sub + SiO; + SiGe + SiO,
Gel B 11 Si sub + SiO, + SiGe + SiO; + SiGe + SiO,

#148333 - $15.00 USD Received 27 May 2011; revised 11 Jul 2011; accepted 11 Jul 2011; published 18 Jul 2011
(C) 2011 OSA 1 August 2011/ Voal. 1, No.4/OPTICAL MATERIALS EXPRESS 645



From Table 1, one sees that sample Ge0O didn’t contain any Ge ncs because it didn’t have a
SiGe alloy layer. From our previous results in [29], we know that heat treatment doesn’t
trigger the formation of Ge ncs, even in very heavily Ge doped SiO,. Samples Ge0.25, Ge0.5
and Gel A had different Si/Ge ratios in the SiGe alloy layer for comparison. All of them had
3-layer structures. Sample Gel B had a 5-layer structure, made in order to increase the Ge
nanocrystal concentration.

3. TEM and SEM Analysis

The 3 samples (Ge0.25, Ge0.5 and Gel_A) were firstly examined by TEM (by use of a FEI
Tecnai G2 apparatus) with focus on size, distribution and crystalline state of the Ge ncs. The
scanning electron microscopy (SEM) image for sample Gel B was taken by use of a Leo
1550 instrument. A detailed investigation of one sample with 1:1 Si/Ge ratio is found in [28].

Fig. 2. TEM cross-sectional images of samples Ge0.25(a), Ge0.5(b) and Gel_A(c).

TEM cross-sectional images of samples Ge0.25, Ge0.5 and Gel A are shown in Figs.
2(a), 2(b) and 2(c) respectively. The inset in Fig. 2(c) is a high resolution TEM image
showing crystal planes of one round cluster, which gives the evidence that the clusters are
crystalline. Then the spot size of the TEM was focused to one cluster and the EDX analysis
showed two elements: 7.65 atomic% Si and 92.35 atomic% Ge. From HRTEM and EDX
analysis, it could be concluded that the black dots appearing in the TEM images were
crystalline Ge nanoclusters. Figure 2 shows the presence of both Ge ncs (black dots) and
voids (white dots) in the as-deposited SiGe alloy layer, which was sandwiched by the SiO,
layer. For sample Ge0.25, the diameter of the Ge ncs was within 25 nm. Some of the voids
even seemed to have diffused to the top surface of the wafer. For sample Ge0.5, both Ge ncs
and voids presented themselves with sizes larger than that for sample Ge0.25. The Ge ncs had
diameters up to 30 nm. For sample Gel, the Ge ncs had variable diameters up to 80 nm. The
Ge ncs in all three samples were crystalline (checked by HR image). Since high energy
electron irradiation during the TEM examination may have initiated the formation of or
changed the Ge ncs [30], the TEM images in Fig. 2 were taken from fresh surface areas. It can
be concluded from Fig. 2 that the size of Ge ncs increases as the ratio of Ge/Si increases.
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Fig. 3. SEM cross-sectional image of sample Gel_B.

A cross-sectional SEM image of sample Gel_B is shown in Fig. 3. Sample Gel_B was
deposited as a 5-layer structure. Two layers of Ge ncs buried in the core of the waveguide are
shown in the image. The maximum diameter of the Ge ncs in sample Gel_B was 120 nm.

4. Raman Spectroscopy

The Raman spectra were measured at room temperature by using a RENISHAW inVia Raman
Microscope. It is configured as a backscattering collection system with a microscope sampling
stage. Both the excitation and the light collection are coupled (in and out the microscope) by
means of high-pass interference filters. The system was calibrated by use of cyclohexane and
the measurement resolution was ~1.3 cm™. Details of the calibration can be found in [31].
The excitation laser had a wavelength of 488 nm. An X20 objective lens was used
(corresponding to a beam spot size of 1.5um). The power was measured by a power meter
(Thorlabs PM30-120V) directly under the objective lens.

According to Nataraj et al. [19], the Ge ncs Raman peak shifts its position linearly with the
excitation power density due to the thermal effect. Special attention should be paid to the
nanocrystals because their Raman signal usually is weak. In order to get a measurable signal,
a high excitation power or long counting times or both have to be applied. Care is particularly
important in the present case, because our Ge ncs are embedded in a SiO, matrix, which has a
quite poor thermal dissipation. In order to exclude influences from any thermal effect, we
measured the Raman spectra of sample Gel_B with varied excitation power levels ranging
from 1 mW to 21 mW. The results are shown in Fig. 4(a). The changes of the Ge Raman peak
shifts and the FWHM values with different excitation powers from Fig. 4(a) are shown in Fig.
4(b).
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Fig. 4. (a) Raman spectra for sample Gel_B with varied excitation powers from 1mW to
21mW, (b) Raman peak shift and FWHM with relation to the excitation powers.

Figure 4(a) shows that as excitation power increases, the Ge Raman peak has a downshift
and the line width increases. At low excitation powers (<11 mW), there is no obvious linear
relationship between the shift and the excitation power. However, at high excitation powers,
the heat effect starts to play a dominant role, and a linear relationship is emerging. Therefore,
the following Raman spectra were recorded by using an excitation power of 5 mW, to reveal
the properties, for example the size-dependent effect and the strain effect, unbiased by any
heat from the Raman excitation light.

The Raman spectra of samples Ge0.25, Ge0.5, Gel A and Gel_B together with a single-
crystalline Ge wafer (as a reference), are shown in Fig. 5, all obtained with an excitation
power of 5 mW and a 10 s integration time. The reference Ge wafer showed a strong Raman
peak at 298.6 cm™. All the other samples showed two distinct peaks: one at around 300 cm ™,
corresponding to the Ge ncs and one at around 520 cm™, corresponding to the Si substrate.
The appearance of the peak at 300 cm™ further confirms the formation of Ge ncs, adding to
the results from the TEM examination. An enlarged zoom of the Ge peak is inserted in Fig. 5.
The detailed information with respect to the Ge Raman peak shifts and the FWHM data are
listed in Table 2. Compared to the reference Ge wafer, the Ge peaks for the 4 samples all
appeared shifted. Samples Ge0.25, Ge0.5 and Gel A all had upshifts and sample Gel B had
a downshift.
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Fig. 5. Raman spectra of samples Ge0.25, Ge0.5, Gel_A, Gel_B and the reference Ge wafer.
The inset is a zoom-in on the Ge peak.

Table 2. Detailed Information on the Ge Nanocrystal Size, the Raman Peak Shifts and the
FWHMs for Samples Ge0.25, Ge0.5, Gel_A, Gel B, Compared to the Ge Wafer

Reference
Sample Max. nanocrystal size (nm) Raman shift (cm™) FWHM (cm™)
Bulk Ge Infinity 0 4.46
Ge0.25 25 1.375 8.3*
Ge0.5 30 4.125 14.8*
Gel A 80 1.375 10.12
Gel B 120 -1.376 8.77

*The signals from samples Ge0.25 and Ge0.5 were rather weak, and the readings of their FWHM values had
relatively large degrees of uncertainty.

Size effects, thermal effects and strain are possible reasons for the peak shifts. Results
shown in Fig. 5 may be taken as a proof to exclude any thermal effect. So the shifts are only
dependent on the two other effects, i.e. size and strain effects. From Table 2, no simple
relationship between the Raman shift and the Ge nanocrystal size seems to be obvious, which
implies that the size effect and strain probably are interplayed and difficult to distinguish in
this case. A template assisted method to form uniform Ge ncs by PECVD and annealing is
being developed at the moment, and we hope in the future to be able to control the size of the
Ge ncs and in this way to separate the effects of size and strain.

5. Photoluminescence

Photoluminescence of samples GeO, Ge0.25, Ge0.5, Gel A and Gel B was measured by
using the same system as for the Raman spectroscopy measurements, but with an excitation
wavelength of 244 nm, an objective lens of X15 magnification (corresponding to a beam spot
size of 0.93um), and a detection range from 250 nm to 500 nm. The results are shown in Fig.

For sample Ge0, there is no photoluminescence at all, which implies that the emission is
not from defects of the SiO, matrix. For the rest of the samples (Ge0.25, Ge0.5, Gel_A and
Gel_B), all of them had two strong peaks at 3.19 eV and 4.40 eV. The fixed emission peaks
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from the different samples with varied sizes indicate that the emission did not come directly
from the Ge ncs. Instead, they were mostly related to the interface between Ge ncs and the
SiO, matrix. Those two peaks at 3.19 eV and 4.40 eV have been observed by Skuja [32],
Lopes [23], and Rodriguez [1], who attributed them to defects, formed by electrically neutral
twofold-coordinated Ge atoms. These molecule-like luminescence centers have three-level
energy emission in which blue-violet emission (3.19eV) and UV emission (4.40eV) are due to
a triplet-to-singlet transmission and a singlet-to-singlet transition, respectively [23]. Giri [33]
has also observed the peak at 3.19eV from sputter deposited Ge nanocrystals embedded in
SiO, matrix and also assigned this peak to the defective Ge ncs/SiO, interface. In samples
(Ge0.25, Ge0.5, Gel A and Gel_B), there are two sources for these oxygen deficient Ge
centers: one is from Ge doped SiO, film and the other one is from the interface between Ge
ncs and the surrounding SiO, matrix. From Fig. 6, the intensity ratio of the peak at 4.40eV to
that at 3.19eV increases from Gel A over Ge0.5 to Ge0.25, which is also very interesting
information needed to be clarified further. The ripples in each spectrum are caused by the
Fabry-Perot cavity between the two reflective interfaces (air/SiO, and SiO,/Si substrate). The
calculated cavity length (2.5 um for Ge0.25) according to the wave period from the spectrum
agrees well with the TEM characterization results of the sample (the total thickness of the 3-
layer was 2.3 um). A new setup is being built to measure the luminescence in the IR range.

40000

PL@244nm, 20mW, 20s —— Ge0.25
——Gel_A
——Ge0.5
——Gel B
30000 | —— Ge0
’:s:‘
S 20000
2
%]
c
i)
£
10000 |
0 I 1 1 1
25 3.0 35 4.0 45 5.0

Photon Energy (eV)
Fig. 6. Photoluminescence of samples Ge0, Ge0.25, Ge0.5, Gel_A and Gel_B.

6. Conclusion

Ge nanocrystals of different sizes have been successfully formed by tuning the Si/Ge ratio in
the as-deposited SiGe alloy layer. The size and distribution of the samples have been
investigated by TEM. The existence of the Ge ncs in the SiO, matrix has been confirmed by
both TEM analysis and Raman spectroscopy. Suitable low excitation power levels for Raman
spectroscopy to exclude any thermal effect were selected by measuring the Raman spectra
within a large excitation power range from 1 mW to 21 mW. From the Raman measurements,
the observed peak shifts (after excluding the thermal effect) were assigned to interplaying
phenomena such as size and strain effects. It was clarified through photoluminescence
measurements that the two strong emission peaks at 3.19 eV and 4.40 eV were not from the
SiO, matrix nor from the Ge ncs. Instead, they came from the interface between the Ge ncs
and the SiO, matrix. These preliminary results show the feasibility of using PECVD
techniques to prepare different size Ge ncs and confirm the existence of strain in Ge ncs.
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