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a b s t r a c t

Multilayers of germanium nanocrystals (NCs) embedded in thin films of silicon nitride
matrix separated with SiO2 barriers have been fabricated using plasma enhanced chemical
vapor deposition (PECVD). SiGeN/SiO2 alternating bilayers have been grown on quartz and
Si substrates followed by post annealing in Ar ambient from 600 to 900 �C. High resolution
transmission electron microscopy (HRTEM) as well as Raman spectroscopy show good
crystallinity of Ge confined to SiGeN layers in samples annealed at 900 �C. Strong
compressive stress for SiGeN/SiO2 structures were observed through Raman spectroscopy.
Size, as well as NC-NC distance were controlled along the growth direction for multilayer
samples by varying the thickness of bilayers. Visible photoluminescence (PL) at 2.3 and
3.1 eV with NC size dependent intensity is observed and possible origin of PL is discussed.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Silicon and germanium nanocrystals (NCs) embedded in a dielectric matrix such as SiO2, Al2O3 and Si3N4 have been shown
to have potential in optoelectronic, photovoltaic and memory device applications [1e3]. Despite some successful imple-
mentations, problems remain that hinder the broadening of applications. Amongst them are the random nature of size and
distribution of NCs [4e6] as well as their inability to conduct electrical current when embedded in a dielectric media [7].
Control of size and distribution could help pave theway for useful embedded architectures that exploit the quantum nature of
the NCs invoking topologies amenable to diffusion. One approach is to employ semiconductor rich thin dielectric layers
separated with undoped dielectric barriers to limit the size of crystal growth during subsequent annealing. This may also
make it possible to build three dimensional NC scaffolds that channel energy whether by light or by carrier using multilayers
of NCs in various dielectrics. Previously, multilayers of Si and Ge NCs embedded in SiO2 and Al2O3 have been fabricated using
magnetron sputtering [6,8e11] where control over size as well as concentration over NCs was shown. PL enhancement in
SiO2:Ge NC multilayer samples is also reported [12].

Ge has larger excitonic Bohr radius (24.3 nm) compared to that of Si (4.9 nm) [4] due to its smaller electron and hole
effective masses and larger dielectric constant. Therefore, quantum confiement effect can be seen even in larger Ge NCs and it
would be easier to tune electrical and optical properties of Ge by controlling the size of NCs. In Ge, with small energy dif-
ference between direct and indirect band gaps, radiative recombination occurs more rapidly compared to Si. Ge also has
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melting point of 938 �C which is lower than that of Si (1414 �C), suggesting that Ge NCs can be fabricated at lower tem-
peratures which reduces cost of manufacturing. Moreover, fabrication of NCs inside SiO2 or Al2O3 matrices is associated with
oxidation of NCs [13,14]. Large barrier heights in SiO2 and Al2O3 matrices also leads to reduction of charge transport [14].
Si3N4, used as a host matrix is a good candidate to overcome these problems. Despite the intense study of Ge NCs in SiO2
matrix, there are few reports [15e17] on Ge NCs embedded in Si3N4 matrices, yet fewer of its multilayers. In this paper, we
report on a study of Ge NCs embedded in Si3N4 matrix in multilayer structures deposited using plasma enhanced chemical
vapor deposition, (PECVD). Several techniques such as co-sputtering [4], ion implantation [18], anodic etching [19], cluster
beam method [20] have previously been used to prepare Ge NCs in SiO2 matrices. PECVD has some advantages over other
methods such as lower process temperature, high blocking effects against moisture and alkaline ions, high dielectric constant.
In contrast with Ge NCs prepared by magnetron sputtering [15], it has been shown that Ge/oxide interface in samples pre-
pared by PECVD is much sharper [21] which can lead to better tuning of optical and electrical properties in PECVD samples.

Here, we studied the structural and optical properties of Ge NCs embedded in thin Si3N4 layers with SiO2 barriers in
SiGeN:SiO2 multilayer structures using TEM, Raman and photoluminescence (PL) spectroscopy. Multilayer structures have
several advantages over single layer samples, where Ge content in as-grown samples is central in the determination of
nanocrystal sizes. Typically, NC size is controlled by annealing temperature and duration or the content of the relevant
material in the dielectric matrix [22] when annealed at fixed temperatures. In single layers, size of small Ge NCs are limited by
the amount of Ge in SiNx which leads to low density of nanocrystals that reduces photoluminescence efficiency. Multilayer
approach can overcome this problem by controlling the size of NCs by confining them in thin layers and by increasing the
number of Ge containing layers. Here, we separate adjacent layers of Ge containing nitride layers with dielectric barriers such
as SiO2 which is expected to prevent Ge cross diffusion during annealing and therefore, can lead to small NCs with high
concentration. This allows the controlling of the size and density of NCs, simultaneously. Moreover this approach, provides
the local control of NCs and NC-NC distance in the growth direction.

2. Experiment

Multilayer samples with successive bilayers of SiGeN/SiO2 up to eight bilayers have been prepared. SiO2 layers are ex-
pected to act as barriers for Ge diffusion and control the NC-to-NC distance along the growth direction. Growths have been
done in a PECVD reactor (model PLASMALab 8510C) on quartz and Si substrates. For growing SiGeN films, we used 100 sccm
SiH4 (2% in N2), 30 sccm NH3 and 200 sccm GeH4 (2% in He). For SiO2 barriers, 50 sccm SiH4(2% in N2) and 1000 sccm N2O is
used. The process pressure was 1000 mbar, RF power was 12 W and sample temperature was 250 �C. We fabricated several
samples with SiO2 barrier thickness of 25 nm and SiGeN thickness of 3, 6 and 9 nm. The samples are labeled as ML3, ML6 and
ML9 where the numbers indicate the thickness of SiGeN films thickness in nanometers, respectively. The samples are
annealed under Ar ambient from 600 �C to 900 �C for 30 min. The structural characterization of samples were performed
using a 300 KV TECNAI f30 field emission transmission electron microscope. Samples for TEM study were prepared with a
focus ion beam tool with Gaþ as the ion beam. At the final stages of the sample preparation, Gaþ beam energy was lowered
for final polishing of the surfaces. Raman spectroscopy was done with a cw Arþ laser operating at 514 nm using a 1 m double
grating monochromator with high resolution and a cooled CCD camera. PL spectroscopy have been done using a HeCd laser
operating at 325 nm on the same system.

3. Results and discussion

The structure of samples with different SiGeN thickness were observed using high resolution transmission electron mi-
croscopy (HRTEM) after annealing them up to 900 �C for 30 min. Fig. 1 shows overall TEM micrographs for all three samples
with differing thicknesses of SiGeN layer annealed at 850e900 �C. Samples with 3, 6 and 9 nm thick SiGeN layers show similar
behaviours, albeit some differences, Fig. 1aec, respectively. The periodicity of the SiO2 barrier is the same in all samples and
we clearly see the clustering and crystallisation of Ge in the SiGeN layers in all three samples. It is also clear that while there is
no diffusion of Ge atoms from layer to layer, lateral diffusion of Ge in the SiGeN plane is accompanied in thicker SiGeN layers
with vertical growth of the nanocrystals leading to ellipsoidal shapes in an effort to minimize the surface free energy which is
minimum for spheres [23]. Lateral diffusion of Ge and subsequent ellipsoidal growth leads to bead like formationsmodulating
the NC sizes. We note that the sizes of the Ge NCs along the growth direction are larger as the thickness of SiGeN layer in-
creases. This would lead to variations in the effective band gap of the NCs as well as creating bottlenecks in carrier transport.
On the other hand, it may present opportunities to create controlled three dimensional growth of nano-Ge lattices. It is clear
from the TEMmicrographs that the driving force for the ultimate spherical shape is large enough that some diffusion into SiO2
barriers takes place. The extend of the diffusion increases with the thickness of the Ge containing SiGeN layer due to available
Ge atoms. Thinner layers do not contain enough Ge atoms to support the drive to spherical shapes. As the amount of Ge in
SiGeN layers increase, while not observed here, vertical diffusion accompanying the lateral crystallisation may be expected to
increase, reaching to a point that Ge NC layers touch each other.

Close up TEMmicrographs are shown in Fig. 2 starting with a) sample ML3 (multilayer with nominal 3 nm SiGeN) sample
with the thinnest SiGeN layer. The SiO2 barrier thickness of 25 nm is observed along with the diffused Ge in layers between
the barriers. The in-plane diffusion of Ge atoms leads to thickening of the Ge layer and buckling of the Ge NCs where some
parts of the Ge NCs is thicker with periodicity of around 25 nm. We note that, Ge diffusion perpendicular to the Ge NCs is



a) b)

c)

Fig. 1. TEMmicrographs of samples with SiGeN thicknesses and annealing temperatures of samples with a) 3 nm (900 �C), b) 6 nm (850 �C) and c) 9 nm (900 �C).
The barriers are SiO2 with thickness of 25 nm.

a b

c) d

Fig. 2. Cross-section TEM and typical FFT micrograph of multilayer samples: (a),(b),(c) HRTEM graphs of samples with 3, 6 and 9 nm of SiGeN layers, respec-
tively.(d) FFT micrograph of sample (c) The graphs show good crystallinity as well as control over size by multilayer approach.
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Fig. 3. Size distribution for multilayer structures with different thicknesses and related Gaussian fit. It is clear that size of NCs is mostly determined by the thickness of the SiGeN layer thickness. The size distribution is
narrow in all three samples.
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limited by the lateral in plane diffusion of Ge atoms such that the size of NCs is expected to be restricted by the thickness of
SiGeN films [12]. In single bulk-like layers, NCs are typically spherical in shape [23] sinceminimum surface to volume ratio for
spherical geometry leads to minimisation of interface energy for spherical NCs. Spherical NCs are, therefore, expected.
However, these HRTEMmicrographs show confinement of Ge along the growth direction and in plane growth of small Ge NCs
in thin SiGeN layers and lateral growth of elongated Ge NCs for thicker samples. As shown in these images, in all samples, our
SiGeN layers have wavy shape with smoother interfaces at layers closer to substrate. This behavior is reported in several
works [24e26]. Theoretical calculations also have been done [27] and predicted flatter and sharper interfaces at layers closer
to substrate. In Ref. [24] also much smoother interfaces are observed in the as-grown samples compared to annealed samples.
This has been attributed to interlayer diffussion of Ge confirmed by RBS study of Ge content. However, in our case, the as-
grown samples (not shown here) show the same wavy structure as annealed samples. It seems that the effect of Ge diffu-
sion during annealing plays a limited role in the formation of thewavy structure.We have not observed a Ge diffusion channel
between Ge rich layers under the conditions of our experiments. Our as-grown samples are similar to samples in Ref. [26]
where the origin of wavy structure in as-grown samples is attributed to insufficient energy of arriving atoms to make
atomic rearrangement upon surface adsorption. The arriving atoms stick where they land. The exact shape of the interface
depends on deposition conditions. Then the small intrinsic waviness in initial layers of a multilayer system leads to a large
cumulative waviness towards top of the system. We also suggest this is the possible responsible mechanism of waviness in
our samples.

Fig. 3 shows size distribution for these three samples with different thicknesses. The NC size is referred to here is the NC
diameter in the growth direction which is controlled via SiGeN thickness.

Raman spectroscopy is a very useful technique to study crystalline structures, size distribution and film stress. Fig. 4 shows
the Raman spectra for as-grown and annealed samples. The spectra shows phase transition from amorphous to crystalline as
a function of annealing temperature. For as-grown samples a broad spectra around 277 cm�1 is observed which is related to
the amorphous Ge phase [28,29]. All annealed samples have sharp peaks around 300 cm�1. They show small blueshift with
respect to bulk germanium at 300.7 cm�1 [30]. Raman peaks do not show a red shift as expected from phonon confinement
model, instead show a blue shift which can be due to compressive stress induced by the matrix [31e33]. The compressive
stress induced blue shift is reduced by the red shift due to phonon confinement which is more pronounced for smaller NCs.
Therefore, Raman shifts for smaller Ge NCs (samples annealed at lower temperatures) is at lower wavenumbers compared to
samples with larger NCs (annealed at higher temperatures) which is due to phonon confinement effect. To summarize, total
Raman peak shift can be divided in twomain parts: Redshift due to phonon confinement effect, which is dominant for smaller
NCs and compressive stress induced blue shift, which normally is stronger for smaller NCs. On the other hand, for the small
particles stress can be considered to be constant for all samples [21,22] with the observed Raman shift being attributed to
phonon confinement only. As is observed in the TEM micrographs, thickness of SiGeN films, dictates the average size of Ge
NCs and samples with thinner SiGeN layers have Raman peak at higher wave numbers, as expected from phonon confinement
effect. We also observe that the intensity of Raman signal increases as the thickness (and therefore average NCs size) in-
creases. This is due to larger Ge NCs in these samples. Also the width of the Raman peaks (FWHM) increases from 5.2 cm�1 to
11.2 cm�1, 9.8 cm�1 and 8.1 cm�1 for ML3, ML6 and ML9 samples, respectively, i.e: broader spectra for smaller NCs. Also an
asymmetry is observed at lower wavenumber side of the spectra.
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Fig. 4. Raman spectra for ML3 (a) and ML6 (b) using the 514 nm line of an Arþ laser showing the onset of crystallisation and the subsequent blue shift.
Crystallisation threshold is 775 �C for a 30 min anneal. Insets show Raman peak position as a function of annealing temperature. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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We also performed photoluminescence measurements on these samples to investigate their optical properties. Fig. 5
shows the photoluminescence spectra of samples ML3, ML6 and ML9. at room temperature. The photoluminescence peak
position does not show observable shift with annealing temperature. However, we observe a size-dependent photo-
luminescence intensity. We note that, the highest photoluminescence intensity of NCs of 3.1 nm decreases as the NC size
increases to 6.4 nm finally decreasing to zero when the quantum size is 9.0 nm. Visible photoluminescence in Ge NCs was
observed for the first time byMaeda et al. [4] they attributed the origin of their PL to confinement effect, however they did not
show peak shift with changing NC size. Zacharias et al. [34] also observed visible PL from Ge NCs and also did not observe the
confinement effect. They related the PL to defects in matrix. The first PL attributed to QCE was observed by Takeoka et al. [35]
in 1998. They observed a blue peak shift with changing Ge NC size. Despite the later works [32e37] on Ge NCs in different
matrices and different NC preparation methods, there is no agreement on the origin of PL in Ge NCs. Up to our knowledge the
report by Takeoka [35] is the only PL observation of embedded Ge in consistent with QCE. Theses inconsistencies arise from
ill-defined surface chemistry and complex-defective interfaces between Ge NCs and the surrounding matrix [35]. These
surface related effects makes the observation of QCE more challenging in Ge NCs compare to Si NCs. Generally the PL from
films containing Ge NCs is attributed to three effects: First, it can originate from quantum confinement of electrons and holes
inside NCs. This inevitably leads to the expectation that a size dependent shift of the luminescencewavelength [4,12,34,37,38]
should be observed. This is not the case for our samples. Since the PL spectra shows no peak shift with NCs size in our samples,
this possibility is ruled out. Second, photoluminescence may also be observed in samples with matrix defects [17,30] which
are created during film growth or diffussion of Ge during annealing. This is not also the case for our samples. We do not
observe PL in as-grown samples, so that defect originated during sample growth, does not seem to be a possibility. Also, the
defects due to diffussion of Ge during annealing is expected to be present in all samples including samples with 9.0 nm NCs.
However these samples also show no PL. We, therefore, conclude that matrix defects is not considered to be the origin of PL in
our samples. The third possibility is PL due to states related to the interface of NC-dielectric matrix. Besides QCE, decreasing
the size of NCs, cause a notable increase of surface to volume ratio of Ge NCs, which in turn, increases surface related effects.
We believe this is the most likely origin of PL in our samples. This is supported by the fact that PL intensity is correlated with
crystallisation of Ge and with the size of Ge NCs. Raman and PL data for samples with 3 and 6 nm SiGeN films show that PL
emission threshold is associatedwith beginning of crystallisation of Ge. PL emission is observedwhen crystallisation becomes
apparent in the Raman spectra. Even though there is no peak shift as the NCs size changes, there is a strong dependence of PL
intensity on NCs size. These results show that the PL signal is related to small NCs as small as 6 nm or less while we do not
observe PL from samples with NC size of 9 nm or larger. This can be due to larger number of surface effects at smaller Ge NCs
since they have larger surface to volume ratio. This is in agreement with results of Maeda et al. [4] and Barbagiovanni [39] who
observed strong visible PL originating from interface states of very small Ge NCs.

4. Conclusions

We performed an experimental investigation on the synthesis, optical and structural properties of Ge NCs embedded in
Si3N4 matrix prepared by PECVD. SiGeN layers are separated by SiO2 barriers. Thermal annealing in Ar ambient up to 900 �C
for 30 min have been done to induce crystallisation. Multilayers of SiGeN/SiO2 bilayers are used to control NC size as well as
NC-NC distance in growth direction and concentration of NCs. Raman spectroscopy and HRTEM graphs show crystallisation of
samples annealed at 800 �C and higher temperatures. NC sizes are tuned between 3 nm and 9nmwhich are dictated by SiGeN
film thicknesses. Compressive stress on Ge NCs in silicon nitride matrix is identified with the observation of blueshift in the
Raman spectra of samples. Photoluminescence study have been done using HeCd laser performing at 325 nm. We observed a
size dependent PL intensity at 2.3 and 3.1eV. The samples with NCs below or equal to 6 nm show visible PL. We observed the
enhancement of the PL intensity with reduction of the NCs size. The reduction of NC size is accompanied with increasing
surface to volume ratio and therefore increasing surface related states.The origin of PL is suggested to be due to recombination
through states at the NC/matrix interface.
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