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SiGe nanoparticles were formed in an amorphous SizN, matrix by Ge™ ion implantation and thermal
annealing. The size of the nanoparticles was determined by transmission electron microscopy and
their atomic structure by x-ray absorption spectroscopy. Nanoparticles were observed for excess Ge
concentrations in the range from 9 to 12 at. % after annealing at temperatures in the range from 700
to 900 °C. The average nanoparticle size increased with excess Ge concentration and annealing tem-
perature and varied from an average diameter of 1.8 =0.2nm for the lowest concentration and
annealing temperature to 3.2 = 0.5 nm for the highest concentration and annealing temperature. Our
study demonstrates that the structural properties of embedded SiGe nanoparticles in amorphous
SizN, are sensitive to the implantation and post implantation conditions. Furthermore, we demon-
strate that ion implantation is a novel pathway to fabricate and control the SiGe nanoparticle structure
and potentially useful for future optoelectronic device applications. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4977507]

INTRODUCTION

Semiconductor nanoparticles (NPs) are novel material
systems with unique properties, which can be controlled by
their size, structure, and host matrix.!™ Their exceptional
optical and electrical properties make them ideal for opto-
electronic and non-volatile memory devices.®® The lumines-
cence and nonlinear optical properties of Si and Ge NPs
embedded in an SiO, matrix, and to a lesser extent in SizNy,
have been previously reported in Refs. 9-16. The structure
and electrical properties of SiGe NPs are intrinsically linked
to the size, shape, surface condition, atomic composition,
and compositional uniformity.”!”"'* A better understanding
of the role of the matrix in the properties of NPs could lead
to the fabrication of more efficient optoelectronic devices. In
this study, ion implantation was used to produce Si;_ Gey
NPs in an amorphous SizN, layer, which has a higher dielec-
tric constant than SiO,, and could prove to be a pathway for
more efficient optoelectronic devices.

Here, we focus on the structural properties of SiGe NPs
formed in low pressure chemical vapour deposition
(LPCVD) Si3;Ny layers as a function of Ge concentration and
annealing temperature. A combination of complementary
techniques including transmission electron microscopy
(TEM) and synchrotron-based methods of X-ray-absorption
Near-Edge Structure (XANES) and Extended X-ray-absorp-
tion Fine-Structure spectroscopy (EXAFS) has been utilized
to characterize the size and structure of the embedded NPs.
By combining results from these techniques, we achieved a
detailed understanding of the bonding environment and
structural properties of the NPs as a function of implantation
and post-implantation annealing conditions.
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EXPERIMENTAL PROCEDURE

"Ge ™" ions were implanted into 2 um amorphous LPCVD
Si3Ny, layers grown on Si (100) wafers with an energy of
1.3 MeV to fluences of either 3.6 or 4.8 x 107 ions/cmfz. To
promote NP nucleation and growth, the substrate was main-
tained at 400°C during implantation. Samples were then
annealed post implantation for 1h in a N, ambient at 700 or
900°C.

Cross-section TEM images were obtained in the bright
field mode using a JEOL 2100F microscope operating at
200kV. Samples were prepared with a standard mechanical
polishing and ion-beam-milling protocols.

XANES and EXAFS measurements were performed at
the Ge K-edge (11.103keV) at a temperature of 15K at the
XAS beamline of the Australian Synchrotron. Fluorescence-
mode spectra were recorded with a 10 x 10 Ge pixel-array
detector. Data were collected to a photoelectron wavenumber
(k) of 13.5 A7 To predict energy drifting, a crystalline Ge
(c-Ge) reference foil was simultaneously measured in the
transmission mode. Bulk crystalline and amorphous Si;_,Ge,
alloys previously characterized'® were also measured to
compare against the NP samples. The Si substrate below the
Ge-implanted Si;N, layer was removed by mechanical
grinding and selective chemical etching with KOH to
improve the signal-to-noise ratio for the XAS measurements
and remove unwanted scatter from the substrate. The Ge-
implanted layers were stacked together and then mounted on
the sample holder with kapton tape.?’ The amorphous Ge (a-
Ge) sample was prepared by ion implantation described
elsewhere.”'

The absorption spectra were first averaged with the pro-
gram AVERAGE.?? The averaged data were then processed
and analysed by ATHENA and ARTEMIS.>* EXAFS spectra

Published by AIP Publishing.
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were Fourier-transformed FT over a k-range of 3.7-12.0 At
and back FT over a non-phase corrected radial distance
(R-range) of 1.3-2.7 A to isolate the scattering contribution
from the first-nearest-neighbour (FNN). Effective scattering
amplitudes and phase shifts were calculated ab initio with
FEFFS8. To minimize the number of refined variables, So2
and AE, were deduced from the crystalline Ge sample and
held constant thereafter for the analysis of the NP samples.
For bulk c-Ge, the value of the amplitude reduction factor
(502) and threshold energy (AEq) was determined to be
0.94*+0.1 and 3.7 =0.9eV, respectively. The structural
properties of the NP samples were determined using a
FEFF-generated Ge,Si;_x random structure. The coordina-
tion number (CNg..g.) Was fixed to four for the bulk c-Ge
and allowed to refine for the NP samples including CNs for
the separate Ge (CNge.ge) and Si (CNge.sj) components.
The Ge and Si bondlengths (Rge.ge and Rge_si) and Debye-
Waller factors (6°Ge.ge, 0 Ge.si) Were allowed to vary dur-
ing the fitting. The Debye-Waller factors for the Ge-Ge and
Ge-Si bonds (0°Ge.ge and 6’Ge.si, respectively) were
restrained such that 0°Ge.ge = 0°Ge.si, consistent with previ-
ous theoretical and experimental reports.'® The structural
parameters determined using our method included here
included CNGe’ CNSi’ RGe»Ge’ RGe»Si’ and 0'206_(;6, with

2 2
0 Ge-Ge — 0 Ge-Si-
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RESULTS AND DISCUSSION

Figure 1 shows representative TEM images of the Si;.
«Gex NPs. These correspond to samples implanted to a peak
Ge concentration of 9, Fig. 1(a), and 12 at. %, Fig. 1(c), after
annealing at 700 and 900 °C, respectively. NP size distribu-
tions were determined from TEM by measuring the diameters
of 100 representative particles, as shown in Figs. 1(b) and
1(d). The average NP diameters for each sample are summa-
rized in Table I. The average NP diameter clearly increases as
the implanted Ge concentration or annealing temperature
increase. High-resolution TEM images of individual NPs are
included in the insets of Figs. 1(b) and 1(d). These highlight
the difficulty of extracting structural information from such a
small NP. Indeed, the lack of clearly defined crystal planes
and the small volume fraction of materials available for dif-
fraction analysis make it impractical to distinguish between
Ge and Si;_,Ge, NP, particularly given the small lattice mis-
match between Ge and Si;Ge,, which is expected to
be <1%. The small increase in NP size is due to the low diffu-
sivity of Ge atoms in SizN,. The depth distribution of Ge
atoms before and after thermal annealing demonstrates that
the post implantation thermal annealing did not lead to a sig-
nificant loss or redistribution of Ge atoms. This is potentially
due to the rigid structure of LPCVD SizN, layers** and low
mobility of Ge in SizN,."

D=18:02nm

NP diameter (nm)

FIG. 1. TEM images of 9 and 12 at.%
NPs after annealing at 700 and 900 °C,
respectively. The determined size dis-
tributions are plotted adjacent.

2 3
NP diameter (nm)
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TABLE I. Structural parameters—interatomic distance R, Debye-Waller factors 62, and coordination numbers CN—obtained for the FNN of NPs. Total CN

increases with an increase in temperature.

Annealing temperature (°C) NP size (nm) CN-Ge (atoms) R-Ge (A) CN-Si (atoms) R-Si (/ok) DW (1073 Az)

9 at.% 700 1.8+0.2 0.9+0.1 2.446 = 0.008 1.6 0.2 2.382 +0.001 33+0.3

900 22+0.3 1.3+£0.2 2.445 = 0.007 1.7+£0.2 2.391 £ 0.003 32+0.2
12 at. % 700 2.8+0.5 1.6 +0.1 2.447 = 0.004 14+0.1 2.387 = 0.008 35204

900 32+0.5 25+0.1 2.451 = 0.005 1.2£0.1 2.389 = 0.004 32+0.5
¢-SiggGeop” 2.428 2.383 1.9+0.3
a-SigyGesp® 2.438 2.399 3.5+0.6
c-Sis;Geys® 2.429 2.381 1.9+0.3
a-Sis;Geys® 2.447 2.400 3.5+0.6
¢-SirGeg® 2.441 2.388 1.9+0.3
a-SiyGerg® 2.452 2.396 3.5+0.6
SizsGees” 16+2 2.441 +0.001 2.370 2.3

“Ref. 19 crystalline and amorphous standards.

"Ref. 31 SiGe NPs embedded in the SiO, matrix (the total coordination number is fixed to 3.77).

The chemical bonding of the NPs was initially deter-
mined with XANES, and representative spectra for the 9 and
12 at. % Ge samples are shown in Figure 2 as a function of
annealing temperature. The crystalline and amorphous Ge
and Si;_,Ge, standards are included for reference (adopted
from Ref. 19). The specific features observed in the XANES
are the result of multiple scattering resonances, particular to
the crystallographic phase and chemical environment of the
absorbing Ge atoms. For the samples annealed at 700 °C,
there is a lack of appreciable structure, and spectra are simi-
lar in shape to the amorphous standards. Figure 2 shows fea-
tures in the NP spectra at ~11 123 and ~11130eV that are
also more like the c-SiGe spectra (and absent in the a-Ge
standard). Samples annealed at 900°C show additional
changes in the XANES including an increase in the intensity
at ~11106eV and the formation of a small valley at
~11108 eV similar to the c-SiGe standards.

The changes in the near-edge structure (relative to the
bulk structure) potentially indicate that the NP structure
changes with annealing temperature. The XANES spectra of
NP samples shown in Figure 2 resemble the SiGe standards

2.5 T T T T T
20 E
c-Ge
¢-Si,,Ge,
1.5F c-Si, Ge,, |

12 at.%

9 at.%

Absorption (arb. units)

11100 11120 11140 11160 11180
Energy (eV)

11200

FIG. 2. XANES spectra of 9 and 12 at. % after annealing at 700 or 900 °C
samples plus crystalline and amorphous Ge and SiyGerg, SiggGesy, and
amorphous SiggGe, standards. The spectra have been offset for clarity.

more than the Ge standards. Furthermore, the NP spectra
show evidence of a combination of amorphous and crystal-
line environments. This combination of crystalline and amor-
phous environments is consistent with previous studies?~°
where the formation of an amorphous surface layer separat-
ing the crystalline NP core was observed in embedded Ge
NPs. Finally, no evidence of Ge nitride formation was appar-
ent from the XANES analysis.”’*® The preferential Ge-Si
bonding is potentially attributed to the lower bonding energy
of Si and Ge (~297 kJ/mol)** and a larger number of free Si
bonds in the nitride matrix.

Figures 3(a), 3(c), and 3(e) show the isolated K-
weighted EXAFS oscillations, and Figures 3(b), 3(d), and
3(f) show the corresponding FT spectra for the standards and
NP samples annealed at 700 or 900 °C. The peaks in the FT
EXAFS spectra for the crystalline standards are the result of
scattering from single and multiple scattering atomic paths
surrounding the Ge atoms in the diamond cubic crystal
phase. Scattering contributions from the first, second, and
third nearest neighbour shells are apparent in the c-Ge and c-
Si;_xGe, standards (adopted from Ref. 19), consistent with a
diamond cubic structure. In the a-SiggGe,on sample, Ge-Ge
and Ge-Si shells in the FNN are observed with no fine fea-
tures apparent after the ~2A peak. The amplitudes of the
peaks in the NP samples are significantly reduced compared
to the bulk counterparts and increase slightly with annealing
temperature (or particle size). This is commonly observed in
NP samples, where both a decrease in the average coordina-
tion and an increase in structural disorder yield reductions in
the EXAFS peak amplitudes.”® Interestingly, the fine struc-
ture in the NP samples’ second and third nearest neighbour
peaks is significantly lower in amplitude compared to the
bulk samples, indicating that the NPs are heavily disordered.
This result is consistent with previous reports of Ge NPs that
show a similar decrease in higher neighbour.*®

The refined fitting parameters for the NP FNN shells are
listed in Table I. The results from previous studies'***>! are
also listed in Table I for reference. The changes in the struc-
tural parameters are consistent with the qualitative descrip-
tion described above, with the formation of a combination of
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FIG. 3. EXAFS spectra ((a), (c), and (e)) and FT EXAFS ((b), (d), and (f)) for bulk standards, 9 at. % and 12 at. % NP samples. The spectra in ((a), (c), and
(e)) have been offset for clarity. The first NN in the FT spectra is interpreted as Ge-Ge and Ge-Si shell.

amorphous and crystalline phases. The Rge.s; and Rge.ge of
the NPs are slightly higher than their bulk crystalline coun-
terparts (included in Table I) and increase slightly with
increasing annealing temperature (or increase in NP size).
The larger Rge.si and Rge.ge measured here are directly
attributed to the non-negligible fraction of surface amor-
phous/disordered atoms that dominate at the low annealing
temperature or concomitantly small NP size. The Debye-
Waller factor for the NPs is significantly larger compared
to crystalline standards and similar in value to those deter-
mined for the amorphous standards. The large Debye-
Waller factors thus indicate that the structure is predomi-
nately disordered, for these formation conditions. The
decrease in the CNg._g; and increase in the CNge.g. after
the 900 °C annealing, with only a small change in NP size,
potentially indicate that the composition of the NPs changes
with increasing annealing temperature. Additionally, the
EXAFS (and XANES) results for the 12 at.% samples show
that the combination of high-concentration and high-
annealing temperature induces an increase in the fraction of
atoms in a crystalline environment.

CONCLUSION

Here, we have shown that the combination of ion implan-
tation and thermal annealing of Ge ions into LPCVD a-SizNy

films results in Si;_,Ge, NPs with a dominant disordered crys-
tal structure, as evidenced by XANES and EXAFS measure-
ments. The concentration- and annealing temperature-
dependent trends in the atomic structure also show that the
coordination environment/composition of the NPs changes
subtly with annealing temperature, resulting in Ge-rich NPs.
The preferential Ge-Si bonding quantified here is attributed to
the lower bonding energy and larger number of free Si bonds
in the nitride matrix. The small NP size and slow precipitate
growth with relatively high Ge concentrations and annealing
temperatures are the direct result of a low Ge mobility in
SizNy. This highlights the role of the matrix in the embedded
nanostructure properties. Thin films containing Si;_,Ge, NPs
are important for future applications in optoelectronic devices
because of their band gap tunability. Furthermore, the ability
to control the structure (crystalline/disordered), size, and
chemical composition of the SiGe NPs highlights the flexibil-
ity of our simple approach with potential applications in future
optical devices.
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