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Abstract
Coherently, embedded metal nanostructures (endotaxial) are known to have potential applications concerning the areas of 
plasmonics, optoelectronics and thermoelectronics. Incorporating appropriate concentrations of metal atoms into crystal-
line silicon is critical for these applications. Therefore, choosing proper dose of low-energy ions, instead of depositing thin 
film as a source of metal atoms, helps in avoiding surplus concentration of metal atoms that diffuses into the silicon crystal. 
In this work, 30 keV silver negative ions are implanted into a  SiOx/Si(100) at two different fluences: 1 × 1015 and 2.5 × 1015 
 Ag− ions/cm2. Later, the samples are annealed at 700 °C for 1 h in Ar atmosphere. Embedded silver nanostructures have been 
characterized using planar and cross-sectional TEM (XTEM) analysis. Planar TEM analysis shows the formation of mostly 
rectangular silver nanostructures following the fourfold symmetry of the substrate. XTEM analysis confirms the formation 
of prism-shaped silver nanostructures embedded inside crystalline silicon. Endotaxial nature of the embedded crystals has 
been discussed using selected area electron diffraction analysis.

1 Introduction

Noble metal nanoparticles (MNPs) exhibit size-dependent 
and shape-dependent properties that have very far reach-
ing applications in a variety of fields including bio-medi-
cal, biosensors, remote sensing, catalysis, optoelectronics 
devices, and resonators [1–6]. Apart from size and shape, 
surrounding environment of such nanoparticles also play an 
important role in enhancing their physical properties. Espe-
cially, coherently embedded metal nanostructures, known as 
endotaxial structures, inside semiconductor crystals throws 
up a lot of possibilities in terms of thermoelectric and SERS 
applications [5–13]. Such cases involve embedding regions 
of one composition (either single metal or alloy) into a 

matrix of another composition. For example, nanostructures 
(NSs) coherently embedded into suitable matrices have been 
studied because of their influence on thermal conductivity 
coupled with charge carrier scattering [14]. Ag endotaxial 
nanostructures grown using vapor deposition method with 
an intermediate layer of  GeOx for enhanced reaction were 
shown to be potential applicants for surface-enhanced 
Raman Spectroscopy (SERS) substrates for biomolecule 
detection [15]. So, apart from their stature as a potential 
candidate for such applications, it is highly interesting to 
study these systems as a matter of fundamental interest, as 
it throws up multi-surface/interface systems involving metal/
semiconductor/insulator regions.

Earlier, people have employed the method of depositing a 
thin film of metal of interest which acts as a source of metal 
atoms to be used for coherent embedding during annealing 
process. But, even an ultrathin film of metal gives surplus 
concentration of atoms diffusing into host silicon crystal 
matrix, which sometimes will be detrimental for aforemen-
tioned applications. Juluri et al. have reported the impor-
tance of having a thin film of  GeOx between Si substrate 
and the metal film, which seems to play a crucial role in 
letting the metal atoms diffuse into Si through its matrix and 
facilitating the formation of endotaxial structure [15–17]. In 
such cases, low-energy implantation and high-energy irra-
diation have been used to create defects inside overlaying 
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 GeOx matrix that allowed to form endotaxial structures at 
lower temperatures [17]. Using the implanted ion itself as 
source of metallic species helps to control the molar concen-
tration being embedded into Si crystal. Also, role of  GeOx 
could also be avoided, as ion implantation gives the liberty 
to choose appropriate energy so that metal ions end up near 
the Si crystal surface or even inside the Si crystal. Diffusion 
coefficient of implanted species varies which determines the 
ultimate size, shape and crystallinity of the resulting MNPs. 
Moreover, ion implantation itself creates defects along its 
path which again will influence the diffusion process of 
atomic clusters during annealing. So, it is very crucial to 
choose right kind of energy, fluence and embedding matrix 
to get desired results. Such process wherein ion implantation 
and subsequent annealing process lead to the formation of 
nanostructures is known as ion beam synthesis [18].

In this work, we present the fabrication of endotaxial Ag 
structures at  SiOx/Si(100) interface using low-energy ion 
beam synthesis process. Effect of fluence on the size and 
shape of silver nanoparticles has been discussed using planar 
and cross-sectional transmission electron microscopy (TEM) 
studies.

2  Experimental

Commercially available n-type Si(100) bare wafers were 
ultrasonically cleaned in acetone for 5 min and in addition 
with methanol for 5 min prior to the growth of  SiOx thin 
film. These cleaned Si substrates were thermally oxidized 
in a custom-built tubular furnace at appropriate reaction 
temperature with a flow of gaseous  O2 as a precursor. The 
cleaned Si wafers were loaded into a horizontal tubular fur-
nace and the furnace was initially ramped up to 800 °C from 
room temperature with ramping rate of 7°C/min and stayed 
for 30 min at 800 °C in the presence of argon (Ar) as inert 
gas with constant 50 sccm flow (starting from room tem-
perature) and then exposed to  O2 gas with flow rate of 50 
sccm up to 1000 °C for 2 h. Then furnace had been allowed 

to come down to room temperature naturally. While cooling, 
constant gas flow (up to 800 °C: 50 sccm  O2; from 800 °C to 
room temperature: 50 SCCM Ar) was maintained. Resulting 
 SiOx layer will protect the underlying silicon substrate from 
getting sputtered due to impinging low-energy Ag ions.

Silver negative ions  (Ag−) having 30 keV energy were 
implanted into these thermally oxidized Si(100) specimens 
[i.e.,  SiOx/Si(100)] at two different fluences 1 × 1015 and 
2.5 × 1015 ions/cm2 in a low-energy ion beam accelerator at 
Institute of Physics, Bhubaneswar (IOPB). The implantation 
was carried out in a high-vacuum chamber (≈ 10− 7 mbar) 
with maximum beam current ≈ 100 nA. After implantation, 
all the implanted samples were annealed at 700 °C for 1 h 
under Ar atmosphere in a ceramic tubular furnace.

Planar and cross-sectional specimens were prepared for 
transmission electron microscopy (TEM) measurements 
using conventional method (mechanical process) involving 
grinding, thinning, dimpling and  Ar+ ion beam milling until 
electron transparency. TEM imaging was carried out in a 
200 keV JEM-2010, JEOL machine.

3  Results and discussion

Figure 1 represents the cross-sectional TEM (XTEM) stud-
ies of the  SiOx thin film on Si(100) grown by the thermal 
oxidation of Si(100). Thickness of the  SiOx layer was found 
to be ≈ 43 nm as shown in Fig. 1a. On these thermally 
oxidized Si(100) specimens, 30 keV  Ag− ions have been 
implanted at two fluences: 1 × 1015 and 2.5 × 1015 ions/cm2 
and subsequently these specimens were annealed at 700 °C 
for 1 h in Ar atmosphere. After annealing, silver nanostruc-
tures (NSs) have been formed for both the cases. Figure 2a, 
b shows the planar TEM micrographs of the grown Ag NSs 
for two different fluences 1 × 1015 and 2.5 × 1015 ions/cm2, 
respectively. It was observed that mostly square and rec-
tangular-shaped NSs for both the cases have been formed 
following the fourfold substrate symmetry of (100) surface. 
Corresponding size distributions (histograms for length 

Fig. 1  Cross-sectional a low-magnification b high-resolution TEM micrographs of 43-nm-thick amorphous oxide layer grown on single crystal-
line Si(100) substrate (thermally oxidized at 1000 °C for 2 h); c SAED pattern taken from the Si region of (b)
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and breadth) of the Ag NPs for both the fluences have been 
depicted in Fig. 3. In these rectangular nanostructures, larger 
dimension is considered as length (in any direction) and the 
smaller dimension as width. It should also be noted that 
larger dimension does not prefer any single direction and 
the nanostructures are equally distributed in both the perpen-
dicular directions. Average length is about 9.7 ± 0.5 nm for a 
fluence of 1 × 1015 ions/cm2 and increases to 13.2 ± 0.5 nm 
for higher fluence. Similarly, breadth also increases from 
6.3 ± 0.5 nm to 10.1 ± 0.5 nm. More than 150–200 particles 
have been measured in each case to get a good statistics.

Apart from these rectangular nanostructures, there 
are a few randomly shaped silver clusters; not following 
the substrate symmetry (shown inside the marked white 
circle in Fig. 2b), probably because these structures may 

not be in direct contact with Si surface. Also, some of 
the structures are bigger yet non-facetted. It can be seen 
in the next section that even though they are in contact 
with Si(100) substrate, planar TEM micrographs do show 
them as following the substrate symmetry. According to 
Ribeiro et al. [19], there might be shape transition from 
facetted to dome-shaped structures during the growth 
process depending on the temperature, substrate symme-
try, and concentration of atoms available. These authors 
showed that when Ge was deposited onto Si(100) by CVD 
method at 600 °C, bimodal distribution of Ge nanocrystals 
was observed with smaller crystals being pyramid shaped 
and larger ones having dome shape. A few structures may 
also remain with intermediate shapes and sizes during the 
growth process.

Fig. 2  Planar TEM images 
of 30 keV energetic Ag ions 
implanted on  SiOx/Si(100). a 
1 × 1015, b 2.5 × 1015 ions/cm2 
post-annealed at 700 °C for 
60 min under Ar ambiance

Fig. 3  Size distributions (length 
and breadth) of Ag NPs; a, b for 
1 × 1015 ions/cm2 case and c, d 
for 2.5 × 1015 ions/cm2 case
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3.1  Study of Ag–Si interface

Figure 4a represents the cross-sectional (XTEM) image of 
the post-annealed sample for higher fluence (2.5 × 1015 ions/
cm2). Implanted silver ions have moved towards Si substrate 
and diffused into the substrate resulting in the formation 
of pyramid-shaped silver nanostructures. Projected range 
(including longitudinal straggling) for 30 keV  Ag− ions 
in  SiOx matrix is about 29–35 nm (as x varies from 1 to 
2) [20]. So, it is expected that most of the implanted ions 
will settle beyond the half way of the  SiOx layer and more 
towards Si substrate itself. It is also very much possible that 
considerable number of ions may settle inside the Si crys-
tal itself. It is well known that low-energy ions have more 
sputtering yield (due to higher nuclear cross section) and 
with increasing fluence, thickness of the  SiOx layer reduces 
considerably. Therefore, it is quite possible that more num-
ber of ions end up inside the Si crystal as the reducing  SiOx 
thickness changes the end of range location further towards 
Si/SiOx interface or even inside the Si substrate. During the 
annealing process, silver atoms sitting on the Si substrate 
diffuse inside the Si matrix. Silver atoms, which were pre-
sent in the  SiOx matrix (lower end of the projected range), 
have also diffused towards the substrate. Finally, annealing 
followed by cooling to RT leads to the formation of silver 
nanostructures buried inside Si matrix. Raghava et al. have 
shown the formation of such coherently embedded silver 
nanostructures in a  GeOx/SiOx/Si(100) system [15, 16]. 
In their case, the growth of various shapes of coherently 
embedded (endotaxial) silver NSs on silicon substrates using 
silver thin film or using external silver vapor acts as source 
of silver atoms.  GeOx layer seems to play a major role in 
the proposed mechanism of formation of endotaxial nano-
structures. Electron tomography studies confirmed that the 
silver structures formed were actually in the shape of prism 
3D. Low-energetic Ag ions were also used to fabricate such 
structures in the  GeOx/SiOx/Si(100) system [17]. But, in this 
case again, a thin film of  GeOx seems to have facilitated the 
diffusion of silver either from the overlayer Ag thin film or 
from the matrix towards the silicon substrate. In our case, 
only implanted ions being the source of silver and in the 
absence of  GeOx layer, effect of fluence on the formation 
of endotaxial structures has been investigated. In Fig. 4a, it 

is clear that some of the embedded structures are complete 
prisms/pyramids (shown with arrows) and some of them 
are incomplete, with a flat surface along Si[001] direction. 
The flat end of the plane refers to Ag (100) (shown inside 
the ellipse). Magnified view of the same region shows how 
the embedding has taken place (see Fig. 4b). It can also 
be seen that some structures are completely buried inside 
Si and some have still some mass left into  SiOx matrix as 
well. We have calculated the depth and height profiles of Ag 
nanoparticles for both the fluences (depth and height have 
been defined as the dimensions of the Ag NPs into and above 
the Si matrix, respectively) and displayed in Fig. 5. Table 1 
shows average dimensions of the silver nanostructures above 
and below the Si matrix with changing ion fluence. Number 
of particles available for the measurement are much less 
(less than 100) as compared to planar specimen, as the avail-
able electron transparent region is also much lesser. Average 
depth below the Si surface increases from 8.5 ± 0.3 nm to 
10.5 ± 0.3 nm with increasing fluence as more number of sil-
ver atoms are available to diffuse into the system. Moreover, 
with increasing fluence, more of  SiOx layer gets sputtered off 
leaving the implanted ions closer to silicon surface or even 
inside the Si surface during implantation itself.

The fringes seen on each of these structures are basically 
Moiré fringes resulting from overlapping lattices of silicon 
and silver. Theoritically, for general Moiré fringes, spacing 
can be determined using the formula, d

m
=

d
1
d
2

√

(d1−d2)
2

+d
1
d
2
�2

 

[21], where d1 and d2 are the d spacings of Si(111) and 
Ag(111) in this case and since the two phases are endotaxial, 
angle between them β = 0. Substituting appropriate values, 
Moiré fringe spacing was found to be 0.94 ± 0.05 nm which 
matches well with the experimental value measured from 
Fig. 6c.

3.2  Endotaxy

Endotaxy, by definition, takes place as a result of exchange 
of energy between the two systems (primary crystal and the 
surroundings). In our case, Si(100) being the primary crys-
tal, and Ag ions supplied from outside, there is an exchange 
of energy via increasing temperature, which results in diffu-
sion and distribution of silver atoms inside the bulk silicon 

Fig. 4  Cross-sectional TEM 
micrographs of Ag implanted on 
≈ 43 nm  SiOx/Si(100) annealed 
at 700 °C for 60 min in Ar 
ambience, showing embedded 
Ag nanostructures in Si(100)
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crystal [22]. Both mechanisms mentioned earlier might be 
contributing along with implantation-induced defects inside 
 SiOx overlayer and Si matrix. We do not see any evidence of 
voids being formed post-annealing. In the process of arriving 
at a minimum energy configuration, silver assumes a pyra-
mid shape embedded in the Si matrix. Figure 6a confirms 
that new phase (silver atoms) diffuses into the Si matrix by 
orienting regularly with respect to the host matrix (Si(100)). 
It represents selected area diffraction pattern on the planar 
sample in [112 ] direction. The resulting single crystalline 
pattern of silver exactly overlaps the Si pattern with a com-
mon zone axis < 112>. SAD pattern taken along [011 ] in the 
cross-sectional specimen also confirms the common orienta-
tion of the host crystal (silicon) and the implanted species 
(silver) (Fig. 6b). Figure 6c represents a typical embedded 
pyramidal silver nanostructure at high resolution. The angle 
between two faces of the structure is 70° and both represent 
{111} plane of the FCC silver.

Fig. 5  Depth and height profiles 
of Ag nanoparticles (NPs) for 
a, b 1 × 1015 ions/cm2 case and 
c, d for 2.5 × 1015 ions/cm2 case 
(depth and height have been 
defined as the dimensions of the 
Ag NPs into and above the Si 
matrix, respectively)

Table 1  Average dimensions of the silver nanostructures above and 
below the Si matrix

Fluence (ions/
cm2)

Mean dimension 
below Si surface 
(depth) (nm)

Mean dimension 
above Si surface 
(height) (nm)

Mean aspect 
ratio (depth/
height)

1.0 × 1015 8.5 ± 0.5 2.0 ± 0.1 4.2
2.5 × 1015 10.5 ± 0.5 2.2 ± 0.1 4.7

Fig. 6  a Selected area diffraction taken along an embedded silver 
nanostructure along < 112 > zone axis. b < 011 > zone axis show-
ing common orientation of the silicon substrate and silver structures. 
c High-resolution image of a silver nanostructure showing Moire 
fringes
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3.3  Large lattice mismatch and strain relaxation

Silicon and silver both belong to face-centered cubic fam-
ily with a huge difference between their lattice constants 
(aSi = 5.43 Å, aAg = 4.09 Å) and the lattice mismatch of 
the two is about 24.5%. Such large lattice mismatch is 
bound to put a considerable strain on the silicon crystal 
surrounding the silver diffused area [23]. In a typical heter-
oepitaxial system with large lattice mismatch, system tries 
to relax by interfacial reconstruction, surface roughening 
and/or creating dislocations at the interface [24]. But, in 
endotaxial growth process, system not only has to contend 
with lattice mismatch, the host crystal also has to accom-
modate foreign atoms (here Ag) inside its matrix unlike 
in heteroepitaxy. But we do see a  lot of planar defects 
and stacking faults adjacent to embedded silver structures. 
Figure 7a shows one such ‘V’-shaped planar defect lying 
adjacent to a silver-embedded structure, which can clearly 
be visualized in Fig. 7b. We do see such defects lying 
next to the embedded structure quite often (Fig. 6c) prob-
ably due to combined effect of large lattice mismatch as 
well as the compressive strain resulting from the diffusion 
of foreign atoms (Ag) into the substrate (Si). Chen et al. 
have explained the formation of defects on Si(111) sur-
face-associated silver diffusion. The authors found number 
of etch pits which increased with annealing temperature, 
above 450 °C [25]. In our case, we did not see any evi-
dence of formation of pits (neither in planar nor in XTEM 
images) probably because of the presence of  SiOx over 
layer. Even otherwise, Ag atoms diffusing inside Si matrix 
do disturb the host Si lattice given that size of a Ag atom 
is about 32% larger than that of Si. So, apart from creating 
defects in the adjoining areas, there will also be a scope for 
creation of vacancies (missing atoms) when silver tries to 
settle inside silicon matrix. In a nutshell, whether the dif-
fusion is substitutional or interstitial, the process generates 
considerable localized stress creating lattice defects. This 
may give rise to super-lattice structures with much larger 
d spacings than normal Si/Ag. Therefore, we expect to 
see extra spots much closer to the central spot, indicating 

larger d-spacing as shown in Fig. 7c. Since silver nano-
structures are embedded “endotaxial” in orientation with 
Si in all directions, super-lattice reflections all round the 
center spot in line with parental reflections can be seen.

4  Conclusion

The fabrication and HRTEM characterization of embedded 
silver nanostructures have allowed to deduce the follow-
ing conclusions relevant to both basic surface/interface 
science and industrial applications:

(a) Even in the absence of a  GeOx layer, it is possible to 
fabricate such embedded structures, provided energy 
of the ion implanted is chosen so that end of range 
coincides with the  SiOx/Si interface. Ag atoms are 
implanted either very close to interface or inside the Si 
matrix itself.

(b) Absence of an overlayer of the metal to be embedded 
(unlike several previous cases) helps in avoiding sur-
plus supply of metal atoms into the silicon substrate. 
Ion implantation gives the liberty to choose right 
amount of silver atoms to be put into Si matrix which 
is crucial to many applications including thermoelectric 
applications in which optimum molar concentration of 
metal atoms is necessary so that heat-carrying phon-
ons can be sufficiently scattered without affecting the 
charge transport.
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Fig. 7  a, b ‘V’-shaped planar defect lying adjacent to a silver-embedded structure; c super-lattice structures with much larger d spacings than 
normal Si/Ag (extra spots much closer to the central spot)
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