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Abstract

Recent experiments on fabrication of nanoporous Si and Ge layers with Ag nanoparticles by low-energy high-dose ion
implantation are discussed. Ag+-ion implantation of single-crystal c-Si and c-Ge at low-energy (E = 30 keV) high-
doses (D = 1.25-107 - 1.5-10" ion/cm?) and current density (J = 2-15 uA/cm?) was carried out for this purpose. The
changes of Si and Ge surface morphology after ion implantation were studied by scanning electron and atom-force
microscopy. The near surface area of samples was also analyzed by diffraction of the backscattered electrons and energy-
dispersive X-ray microanalysis. Amorphization of near-surface layer was observed at the lowest implantation doses
of ¢-Si. Ag nanoparticles were synthesized and uniformly distributed over the near Si surface when the threshold dose
of 3.1-10" ion/cm? exceeded. At a dose of more than 10" ion/cm?, the formation of a surface nanoporous PSi structure
was detected. Ag nanoparticle size distribution function became bimodal and the largest particles were localized along
Si-pore walls. In the case of Ge substrates, as a result of the implantation on the c-Ge surface, a porous amorphous
PGe layer of a spongy structure was formed consisting of a network of intersecting Ge nanowires with an average
diameter of ~ 10-20 nm. At the ends of the nanowires, the synthesis of Ag nanoparticles was observed. It was found that
the formation of pores during Ag*-ion implantation was accompanied by efficient spattering of the Si and Ge surface.
Thus, ion implantation is suggested to be used for the formation of nanoporous semiconductor thin layers for industry,

which could be easily combined with the crystalline matrix for various applications.
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Introduction

Porous germanium (PGe), discovered experimentally by the first
time in 1971 is now widely used in optoelectronics to create solar
cell elements as is the case of Si. Several technologies have been
developed to create PGe layers, such as electrochemical treatment
of single-crystal ¢-Ge in highly concentrated electrolytes plasma-
stimulated chemical vapour deposition spark discharge method
thermal annealing of GeO, ceramic films in a hydrogen atmosphere
and others [1-6].

A high-dose implantation by various ions in vacuum is a specific
effective nonchemical technique for nanoscale fabrication of thin
PGe layers on the ¢-Ge surface. The first direct evidence of the
PGe formation by such technological approach was obtained by
the electron-microscopic observations, while c-Ge was irradiated
by Ge*-ions at 50 keV [7]. Subsequently, the porous structure was
recorded, as shown in the review [8], as amorphous (a-Ge) and as
c-Ge substrates by low-energy high-dose (> 1 MeV) implantation
with variety of ions: Ga*, Ge', Mn*, Ni*, In*, Sn*, Sb", I, Au* and
Bi". It should be mentioned some publications in which the Ag*-ion
implantation at high energies of 100 MeV, but rather small doses
in the range of 5.0-10'2 - 2.0-10* ion/cm?, was used to create PGe

layers and to produce their crystallization [8,9].

The present paragraph also addresses to the creation of PGe layers
by the ion implantation method, but the main goal is to synthesize
Ag nanoparticles simultaneously with the PGe structure (Ag:PGi).
For this purpose, the low-energy (<100 keV) high-dose (> 1.0-10""
ion/cm?) Ag" -ion implantation of c-Ge was applied, similar to the
fabrication of porous Si layers with Ag nanoparticles by ion irradiation
of c-Si. The special interest in porous semiconductor structures with
noble metal nanoparticles showing Plasmon resonance properties
was drawn due to their multiple prospective uses: to increase the
absorptivity in solar cells, to improve photoconductivity, to generate
electron-hole pairs, etc.

Polished c-Ge substrate with thickness of 0.5 mm was used to obtain
a structured surface Ag:PGe layer. For this purpose, the implantation
of ¢-Ge was carried out by Ag” ions with an energy of 30 keV and
irradiation dose of 1.5-10' ion/cm? , current density of 5 pA/cm?
with the ion accelerator ILU-3 at room temperature.

Due to the peculiarities of ion implantation, the distribution of
implanted ions in the irradiated material is not homogeneous
along the sample depth. Therefore, using the computer program
SRIM-2013 for modelling the implanted ions profile and generated
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vacancies in depth of irradiated matrices, the corresponding
distributions for the case of Ag™-ion implantation with an energy
of 30 keV into Ge were calculated (Figure 1a)). It is found that in
the initial period of irradiation in the near-surface region of Ge there
is an accumulation of Ag atoms with a maximum of the statistical
Gaussian concentration distribution in the sample depth given by
R ~14.6 nm, and the straggle of the ion range from Rp is ARp ~
6.9 nm (Figure 1a). The effective thickness of the implanted layer
is estimated as Rp + 2ARp = 28.4 nm. However, as will be shown
below, prolonged ion irradiation of ¢-Ge, simultaneously with the
formation of PGe and the segregation of Ag at the sample surface,
leads to an effective Ge sputtering. The profile of the generated
vacancies in Ge during Ag*-ion implantation has the same Gaussian
shape and practically coincides with the distribution of Ag” ions in
the depth of the sample (Figure 1b).
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Figure 1: Simulated depth distribution profiles of implanted Ag+-
ions (a) and generated vacancies (b) in irradiated Ge.

SEM images of the Ge surface implanted with Ag* ions presented
with various scales are shown in Figures 2 and 3. Unlike the virgin
polished c-Ge substrate (the right-hand side in Figure 2b), the
morphology of the irradiated surface is the highly developed open
porous spongy structure (the left-hand side in Figure 2b). It should
be noted that a similar spongy structure of PGe was formed by
implantation of c-Ge, for example, by Bi*-ion with an energy of 30
keV [8]. However, it significantly differs from the columnar type PGe
formed by implantation with a lighter Ge* ion at low energies [11,
12]. In principal, the possibility of creating pores by implantation
with Ge" self-ions indicates that the formation of pores takes place
not due to impurity, but because of some specific energy conditions
during the irradiation process, which could be either assumed also
for our case Ag:PGi, although heavy implants such as Ag could
stimulate the appearance of a generally spongy structure [13].

The morphological homogeneity of the Ag: PGe surface observed
over a rather large area of the sample in tens of microns (Figure
2a) indicates that the porous structure is not a random local artifact
of surface change during implantation, and could be characterized
by the concept of scalability important for certain technological
applications. EDX microanalysis of the implanted c-Ge surface is
characterized by a spectrum with Ag peaks in the energy range of
2.5-3.5 keV (insert in Figure 2a, which were not observed in the
spectrum of unirradiated c-Ge. As the scale of the surface fragment
increases (Figures 2b), a pore structure consisting of interlacing Ge
nanowires (gray color) with average diameter of about 10-20 nm
could be seen more clearly. At the ends of Ge nanowires, close to
spherical ion-synthesized nano fragments - nanoparticles (bright
spots) with sizes of ~ 20-30 nm were observed. To make it clear,
some of these nanoparticles are marked in Figure 3a by circles.Since

heavier chemical elements detected by the backscattered electron
detector are shown in SEM images in a brighter tone color, for a
composite material consisting only of Ge atoms and implanted Ag
one, it can be assumed that the circled bright spots are determined as
the ion-synthesized metallic Ag in the form of nanoparticles Figure
3a. It should be noted that the solubility of Ag in Ge is extremely
small (~ 10'¢ at/cm™), and for the dose of 1.5-10" ion/cm? used in this
study, by analogy with various implanted dielectrics, the generation
of Ag nanoparticles in Ge is quite realistic. Here with, atoms of Ag
and Ge do not form any chemical compounds.
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Figure 2: SEM images, shown at different scales, of the Ag:PGe
surface obtained by low-energy high-dose Ag*-ion implantation
into c-Ge.

The inset in Figure 1a shows the EDX spectrum. The right-hand
side of Figure 1b demonstrates the non-irradiated area of the virgin
c-Ge substrate, and the left corresponds to implanted Ag:PGe region.
Corresponding inserts are represented by the EBSD patterns.

The inset in Figure 2b (on the right side) shows the experimentally
observed EBSD picture of the Kikuchi diffraction from the virgin
¢-G. It means that the c-Ge substrate used in this work is characterized
by a single-crystal cubic structure with the parameters a = b = ¢ =
5.66 A and a = f=y=90°. For the implanted region of the Ag:PGe
sample, unlike the Kikuchi diffraction in the form of parallel lines to
the planes of the crystal lattice bands, a EBSD pattern is observed
from the wide diffuse rings (the insert on the left in Figure 2b of
the amorphous layer PGe.
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Figure 3: SEM images, shown at different scales, of the Ag:PGe
surface with ion-synthesized Ag nanoparticles.

The morphological homogeneity of the Ag: PGe surface observed
over a large enough area of the sample in tens of microns (Figure 2a)
indicates that the porous structure is not a random local artifact of
the surface change during implantation, and could be characterized
by scalability important for certain technological applications. EDX
microanalysis of the implanted c-Ge surface is characterized by a
spectrum with Ag peaks in the energy range of 2.5-3.5 keV (insert
in Fig. 2a, which were not observed in the spectrum of unirradiated
c-Ge. As the scale of the surface fragment increases (Figures 2b),
a pore structure consisting of interlacing Ge nano wires (gray
colour) with average diameter sizes of about 10-20nm could be seen
more clearly. At the ends of Ge nanowires, close to spherical ion-
synthesized nanofragments - nanoparticles (bright spots) with sizes
of ~20-30 nm are observed.For clarity, some of these nanoparticles
are marked in Figure 3a by circles.Since heavier chemical elements
detected by the backscattered electron detector are shown in SEM
images in a brighter tone colour, for a composite material consisting
only of Ge atoms and implanted Ag one, it can be assumed that the
circled bright spots are determined as the ion-synthesized metallic
Ag in the form of nanoparticles (Figure 3a). It should be noted that
the solubility of Ag in Ge is extremely small (~ 10'¢ at/cm™), and
for the dose of 1.5-10"" ion/cm? used in this study, by analogy with
various implanted dielectrics, the generation of Ag nanoparticles
in Ge is quite realistic.Herewith, atoms of Ag and Ge do not form
any chemical compounds.

Implantation through a mask is traditionally used in order to evaluate
the emerging step on the boundary between the irradiated and non-
irradiated regions of a sample, due to sputtering or swelling of the
surface, in particular when creating pores in semiconductors, for
example, when Ge is irradiated with Ge" self-ion, implantation

through a mask is traditionally used [8, 14]. The SEM images of
the Ge surface containing fragments of PGe microstructures formed
by Ag*-ion implantation through a mask are shown in Figure 4.
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Figure 4: SEM images, shown at different scales, of periodic
microstructures on the c-Ge surface with PGe areas obtained by
Ag" ion implantation through a mask.

For the purpose of an independent evaluation of the topology of the
surface after implantation, observations were made at different scales
and with two different electron microscopes SU 8000 (Figures 4a
and 4¢) and Merlin (Figure 4b). As it can be seen from these images,
implantation on the ¢-Ge surface results in the formation of square
immersed areas of PGe, bounded by the walls of the unirradiated
c-Ge, which indicates the effective sputtering of the Ge surface rather
than its swelling. The SEM image, with a largest magnification at
the corner of the square cell (Figure 4c) clearly demonstrates the
formation of spongy PGe in the implanted area of the cell.

A fragment of the sample, covering a region of several square mask
cells, represented in the 3D projection of AFM image of an implanted
Ag:PGe, is shown in Figure 5. As seen from this figure, during the
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Ag'-ion implantation of c¢-Ge simultaneously with the formation
of the porous structure, an effective sputtering of the surface of the
c-Ge substrate occurs, which confirms the SEM results (Figure 4).

Figure 5: 3D fragment of the AFM image of the ¢-Ge surface in
the mask region, demonstrating Ge sputtering during implantation
In this case, a step on the boundary between c-Ge walls and sputtered
PGe area are formed. According to the AFM profile measurement
the depth of sputtering sample sections is estimated to be ~ 200 nm.

From the mass ratios of Ge and Ag atoms for case of low
implantation energy (30 keV), it could be assumed that the nuclear
collisions of Ag" ions with the substrate Ge atoms dominate, and as
a result, the latter are sputtered by the direct knockout mechanism
from the target. This fact is important from the point of view of
determining the pathways for the formation of PGe, and it turns
out to be somewhat unexpected, because of, as it was previously
shown, the formation of pores in c-Ge implanted with Ge" self-ions
was accompanied by the opposite phenomenon, surface swelling.
Therefore, the mechanism for the formation of pores in implanted
c-Ge, based on the generation and unification of vacancies in an
irradiated semiconductor, proposed for example in could not be
simply transferred to the case of implantation of ¢-Ge with heavy
Ag" ions, as in the present study [8].

Thus, in this paragraph, a technique for obtaining PGe layers with
Ag nanoparticles on the c-Ge surface using low-energy high-
dose implantation was demonstrated. It was found that Ag*-ion
implantation leads to the sputtering of the surface on which a spongy
amorphous porous structure with metal nanoparticles is formed. Ion
implantation technology is currently one of the main techniques used
in industrial semiconductor microelectronics to form various types
of Ge nano- and micro-devices. Therefore, the suggested method
of obtaining PGe by irradiation with Ag” ions, unlike chemical
approaches, has advantages as it can be easily integrated into the
modern industrial process to improve the manufacturing microchips
technology.

Conclusion

The study presents the novel data that refers to the technique of
porous fabrication on Si and Ge wafers combined with Ag NPs, which
are nucleated and growth inside PSi walls, using low energy high
dose ion implantation. The advantage of the presented technology
is that it suggests a physical preparation method of semiconductor
porous structures without any chemical solution, which is almost
not used for microelectronics and chip preparation. Additionally,
nowadays ion implantation is widely used in modern microprocessor

preparation industry. Therefore, suggested technology of PSi a PGe
fabrication can be easily integrated into practice and combined with
implantation technique.

Acknowledgment
This work was financially supported by the Russian Science
Foundation No. 17-12-01176.

References

1. Donovan T M, Heinemann K (1971) High-Resolution Electron
Microscope Observation of Voids in Amorphous Ge. Phys Rev
Lett 27: 1794-1797.

2. Rojas E G, Hensen J, Carstensen J, Foll H, Brendel R (2011)
Porous germanium with Ag nanoparticles formed by ion
implantation ESC Transactions 33: 95-102.

3. Flamand G, Poortmans J, Dessein K (2005) Formation of porous
Ge using HF-based electrolytes. Phys Stat Sol (C) 2: 3243-3247.

4. Shieh J, Chen HL, Ko T S, Cheng H C, Chu T C (2004)
Nanoparticle-assisted growth of porous germanium thin films.
Adv Mat 16: 1121- 1124.

5. Kartopu G, Bayliss S C, Hummel R E, Ekinci Y J (2004)
Simultaneous micro-Raman and photoluminescence study of
spark-processed germanium. Appl Phys 95: 3466-3472.

6. Jing C, Zhang C, Zang X, Zhou W, Bai W (2009) et al.,
Fabrication and characteristics of porous germanium films.
Sci Technol Adv Mater 10: 65001-1 - 65001-6.

7. Wilson I H J (1982) The effects of self-ion bombardment
(30-500 keV) on the surface topography of single-crystal
germanium. Appl Phys 53: 1698-1705.

8. Bottger R, Heinig K H, Bischoff L, Liedke B, Facsko S (2013)
From holes to sponge at irradiated Ge surfaces with increasing
ion energy - An effect of defect kinetics?. Appl Phys A 113:
53-59.

9. Som T, Ghatak J, Sinha O P, Sivakumar R, Kanjilal D (2008)
Recrystallization of ion-irradiated germanium due to intense
electronic excitation. J Appl Phys 103: 123532-1 - 123532-5.

10. Hooda S, Khan S A, Satpati B, Strange D, Buca D et al., (2016)
Effect of ion beam parameters on engineering of nanoscale
voids and their stability under post-growth annealing. Appl
Phys (A) 122: 227-1-227-7.

11. Romano L, Impellizzeri G, Tomasello M V, Giannazzo F,
Spinella C et al., Relationship between nanoscale roughness
and ion-damaged layer in argon plasma exposed polystyrene
films. J Appl Phys 107: 84310-1 - 84310-5.

12. Cavalcoli A, Fraboni B, Impellizzeri G, Romano L, Scavetta E
etal., (2014) Porous germanium with Ag nanoparticles formed
by ion Implantation. Microporous and Mesoporous Mater 196:
175-178.

13. Hooda S, Satpati B, Ojha S, Kumar T, Kanjilal D et al., (2015)
Structural manipulation in Ge by swift heavy ions governed by
electron—phonon coupling strength. Mater Res Exp 2: 45903-
1 -45903-10.

14. Wesch W, Schnohr C S, Kluth P, Hussain Z S, Araujo L L et
al., (2009) Structural modification of swift heavy ion irradiated
amorphous Ge layers. J Phys D: Appl Phys 42: 115402-1 -
115402-5.

Copyright: ©2019 Andrey L Stepanov, et al. This is an open-access article
distributed under the terms of the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

Adv Nanoscie Nanotec, 2019

www.opastonline.com

Volume 3 | Issue 3 | 4 of 4


https://www.opastonline.com/

