
Chapter 4

Fabrication of Nanoporous Silicon by Ion
Implantation

T.S. Kavetskyy and A.L. Stepanov

Abstract Ion implantation is an advanced new technological method for the

fabrication of nanoporous silicon material with metal nanoparticles. The method-

ology of this technique is developed by Ag+-ion implantation with an energy of

30 keV and a dose of 1.5�1017 ion/cm2 into a polished monocrystalline silicon

substrate. By using Raman spectroscopy, SEM and AFM measurements it is found

that amorphous layers of porous silicon (PSi) with an average size of the porous

holes on the order of 150–180 nm, a depth of about 100 nm and a wall thickness of

about 30–60 nm are formed on the Si surface as a result of ion irradiation. Ion

implantation is also applied to locally modify the surface of Si to create periodic

plasmonic PSi microstructures with Ag nanoparticles with a diameter of 5–10 nm.

The results obtained clearly demonstrate how low-energy ions can be used for the

fabrication of photonic microstructures on Si surfaces in a single-step process,

similarly as it was recently done for Cu+-ion implanted silica glass.
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4.1 Introduction

Porous silicon (PSi) is one of the most widely studied modern structured materials

whose application in micro, nano, and optoelectronics, as well as in sensorics,

biosensorics, and solar cells, is very promising [1]. Such PSi layers were first

obtained in the mid-1950s at Bell Labs [2], but it were not seriously used until
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the discovery of their strong luminescent properties in 1990 [3]. Prior to this

discovery, PSi was almost exclusively considered as insulating layer devices in

the microelectronics industry. The detail advantages of PSi vs. silicon are observed

in literature very well [4, 5]. Therefore, searching for new techniques to obtain PSi

and improving the corresponding methods, existing for synthesis of such structures,

is a topical problem now.

In the past, there were only two main technological methods for the production

of PSi structures: electrochemical etching and chemical stain etching [4, 5]. Thus,

PSi could be chemically created on silicon under appropriate conditions with

porous sizes of a few nanometers to micrometers [1, 6]. Both the porosity and the

pore morphology of PSi are greatly influenced by the electrochemical and chemical

stain etching parameters such as temperature, current density, light illumination and

so on.

The use of ion implantation with ions of rare gases to obtain nanodimensional

PSi layers at the surface of monocrystalline silicon is also known. The solubility of

rare gases in solids is very low and does not exceed a level of 1016 ions/cm2. The

gettering of gas bubbles from the matrix gas ions in irradiated polymer materials

leads to the formation of nanopores (free volumes, nanovoids) [7]. In the case of

silicon the implanted silicon wafers are subjected to thermal annealing in order to

stimulate the nucleation and growth of pores from implanted gas ions [8]. This

technique for the formation of pores at the surface of silicon was demonstrated

earlier for implantation with ions such as He+ [9], H+ [10], Ne+ [11], Ar+ [12] and

Kr+ [11, 13].

Additionally, recently interest for silicon nanostructures containing noble metal

nanoparticles has developed. It was initiated since metal nanoparticles with local-

ized surface plasmon modes demonstrate a specific option to enhance the recom-

bination rate of silicon light emitters to increase the efficiency of

photoluminescence and internal quantum yield effectively, etc. [6, 14–16]. Silver

nanoparticles (AgNPs) are the subject of increasing interest due to their strong

plasmon resonance in the visible spectrum [17, 18]. For example, PSi samples

coated with a layer of AgNPs showed after their electrochemical etching that the

photoluminescence intensity remarkably increases [19], and the reflection of inci-

dent light with wavelengths below 1,100 nm can be reduced to use them for

antireflection devices [20] or surface-enhanced Raman scattering of some organic

molecules adsorbed on AgNP-PSi structures [15].

Instead of using simple silicon as the substrate for AgNPs deposition on the top

of a sample, the ion implantation technique can be used to form AgNPs in the

silicon volume as in the case of ion-irradiated silica glasses or polymers [18, 20–

24]. Earlier, in experiments described [25, 26] Ag-ion implantation into crystalline

silicon wafers and nanocrystalline silicon layers with an energy of 30–35 keV and a

rather low dose of 5.0�1015 ions/cm2 was performed. Then AgNPs in the silicon

matrix were synthesized after thermal annealing of the implanted samples at

500 �C. In another work [27], Ag+-ion implantation of silicon using a conventional

metal vapor vacuum arc (MEVVA ion source, which produces a mixture of Agn+

ions) was applied with a higher dose of 2.0�1017 ions/cm2 to create AgNPs.

36 T.S. Kavetskyy and A.L. Stepanov



As will be discussed here and was shown in the literature [28], the physical

technique of metal-ion implantation was not used before 2013 in practice for the

fabrication of PSi [29]. A successful experiment of synthesis of PSi with implanted

Ag nanoparticles was demonstrated, for the first time, in [29, 30]. A detailed

description of the technological approach and new results obtained for AgNP-PSi

structures are presented and explained in this contribution.

4.2 Experimental Procedure

Single crystalline p-type (100)-oriented silicon wafers were used as substrates for

Ag+-ion implantation to create PSi structures. Before implantation the substrates

were cleaned by a wet chemical etching process. The silicon wafers were implanted

with Ag+ ions at the energy of 30 keV and an ion current density of 4 μA/cm2 with

doses in the range from 7.5�1016 to 1.5�1017 ions/cm2 using the ion accelerate “ILU-

3” at a residual pressure of 10�5 Torr and room temperature.

In an additional experiment, in order to reveal effects of sputtering or swelling of

the surface, some silicon substrates were implanted through a mask consisting of a

nickel mesh grid with square holes and a bar width of 20 μm. The mask was

imposed onto the substrate during implantation to form a structure of irradiated

and non-irradiated parts of the silicon surface. In this way, selectively implanted

regions were prepared next to unimplanted ones in order to perform step-height

profilimetry.

The depth distribution profiles of the Ag atoms and the damage level in the

implanted silicon were modeled using the simulation-program “Stopping and

Range of Ions in Matter” (SRIM-2013) [31].

The morphology of the implanted structured silicon surfaces were characterized

in plan-view by scanning electron microscopy (SEM) using a high-resolution

microscope (Merlin Carl Zeiss) combined with ASB (angle selective backscatter-

ing) and SE InLens (secondary electrons energy selective backscattering) detectors;

in addition it was also equipped with a AZTEC X-MAX energy-dispersion spec-

trometer from Oxford Instruments for energy-dispersive X-ray spectroscopy (EDX)

analysis.

The crystallinity of the implanted silicon structure was estimated from Raman

spectra recorded with a DFS-52 spectrometer at room temperature, excited by a

continuous argon laser LGN-502 with a wavelength of 448 nm and a radiation

power of 50 mW.

Surface morphology observations and measurements of the profile and depth of

pores (cross sections) in PSi were carried out by an Innova Bruker atomic-force

microscope (AFM). A quantitative evaluation of the size of the pores was carried

out by histograms with the size distribution using the Axio Vision computer

software for processing SEM images according to the method described in [32].

The focused ion beam technique (FIB) was applied to provide milling of the

implanted silicon surface for analyzing the sample depth by Auriga CrossBeam
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Workstation Carl Ziess (FIB-SEM) with a 30 keV Ga liquid metal ion source at

normal incidence. By this approach a square of 2� 2 μm2 on a PSi surface was

written with a ion current density of 50 nA/cm2 that did not heat the sample but

effectively sputtered the implanted surface.

4.3 Results and Discussion

4.3.1 Vacancies and Ion Depth Distribution

Ion implantation is a widely applied technique used for controlled in-depth doping

of various metals, dielectrics, and semiconductors by embedding into them ener-

getically accelerated ions of various chemical elements [1]. According to SRIM

simulations, during ion bombardment a vacancy-rich region and an accumulation of

implanted ions can be formed close to the surface in the irradiated matrix (Fig. 4.1).

The mean penetration range Rp
Ag of 30 keV accelerated Ag+-ions in a silicon

substrate is about 26 nm with a longitudinal straggling ΔRp
Ag of 8 nm with a

Gaussian depth distribution (Fig. 4.1a). Thus, the predicted thickness of the mod-

ified silicon surface layer Rp + 2ΔRp is about 42 nm.

Wang and Birtcher [33] assumed that during ion implantation porous structures

in various semiconductors can result from nucleation of small voids in the irradiated

materials by vacancy generation. Therefore the vacancy depth distribution for

silicon implanted with Ag+ ions was also simulated by SRIM (Fig. 4.1b), which

shows a profile similar to the ion distribution for such low energies. Analyzing the

SRIM modeling, however, should take in account that the depth distribution of

Ag-ions and vacancies obtained correspond to an implantation process in an

Fig. 4.1 Depth ion distribution of Ag-ions implanted (a) and generated vacancy profiles (b) in
silicon with energy of 30 keV calculated using the SRIM code
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uniform silicon matrix before nucleation and growth of PSi (for ion doses less than

1.0�1016 ions/cm2). As will be shown below, a prolonged irradiation results, simul-

taneous with the formation of PSi and the segregation of silver near the surface, in

silicon sputtering.

4.3.2 SEM Study of PSi Structure

Figure 4.2a shows a plane-view SEM image of unimplanted silicon, which looks

very smooth without any surface structural inhomogeneity.

The results of the creation of pores on the silicon samples are observed by plan-

view SEM images (Fig. 4.3). In contrast to unimplanted silicon (Fig. 4.2) the

characteristic PSi surface structures show the appearance of black holes in the

implanted silicon region. They consist of nearly cellular features separated by

rather thin walls with thicknesses about 30–60 nm. Such features are clearly

resolved for all samples formed by various Ag-ion dose irradiations: 7.5�1016,
1.0�1017 and 1.5 �1017 ions/cm2. Uniform pore distributions with distinguished

sharp holes were observed for all implanted surfaces on silicon-implanted samples.

The size of the pores was measured by counting the number of holes in several

micrographs, taking into account all visible holes boundaries and subtracting those

holes that intersects an edge of the SEM image. From this, the size of the pores was

estimated. It can be seen that mean pore size (black holes) increase in magnitude

with increasing Ag-ion doses. White spots in these SEM figures correspond to a

material with a higher density compared to silicon which suggests them to be

AgNPs.

Figures 4.2b and 4.4 present EDX spectra recorded on the examined

unimplanted silicon and on PSi structures with AgNPs fabricated with the highest
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Fig. 4.2 SEM image (a) and EDX characteristic spectrum (b) of unimplanted silicon
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Fig. 4.3 SEM images of PSi fabricated by Ag+-ion implantation into silicon with various doses:

(a) 7.5�1016; (b) 1.0�1017 and (c) 1.5�1017 ions/cm2

Fig. 4.4 EDX characteristic spectrum of PSi fabricated with an ion dose of 1.5�1017 ions/cm2. The

visible EDX peaks confirm the presence of Ag in the synthesized PSi structures

40 T.S. Kavetskyy and A.L. Stepanov



ion dose, respectively. Such EDX spectra for implanted samples were recorded in

the surface area outside the black holes of the silicon pores. In contrast to the EDX

data for unimplanted silicon, in the middle part of the presented spectrum of PSi

four peaks located between 2.5 and 3.5 keV are clearly seen. These maxima are

characteristic for Ag. It was observed that the intensity of the EDX Ag peaks

increases with increasing implantation dose which means a growing Ag concentra-

tion in the silicon samples. The appearance of Ag peaks is in consistence with

the white spots in the SEM images of the PSi (Fig. 4.3), which correspond to AgNPs

synthesized in PSi during ion implantation. As shown in the present study,

using selected conditions for low-energy Ag-ion irradiation of silicon, AgNPs

can be fabricated without post-implantation thermal annealing, which was earlier

done in [25, 26].

For the applied FIB conditions of PSi treatment, the mean penetration depth

of Ga+-ions implanted into silicon was obtained by SRIM calculation,

which gives a value Rp
Ga¼ 28 nm with a straggling ΔRp

Ga of 10 nm in the

Gaussian depth distribution. Figure 4.5 shows a SEM image of a FIB-milled

cross-section of an irradiated area of the surface with PSi from Fig. 4.3c. The

whole thickness of the affected layer is about 1 μm. On the walls short columnar

structures (shown by arrows) with an approximate size of several tens of

nanometers could be recognized, which is expends from the surface to the

depth of the sample.

Fig. 4.5 SEM image of a sample surface with PSi structures (as in Fig. 4.3a) fabricated with an

Ag+-ion dose of 1.5�1017 ions/cm2 after FIB treatment with Ga ions. The arrows show the top

positions of vertically continued structures on the walls of the FIB-milled cross-section
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Figure 4.6 shows SEM images with various scales of the silicon surface

implanted with silver ions. In contrast to the initial polished substrate, the mor-

phology of the irradiated silicon surface is determined by the typical PSi structure.

As can be seen from Fig. 4.6a, the PSi layer formed by implantation looks very

homogeneous on a rather large scale (tens of microns). Reducing the scale

(Fig. 4.6b) allows to estimate the average diameter of the pore holes (black in

the image) to about 150–180 nm, as follows from the histogram of the pore

size distribution presented in Fig. 4.7. The thickness of pore walls is estimated to

be on the order of 30–60 nm. A further decrease of the scale (Fig. 4.6c) indicates the

formation of implantation nanoinclusions (white) in the structure of the PSi walls

with an average size on the order of ~5–10 nm. Since heavier chemical elements

recorded by the detector of backscattered electrons are shown in the SEM micro-

photographs in a lighter tone, for a composite material composed of silicon atoms

and implanted silver, it is possible to conclude that the white regions observed on a

dark background (signals from silicon) are due to metallic silver in the form of

nanoparticles (Fig. 4.6c). In this case it should be noted that silver atoms do not

form any chemical compounds with silicon, similar to silicides of metals (cobalt,

iron, etc.).

Fig. 4.6 SEM images of a PSi structure fabricated with a dose of 1.5�1017 ions/cm2 presented with

different scales: (a) 1 μm; (b) 100 nm; (c) 10 nm
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Figure 4.8 shows Raman spectra of the polished monocrystalline Si substrate and

a PSi structure fabricated with a dose of 1.5 � 1017 ions/cm2. By using Raman

measurements of Ag+-irradiated and non-irradiated silicon, it is demonstrated that

the peak at a frequency of ~520 cm�1, associated with scattering of optical phonons

in the crystalline silicon matrix [34], disappears after ion implantation completely,

thus characterizing the formed PSi layer as amorphous [35].

Fig. 4.7 Histogram of the

pore size distribution in a

PSi structure (Fig. 4.6b)

formed by implantation of

silicon with silver ions

Fig. 4.8 Raman spectra of a polished monocrystalline Si substrate and a PSi structure fabricated

at a dose of 1.5�1017 ions/cm2
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4.3.3 AFM Study of PSi Formation

Additional information proving the formation of PSi by implantation of silicon with

Ag ions was obtained by AFM measurements. Figure 4.9a shows the AFM image

observed from a fragment of the PSi surface, looking typically for porous structures

in the case of AFM experiments [13]. Figure 4.9b gives the profiles of cross sections

of individual pores measured in the directions shown in Fig. 4.9a, they allow an

estimation of the depth of pores amounting to a value on the order of 100 nm. Thus,

we can conclude that, as a result of silicon implantation with silver ions, charac-

teristic pores are formed comparable with the relatively shallow pores in PSi

obtained by an electrochemical method in highly diluted solutions of hydrofluoric

acid [4].

4.3.4 PSi Structure Fabricated Through Mask

In order to estimate the steps formed at the interface between irradiated and

non-irradiated regions of silicon by surface swelling or its sputtering during the

ion implantation, in particular by the formation of pores in semiconductors, for

example in germanium by irradiation with germanium ions, implantation through a

mask is commonly suggested [28]. The formation of periodic plasmonic micro-

structures with metal nanoparticles with a diameter of 5–10 nm due to low-energy

ion implantation in a single-step process was recently demonstrated in the case of

Cu+-ion implanted silica glass with different sizes of the grid mask [36, 37].

SEM images of a silicon surface containing fragments of PSi microstructures

formed in this work by implantation with silver ions with a dose of 1.5�1017 ions/
cm2 through a mask are shown in Fig. 4.10. As can be seen from the Fig. 4.10a, b,

rectangular light-gray PSi regions were formed at the surface of silicon as a result of

the implantation, which were confined by dark strips of non-irradiated crystalline

silicon. A 3D reconstruction of a part of the sample close to an edge of the mask is

presented in Fig. 4.10c, giving direct evidence for sputtering of the Ag+-ion

implanted silicon surface. In a first approximation, it can be speculated that the

volume expansion is related to a mechanism simply governed by the nuclear energy

deposition, which is usually measured in displacements per atom [33]. An AFM

image of a fragment of a sample comprising a region of several square holes of the

mask in 3D projection is shown in Fig. 4.11. As can also be seen from these figures,

an efficient sputtering of the silicon-substrate surface takes place during the

implantation of silicon with silver ions and the formation of a porous structure.

Earlier, sputtering and erosion of silicon surfaces were observed by their irradiation

with argon ions in an energy range of 50–140 keV [38]. However, there was no

information about the formation of pores in this publication. As a result of implan-

tation with Ag ions, holes and steps are formed at the interface between silicon and

PSi in the irradiated part of silicon.
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Fig. 4.9 (a) AFM images of the PSi surface obtained by silicon implantation with Ag ions and

(b) profiles of individual pores measured on the directions shown in (a)
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Fig. 4.10 (a) and (b) SEM images (with different scales) of structures with PSi (light gray)
fabricated with an Ag+-ion dose of 1.5�1017 ions/cm2 through a nickel mesh mask. (c) 3D SEM

reconstruction of a step area that demonstrating sputtering of the silicon surface during Ag-ion

implantation
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Fig. 4.11 (a) and (b) 3D fragments of an AFM image of the surface in the mask region, which

demonstrates the sputtering of silicon
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It is known that for a critical, rather low implantation dose, silicon undergoes a

phase transition from a crystalline to the amorphous [39, 40]. As seen from the

results reported in this work, at higher doses the amorphous silicon layer transforms

to a porous structure with AgNPs. Thus, for the first time in practice it is demon-

strated by the present experiments that PSi growth is stimulated by high-dose metal-

ion implantation. This new result for silicon can be considered to be consistent with

published data for porous semiconductors, in particular for germanium fabricated

during an ion implantation process [28, 41–43] and, thus, a similar suited possible

method for PSi structuring can be considered also. Sputtering effects (Figs. 4.10 and

4.11) seem to be important to determine the mechanism of PSi formation; this is

somewhat unexpected, since it is known that by formation of pores in implanted

semiconductors (germanium), an opposite phenomenon was observed: the swelling

of the surface [28]. Therefore, the proposed mechanism of pore formation in

implanted germanium based on the generation of vacancies in the irradiated

semiconductor, which join the pores, cannot be merely transferred to the matrix

of Si implanted with silver ions.

Despite PSi creation by metal-ion implantation of silicon, in the case of germa-

nium there was a great debate over the past 30 years regarding the mechanisms

governing the formation of porous semiconductor structures in ion-implanted

germanium [44]. Currently, there are two main theories of void formation for

germanium: vacancy clustering and the so-called “microexplosions”. The vacancy

clustering theory involves an inefficient recombination of germanium point defects

during ion implantation, where, once a critical point defect density is created by ion

implantation, excess vacancies cluster into pores in order to minimize the dangling

bond density. In contrast, the microexplosion theory is based on the creation of

voids through pressure waves and thermal spikes caused by the overlap of ion

cascades [44].

Therefore, in principle, it is possible to determine which theory better models the

formation of voids and pores in silicon by selecting appropriate implant conditions

and observing the resulting microstructure after ion implantation.

4.4 Conclusions

In this work a completely new technique used to obtain PSi layers with silver

nanoparticles at the surface of monocrystalline silicon by a low-energy high-dose

implantation was demonstrated. Ion implantation is one of the basic techniques

used in industrial semiconductor microelectronics for the formation of various

types of silicon nano- and microdevices. Therefore, the proposed new physical

technique for the formation of PSi, in contrast to the well-known chemical

approaches, has the advantage of being rather easily integrated into a modern

industrial process for improving the technologies of the fabrication of

microcircuits.
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As follows from the results presented in this work, in our experiments PSi

structures with silver nanoparticles were successfully obtained without a chemical

technique in solution. Evidently, the further steps in improving this type of com-

posite materials must consist of an optimization of the fabrication processes and, in

particular, searching for correlation features between structural parameters and the

characteristics of optical, plasmon, photoluminescence, and sensor properties of the

new porous structures.
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