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Plasmonic effects associated with metal nanostructures are expected to hold the key to tailoring

light emission/propagation and harvesting solar energy in materials including single crystal silicon

which remains the backbone in the microelectronics and photovoltaics industries but unfortunately,

lacks many functionalities needed for construction of advanced photonic and optoelectronics

devices. Currently, silicon plasmonic structures are practically possible only in the configuration

with metal nanoparticles or thin film arrays on a silicon surface. This does not enable one to exploit

the full potential of plasmonics for optical engineering in silicon, because the plasmonic effects are

dominant over a length of �50 nm, and the active device region typically lies below the surface

much beyond this range. Here, we report on a novel method for the formation of silver

nanoparticles embedded within a silicon crystal through metal gettering from a silver thin film

deposited at the surface to nanocavities within the Si created by hydrogen ion implantation. The

refractive index of the Ag-nanostructured layer is found to be 3–10% lower or higher than that of

silicon for wavelengths below or beyond �815–900 nm, respectively. Around this wavelength

range, the optical extinction values increase by a factor of 10–100 as opposed to the pure silicon

case. Increasing the amount of gettered silver leads to an increased extinction as well as a redshift

in wavelength position for the resonance. This resonance is attributed to the surface plasmon exci-

tation of the resultant silver nanoparticles in silicon. Additionally, we show that the profiles for op-

tical constants in silicon can be tailored by varying the position and number of nanocavity layers.

Such silicon crystals with embedded metal nanostructures would offer novel functional base struc-

tures for applications in silicon photonics, optoelectronics, photovoltaics, and plasmonics. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4916253]

I. INTRODUCTION

Silicon is currently the dominant material in microelec-

tronics and photovoltaics. As the feature size of silicon

microelectronic devices approaching the physical limit, strat-

egies using photons as information carriers for computing

become increasingly attractive. Despite Si having attributes

(e.g., high refractive index, low absorption in the telecom-

munication wavelength) for optical waveguiding, the pro-

gress on implementing photonics in Si has been hindered

largely by the lack of an inexpensive, Si-compatible light

source, which stems from the indirect band gap of Si. This

same property of Si also renders itself an inefficient light

absorber, thus requiring complicated fabrication schemes to

confine light within solar cells as well as expensive solar

tracking systems to concentrate light onto solar cells, both

contributing to the high cost in solar cell manufacturing and

installation.

Owing to their intriguing properties during interactions

with electromagnetic waves, metal nanostructures are

believed to hold the key to manipulating light generation and

propagation in materials.1 Many attempts have been made to

use the surface plasmon properties of metal nanostructures

for enhanced efficiency in light emission or absorption

within Si. Pillai et al. demonstrated an eight-fold enhance-

ment in the efficiency for electroluminescence from a Si

diode coated with silver nanoparticles.2 They were also able

to increase the photocurrent in a 1.25 lm thick silicon-on-in-

sulator cell by one order of magnitude with surface deposited

Ag nanoparticles.3

Despite these promising results, there appear to be some

problems with such approach, limiting a further performance

improvement in Si devices. In order to match the surface

plasmon energy with the Si band gap energy for maximum

coupling efficiency, the size of metal nanoparticles deposited

on the Si surface has to be in the range of a few hundred

nanometers. At such size, a substantial optical loss occurs as

light is strongly absorbed and subsequently converted into

heat within the metal nanoparticles. Another problem with

surface deposited metal nanoparticles is their large separa-

tion from the device active region, which does not enable the

extremely intense electric field within 50 nm around the

nanoparticles, to greatly enhance the optical transition rate in

Si, as predicted theoretically.4,5

A solution to these problems is to place metal nanopar-

ticles below the Si surface and close to the active device vol-

ume, so that the effects of metal nanoparticles on light
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emission and absorption could be fully capitalized on.

Encapsulating metal nanoparticles within an amorphous ma-

terial matrix has been made possible with sequential deposi-

tion of thin films or with non-equilibrium incorporation of

metal atoms (e.g., sputtering). However, it appears a chal-

lenge to form metal nanostructures within a single-crystal

semiconductor like Si.6,7An approach to this end is by

directly implanting a high dose (>1016/cm2) of metal ions in

crystals, followed by annealing to induce metal precipitates

through phase separation. Unfortunately, such high-dose

metal implantation produces an unbearable amount of

defects, typically ending up with an amorphous phase.

Our early work demonstrated a novel method relying on

metal gettering from an Ag thin film deposited at the Si sur-

face to nanocavities created by hydrogen ion implantation to

form Ag nanostructures within Si crystals.8,9 In this paper,

we report a detailed study of the optical properties of Si crys-

tals with embedded Ag nanostructures. Spectroscopic ellips-

ometry (SE) and optical reflection measurements of the

resultant samples reveal modifications to the optical con-

stants and the dispersion relation as compared to the pure Si.

A resonance in optical absorption around 900 nm is detected

and related to the surface plasmon excitation within the Ag

nanostructures. In addition, by varying the H ion energy and

performing multiple implants, multi-layers of Ag nanostruc-

tures can be formed within Si, and their optical properties

are also examined.

II. EXPERIMENTAL

A p-type (resistivity 100 X-cm) Si (100) wafer with a

thin thermally grown oxide layer at the surface was

implanted at room temperature with 45 keV hydrogen ions to

a dose of 2.5� 1016/cm2 using a 400 KV Extrion implanter.

The ion current was kept below �150 nA/cm2 to avoid heat-

ing of sample during implantation. The H concentration peak

was located around 365 nm below the SiO2/Si interface

according to the calculation using the SRIM code. The wafer

was then cut into two portions: one undergoing a post-

implantation anneal for 60 min at a temperature 700–900 �C
in Ar ambient, one without such annealing step. All these Si

samples were deposited with a 4-nm-thick Ag thin film via

thermal deposition, followed by post-deposition annealing in

an argon gas at temperatures 800–900 �C for 60–90 min to

diffuse the surface silver atoms and getter them at the nano-

voids created by H ion implantation. Finally, the top oxide

together with the residual Ag content at the surface was

etched off in a dilute solution (5%) of hydrofluoric acid.

For the two-layer-nanostructure sample, two H ion

implants at 160 and 100 keV were conducted to produce two

nanocavity bands at 1400 and 870 nm, respectively. For the

three-layer sample, an additional 30 keV H implant was done

for generation of the third nanocavity band at the depth

315 nm below the Si surface. These samples with multiple H

implants were deposited on their surfaces with a 8-nm thick

Ag film, followed by annealing to cause gettering of Ag at

the multiple H-implanted locations.

The resultant samples were characterized with RBS and

TEM to determine the position and content of the gettered

Ag. RBS was carried out with a 4-MeV Dynamitron accelera-

tor with 2.5 MeV Heþ ions. TEM imaging was done on a

200 KV JEOL 200CX microscope. For optical characteriza-

tion of samples, spectroscopic ellipsometry measurements

were performed mainly at 65� incidence angle (lower than the

Brewster angle for silicon of �73�) in the spectral range of

245–1700 nm based on a VUV-VASE (vacuum ultraviolet-

variable angle spectroscopic ellipsometer) supplied by J. A.

Woollam Co. and an Ocean Optics spectrometer was used for

reflection spectroscopy in a range of 400–1100 nm.

III. RESULTS AND DISCUSSION

A. Structural and optical characterizations

As shown by the Rutherford backscattering spectros-

copy (RBS) spectra in Figure1, Ag signals are detected from

a depth of �400 nm below the surface after the samples

undergo post-Ag-deposition annealing. The accumulation of

Ag at the H ion range, confirmed by transmission electron

microscopy (TEM) as well, is indicative of the occurrence of

substantial mass transport of Ag atoms from the surface.

Depending on the annealing conditions, the amount of Ag

atoms relocated from the surface to the H implanted region

ranges from �1.0� 1015 to 3.3� 1015/cm2, equivalent to a

few Si monolayers. RBS analysis suggests that Ag atoms is

trapped within the H-implanted layer with � 1% atomic con-

centration over �60 nm thickness in the high Ag content

sample and with �0.3% atomic concentration over 40 nm in

the low Ag content sample. This mass transport process is

initiated by the production of nanometer-sized cavities by H

ion implantation at a location beyond the initial location of

metal atoms as a result of the degassing of molecular hydro-

gen resulting from the accumulation of implanted H atoms at

FIG. 1. (a) RBS spectra showing the

redistribution of Ag atoms from the

surface to the depth corresponding to

the implanted H ion range in Si. (b)

Cross section TEM picture confirming

the presence of Ag nanostructures in

the H-implanted region well below the

Si surface.
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vacancies,10 and the trapping/gettering of metal atoms at the

nanocavity sites well below the metal ion implanted range

due to the presence of a high density of unsaturated dangling

bonds on their inner walls.11,12 In our experiment, the two-

anneal processing scheme leads to a lower efficiency for Ag

gettering than the one-anneal processing. We attribute the

difference to a reduced atomic mobility of Ag in disordered

lattice as opposed to in a fully recovered lattice. This may

also explain a recent observation of increased Ag gettering at

voids with the annealing time used to diffuse Ag from the

surface.13

The ellipsometry spectra for these samples are shown in

Figure 2. All samples exhibit clear oscillatory patterns in

their psi and delta curves, implying the presence of a buried

layer with a distinct refractive index value. The period of the

oscillations is related to the depth of the buried index layer,

which increases with wavelength, as expected for optical in-

terference from two interfaces. The amplitude of the oscilla-

tions is linked to the change of refractive index and/or

extinction coefficient in the Ag containing layer and

increases with wavelengths up to 1000 nm. This suggests

that the index difference between Ag-containing region and

Si may increase with wavelengths in the range of

400–1000 nm. For the sample containing nanocavities only

without any Ag, the oscillation amplitude is much smaller

than those samples containing Ag nanostructures. This is

understandable since the refractive index of the Ag

containing layer is expected to differ from that of Si as the

Ag content is increased.

B. Modeling of ellipsometry data

The SE data have been modeled to determine the depth

distribution of optical constants in the samples. For the sam-

ples containing one single layer of Ag nanostructures four-

region model (Fig. 3(a)) is used to fit the SE data, with

region 1 as the SiO2 surface layer, region 2 as the top Si

layer, region 3 as the composite of Si, Ag nanostructures,

and nanocavities, and region 4 being the Si substrate. In our

fitting to the SE data, the Ag concentration in the third layer

and its thickness are not varied independently of each other.

The thickness and the Ag volume filling factor (fAg) in the

Ag containing layer are uniquely related to the Ag areal den-

sity determined by RBS measurements for each sample as

shown in the following equation:

fAg ¼
rRBS

NAgdAg�Si
; (1)

where rRBS is the areal density of gettered Ag determined by

RBS, NAg is the atomic concentration of bulk Ag, and dAg-Si

the thickness of the Ag gettered layer. So only the thickness

values and Ag filling factors that result from best fits (mini-

mal MSE values) while satisfying the relationship set by the

RBS data, are reported. The structural information (e.g., Ag

content and layer thickness) acquired by RBS and TEM has

aided in increasing the confidence level over the other fitting

parameters.

The validity of the model is determined once the mean

square error (MSE) between the measured and generated

FIG. 2. (a) Optical reflectance spectra for the samples with varied amounts of

gettered Ag and the sample containing nanocavities only. (b) Spectroscopic

ellipsometry spectra for these samples.

FIG. 3. (a) The schematic of the model used to fit the spectroscopic ellips-

ometry data. (b) An example to demonstrate an excellent agreement between

the experimental SE spectra and the calculated SE spectra using the layer

model structure for the sample with the high gettered Ag and the sample

only with a nanocavity layer.
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data is minimized following numerous iterations in the

Marquardt-Levenberg algorithm. 14 The optical constants for

nanocavities or voids in the material are taken to be the same

as vacuum, and the composite layer’s optical constants are

modeled using the Maxwell-Garnett Effective medium

approximation (EMA) theory which has been widely used

for composite materials containing isolated particles of size

smaller than wavelength. It works best when the particle fill-

ing factor f (i.e., volume fraction) is small and particles are

far enough from each other so no particle-particle interac-

tions can occur.15

The fitting to the SE data for the sample only with a nano-

cavity layer is relatively straightforward, owing to a much

smaller set of parameters involved. As shown in Fig. 3(b), the

above-mentioned four-region model can fit well the data for

the nanocavity sample with a low MSE (�0.131). The model-

ing yields the structural information for the sample as the fol-

lowing: dSiO2¼ 1 .9 6 0 .1 (nm), dSi¼ 377.2 6 0.5 (nm), dSi-Ag

¼ 39.7 6 1.0 (nm), and a filling factor of 1.3 6 0.1% for voids

in the nanocavity layer. The thickness value of �39.7 nm for

the nanocavity layer in Si is consistent with the results

obtained using RBS and TEM. We have also attempted to

model the SE data using optically gradient models, but the

extracted layer structures and optical constants show insignifi-

cant differences from those determined with the non-gradient

model. This is expected since the H ion implantation and the

subsequent formation of a narrow band of nanocavities only

result in a marginal decrease (<5% for n and <4% for k) of

optical constants.

There is a complication in modeling the optical con-

stants for Ag nanostructures, which deviate significantly

from those of the bulk Ag due to the confinement of conduc-

tion electrons in small volume. At shrunken dimensions, the

electron mean free path decreases and the decay constant

increases16 due to enhanced scattering with the surface

boundary. As a result, the conditions for the interband/intra-

band transitions are altered, leading to the surface plasmon

excitation where the conduction electrons oscillate at a fre-

quency different from that for the bulk case. The dielectric

function of bulk Ag is normally modeled by the Lorentz-

Drude model, with the Drude oscillator corresponding to the

5sp intraband contribution (free electron transitions) and the

Lorentz oscillators for the 4d ! 5sp interband transitions in

the UV range.17 Studies show that isolated metal nanoclus-

ters and non-continuous films dielectric function can be well

described by a linear sum of Lorentz and Drude oscilla-

tors.18,19 Compared to the bulk case, the strength and the

number of these oscillators may vary with the nanostructure

size and shape. For example, more Lorentz oscillators can be

applied for each polarization parallel and perpendicular to

the substrate due to the shape deformation from sphere.20 In

addition, at a high density of nanostructures, the effects of

the inter-particle coupling could be accounted for by incor-

porating more oscillators, since the near-field coupling in the

perpendicular direction between neighboring nanoparticles is

expected to increase the effective restoring force, resulting in

a blue shift in the resonance energy, while the coupling in

the parallel direction, reduces the effective restoring force,

leading to a red shift in surface plasmon resonance.21

As seen in Figure 3(b), our experimental SE data can be

well fitted with a low MSE value (�0.152), based on the

Lorentz model for the dielectric function e(x) of Ag

nanostructures:

e xð Þ ¼ e1 þ
X

n

A2
n

En
2 � E2ð Þ � iCnE

; (2)

where the amplitude or strength of the n-th oscillator (An) is

related to the electron density within the Ag nanostructures,

En, the oscillator energy, is affected by temperature and ma-

terial structures (e.g., composition and strain), the damping

constant (Cn), associated with energy dissipation via pho-

tons and defects, determines the spectral broadening of the

dielectric function, and finally, e1 the dielectric function at

the extreme photon energy.22 On the other hand, the Drude

model does not lead to a reasonable fit to the SE data.

This is expected since the electrons within Ag nanostructures

experience much scattering from the nanostructure boundary

unlike those completely free electrons in the bulk.

Furthermore, we find that the use of two Lorentz oscillators in

the dielectric function model yields a better agreement with

the experimental data, compared to the use of a single oscilla-

tor, which implies the existence of a different size variation for

Ag nanostructures. Using the sample with the high Ag content

as an example, Table I summarized the fitting parameters

related to the Lorentz oscillators used in the modeling.

Multi-angle measurements should be useful for restricting

the variation range of various fitting parameters in the model-

ing process. In our case, the Ag content and the cavity layer

thickness can be determined using RBS and TEM, which pro-

vide much stronger restrictions over the fitting parameters in

spectroscopic ellipsometry (SE) modeling. The thickness and

the Ag volume filling factor in the Ag containing layer are

uniquely related to the Ag areal density determined by RBS

measurements for each sample. So only the thickness values

and Ag filling factors that result from best fits (minimal MSE

values) while satisfying the relationship set by the RBS data.

In addition, the embedded Ag nanoparticles are likely in the

sphere-like shape, as suggested by the model extracted depola-

rization factor of � 0.33 which is typical of the sphere-like

nanoparticles.23,24 Our prior TEM work has also shown evi-

dence for the round shape of Ag nanostructures in Si. These

allow us to conclude that the nanostructure anisotropy that

could be possibly detected using multiple incident angles in

SE measurements, should not be present in our samples, and

thus a more time manageable task involving one angle SE

measurements and modeling would be adequate.

Figure 4 shows the extracted optical constants (n and k)

as functions of wavelength (k) for the Si layers with gettered

TABLE I. Fitting parameters for the Lorentz oscillators used in SE model-

ing for the sample with the high Ag content.

Lorentzian oscillator parameters

Oscillator

Energy En

(eV)

Strength An

(eV)

Damping constant Cn

(eV)

n¼ 1 1.65 6 .04 29.41 6 6.95 2.29 6 .35

n¼ 2 0.80 6 .07 39.36 6 .76 0.19 6 .03
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Ag. The refractive index n for the sample with nanocavities

only (without any Ag) has a value �2.5% lower than that of

Si over the wavelength range of 400–1100 nm and decreases

monotonically with wavelength, similar to the case of Si.

The samples containing Ag nanostructures exhibit much dif-

ferent variations of refractive index with wavelength. Their

refractive index curves cross over that of pure Si around the

wavelength 900 nm. For k< 900 nm, the index values of the

Ag containing Si are lower by 1–9% than that of pure Si,

while they exceed the level for Si by �15 % for k> 900 nm.

Additionally, the refractive index shows a minimum around

wavelength 800 nm and a maximum at �1000 nm when the

gettered Ag density in the sample exceeds 1.0� 1015/cm2.

Beyond the wavelength for maximum index, a gradual

decrease of refractive index with increasing wavelength

occurs. The departure of refractive index from the pure Si

case is found to increase with the Ag content. The extinction

coefficient k of the Ag containing Si layer shows a prominent

peak between 800 and 1000 nm, with the peak intensity

diminishing with decreasing Ag contents. Such extinction

peak is not present in the cases with pure Si, Ag bulk or even

the Si layer containing nanocavities only.

In addition to the optical constants, the SE modeling

also yields information of the layer thickness/depth, nano-

cavity filling factor and Ag content. The sample with an areal

density of gettered Ag � 3.3� 1015/cm2 has a Ag volume

filling factor of � 1.4% within a � 39-nm thick Ag contain-

ing layer located � 380.6 nm below the SiO2/Si interface,

consistent with the RBS and TEM results. The SE modeling

also suggests that almost all the created nanocavities in this

sample have been filled up, e.g., less than � 0.1% of the Si

atomic sites in the Ag containing layer remaining vacant, in

contrast to the volume concentration of � 1.3% for nano-

voids in the sample without any Ag. From the SE modeling,

the Ag containing layer thickness is � 50 6 4.6 nm for the

sample with gettered Ag � 2.0 � 1015/cm2 (volume filling

factor � 0.8% for Ag and � 0.3% for nanovoids), and �45

6 4.2 nm for the sample with the low Ag content (volume

filling factor � 0.4% for Ag and �0.6% for nanovoids). It

seems that the thickness values of the Ag-containing layer in

three samples with varied Ag contents track closely the

thickness of the nanocavity layer. This is understood consid-

ering that the Ag-containing layer results from Ag gettering

at the nanocavity sites.

To further confirm the validity of these fitting parame-

ters, we calculate the reflectance as a function of wavelength

using Fresnel’s equations based on the optical constants

(n and k) and structural (thickness, depth, etc.) information

extracted from SE modeling and compare it with the experi-

mental spectrum from UV/Vis reflection measurements

(Fig. 5). Except the calculated reflection intensity being

slightly lower than the experimental values, which could be

caused by an incomplete suppression of background light

during UV/Vis reflection measurements, the optical reflec-

tance calculated using the SE fitting parameters agrees well

with the experimentally acquired spectrum, provide further

confirmation of the SE model and hence the optical constants

of the silver containing Si layer. The wavelength positions

for constructive/destructive interference of the reflected light

are found to be very sensitive to the multi-layer depth scale.

If the second interface depth used in reflectance simulations

is increased or decreased by only 10 nm, the calculated re-

flectance spectra are apparently shifted in wavelength posi-

tions from the actual experimental data.

C. Electrostatic calculations and FDTD simulations

To understand the origin for the resonance in light

extinction around 800–900 nm, we have calculated the

extinction coefficient of a Ag nanoparticle in Si and per-

formed computer simulations of light transmission through a

Si layer containing Ag nanoparticles. In the electrostatic

approximation for a small particle size relative to the light

wavelength, the nanoparticle can be considered as a single

FIG. 4. The refractive index (a) and the extinction coefficient (b) for the Ag

containing Si layer, extracted from fitting the experimental SE spectra. The

optical constants are presented for the samples with three different gettered

Ag amounts and for the sample with a layer of nanocavities only. For com-

parison, the optical constants of pure Si and Ag as functions of wavelength

are also presented.

FIG. 5. Comparison between the experimental reflectance spectrum and the

calculated reflectance spectrum using the SE fitting parameters for the sam-

ple with a high Ag content. Also included are two reflectance spectra calcu-

lated by assuming that the depth of the Ag containing layer (dSi) is 10 nm

smaller or greater, respectively, than that from the SE fitting.
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electric dipole and the scattering (Csca) and absorption (Cabs)

cross sections for a metal particles of diameter a can be

expressed as

Csca ¼
4 2pð Þ5a6

3k4

���� e� em

eþ 2em

����
2

;

Cabs ¼
8 pð Þ2a3

k
Im

e� em

eþ 2em

� �
(3)

where e and em are the dielectric function of the metal nano-

particle and the surrounding medium, respectively.17 Indeed,

the extinction cross section, calculated as a sum of the scat-

tering and absorption cross sections based on the electro-

static approximation does exhibit a resonance at 800 nm

where eþ 2em¼ 0 (Fig. 6(a)). The calculated resonance

wavelength is slightly smaller than the wavelength positions

of those extinction peaks, which is attributed to the lack of

capability to address the effects of a finite nanoparticle size

in the electrostatics approximation. This absorption band

also coincides with an abrupt increase of refractive index n

around 920 nm, consistent with the Kramer-Kroning

relation.18,25

Interestingly, we notice that the resonant extinction peak

is progressively blue shifted (toward smaller wavelengths) as

the gettered Ag content is decreased. A possible reason is

related to the size dependence of the nanostructure surface

plasmon energy. At a low density of gettered Ag, the result-

ant Ag nanoparticles are expected to have a small size, thus

leading to a relatively high energy for surface plasmon exci-

tation. This phenomenon is confirmed by computer simula-

tions based on the finite-domain time-difference (FDTD)

method. The Ag nanoparticle density in the simulations is set

to be on the level (�109–1010 cm�2) similar to our samples.

As shown in Fig. 6(b), both the amplitude and the wave-

length position for the extinction caused by Ag nanoparticles

in Si are found to increase progressively from � 850 nm to

950 nm as the Ag nanoparticle size increases from 10 nm to

20 nm. In addition, the simulation shows that the resonance

bandwidth decreases with increasing Ag particle size, e.g.,

the full width at half maximum (FWHM) decreasing from

�250 nm for the 10 nm size to �180 nm for the 20 nm size.

Surface scattering of conduction electrons within nanopar-

ticles is responsible for this size dependent damping behav-

ior.26 The broadening of the extinction coefficient k band,

experimentally determined for our samples, also shows a de-

pendence on the gettered Ag content, e.g., the FWHM of the

SE model extracted k spectrum decreasing from �297 nm

for the low Ag content to �232 nm for the medium Ag con-

tent, and then increasing to �315 nm in the high Ag content

case. This suggests that the large resonance bandwidth

observed for our samples could stem from the effects of a

large distribution of nanostructure sizes, possibly coupled

with surface plasmon damping via radiation/scattering and

Ohmic losses.27

As shown by our SE modeling and confirmed by our

FDTD calculations, the resonance in the k spectrum is red-

shifted with the increased Ag content or nanoparticle size. If

all the created nanocavities were completely filled up with

gettered Ag, the resonance in optical extinction could further

redshift beyond 920 nm, as a result of increased density and

size of Ag nanostructures, and possibly their inter-particle

coupling. This may provide a means to tune the surface plas-

mon energy of embedded Ag nanostructures close to the Si

bandgap energy (�1117 nm) so as to greatly facilitate the Si

optical transition.

D. Multi-layer Ag nanostructures in Si

Since the location of the Ag containing region is deter-

mined by the location of the nanocavity band, or the

implanted H ion energy, one may conduct multiple H ion

implants at different energies to create multiple nanocavity

bands at various depths within Si, and then form multiple

layers of embedded metal nanostructures via the gettering

process. This is feasible, as demonstrated in our work on the

synthesis of two and three layers of Ag nanostructures within

a Si crystal. Figure 7(a) shows the RBS spectra for the Si

samples with two or three layers of gettered Ag. These

multi-layer samples exhibit similar oscillatory features in

their optical reflectance, with an apparent shift in the posi-

tions for constructive/destructive interference when com-

pared to the case of a single layer of Ag nanostructures at a

depth of 400 nm. There is only a slight difference in optical

reflectance between the three-layer and two-layer structures

(Fig. 7(b)). Unlike the case with a single layer of Ag nano-

structures, where the oscillation amplitude of reflectance

gradually increases with wavelength up to 1000 nm, we

notice that the multi-layer structures show beat-like patterns

in their reflectance. This is due to interference from more

than two interfaces, as confirmed by the simulated reflec-

tance spectrum. The small oscillation amplitude may result

from increased scattering of light as it bounces off from the

deeper layer and transmits through the other layers on

the top before emerging from the surface. We notice that

the amounts of Ag trapped at these nanocavity bands are

FIG. 6. (a) Extinction cross-section of a 20-nm Ag nanoparticle in Si, calcu-

lated with the electrostatic approximation. (b) FDTD simulated extinction

coefficients for Ag nanoparticles of various size in Si.
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relatively small since the conditions for multi-layer Ag nano-

structure synthesis remain to be optimized.

E. Perspective for advanced applications

These peculiar properties of the refractive index for Si

containing Ag nanostructures could be very useful for the

design and fabrication of optical waveguides devices in Si.

The change in refractive index caused by gettering Ag within

Si would allow for light to propagate between the surface

and the Ag containing layer for k< 900 nm, or enable light

confinement within the Ag containing layer for k> 900 nm.

Particularly, when combining the benefits of these nanopar-

ticles in facilitating optical transitions in emission processes,

e.g., as a sensitizer for erbium ions doped in Si, it may offer

a new avenue in developing Si lasers. Our experimental

results suggest that hydrogen ion implantation in conjunction

with metal gettering processes would offer another approach

to forming Si waveguides, complementary to the existing

methods based on growth of dielectrics on Si or relying on

ion implantation to introduce damage/impurity for modify-

ing the profile of refractive index in Si.28

The existence of surface plasmon excitation associated

with Ag nanostructures embedded in Si, as manifested by

the strong extinction of light around 900 nm in the Ag con-

taining region, suggests the possibility for developing plas-

monics devices in Si with embedded metal nanostructures.

One of these devices could be the plasmonic waveguide,

which, different from conventional optical waveguides,

serves to interface between nanoscale electronics devices

and micron-scale photonics components by converting

the optical signals to the surface plasmons of metal

nanostructures and deliver the energy through surface plas-

mon propagation via inter-nanoparticle coupling. Due to

the crystal inversion symmetry, Si has completely sup-

pressed second-order nonlinearities and rather weak third-

order nonlinearities. Nanostructures of noble metals like Ag

exhibit strong optical nonlinearity at their surface plasmon

frequencies.29,30 Therefore, embedding Ag nanostructures

in Si would provide a functional structure base to enable the

development of a variety of nonlinear plasmonics devices,

such as low-threshold stimulated Raman emitters,31 ultra-

fast optical switches and single-photon emitters,32 in the

most dominant semiconductor platform for advanced com-

puting and communication.

Finally, it is worth mentioning that embedding Ag nano-

structures can tailor not only the refractive index but also its

dispersion relation in Si, as evidenced by the different slopes

in the index vs. wavelength curve compared to that of Si.

The ability for tuning the dispersion relation of refractive

index, particularly in the near-infrared range where Si is con-

sidered transparent and optical communication is preferred

to occur, if optimized in nanoscale Si structures, would open

up an avenue to developing novel nanophotonics devices in

Si that may operate through a modulation in the light group

velocity for applications in optical storage and quantum in-

formation processing.33,34

IV. CONCLUSION

In summary, our work demonstrates that silver nano-

particles can be formed within Si crystals via metal getter-

ing from a deposited silver thin film at the surface to

nanocavities created by hydrogen ion implantation.

Through modeling the spectroscopic ellipsometry data

combined with optical reflectance characterizations, we

show that by varying the amount of Ag atoms trapped at

nanocavities, the presence of embedded Ag nanostructures

in Si can tailor the material optical constants in several

aspects: (1) The effective refractive index of the Ag con-

taining Si layer is decreased for k< 900 nm or increased for

k> 900 nm, on the level 3–10%, with respect to the Si re-

fractive index; (2) the effective refractive index of the Ag

containing Si layer exhibits a nonmonotonic variation with

wavelength, with a large dispersion around the 900 nm

wavelength; and (3) a resonance of optical absorption

within the Ag containing Si layer occurs between 800 and

1000 nm, with both the resonance amplitude and wave-

length positions increasing with the increased amount of

gettered Ag. As suggested by theoretical calculations and

computer simulations, surface plasmon excitation of the re-

sultant silver nanostructures within Si is responsible for the

observed enhancement in optical absorption and refractive

index dispersion. Such Ag embedded Si crystals would

offer novel functional base structures for advanced applica-

tions in silicon photonics, optoelectronics, photovoltaics,

and plasmonics, through engineering of optical constants in

Si, particularly with the possibility of fully capitalizing on

the properties (e.g., intense electric fields and local density

of optical state, enhanced nonlinearity) associated with sur-

face plasmons of metal nanostructures in Si.

FIG. 7. (a) RBS spectra showing the formation of two (top) and three (bot-

tom) Ag containing layers below the Si surface. (b) Optical reflectance spec-

tra for the samples with multi-layer structures. A calculated reflectance

spectrum for the two-layer sample is included.
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