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Chapter 1

Introduction

1.1 Needs of Si nanocrystals for Si photonics

Si photonics is an emerging field of research and technology, in which various kinds of

photonics devices are tried to be integrated on a single Si chip [1–11]. If this is realized,

that is, if photons can be generated, guided, amplified, switched, modulated and detected

on a single Si chip, this newly developed photonics device can be hybridized with today’s

microelectronics devices, and will solve a number of problems [12–15]. For example,

electrical interconnections based on metal lines widely spread today is the most important

limitation on the performances of Si-based microelectronic devices [16, 17]. If we realize

optical interconnections for the transfer of information inside a chip, this limitation will

be defeated [14, 15].

In order to be integrated on Si substrates, photonics devices are required to be made

of Si-based materials. This is because the integration of the different kinds of materials

causes some difficulty in manufacturing due to the lattice mismatch and hence results in

high-cost [18]. The realization of photonics devices by Si-based materials which can be

easily integrated on Si substrates is thus a topic of great interest today [4, 7, 8]. The most

challenging and interesting issue is how we realize the active photonics devices, such as

light source [8, 10], otical amplifier [20, 21], and optical switching system [2], by Si-based

materials. It is generally well known that Si has indirect band structure and is not suitable

for the active photonics devices [27]; Since phonons should be involved for its band-edge

transitions, the oscillator strength is rather small, resulting in relatively poor optical prop-

erties needed for photonics devices. For example, first, they have small radiative transition

rate of the band-egde transition and hence long radiative lifetime. Since the lifetime is so

long, before the excitons recombine radiatively, they move around the crystals, encounter

the non-radiative centers, and then finally recombine non-radiatively. After a great effort

on the improvement of photo-luminescence (PL) and electro-luminescence (EL) of Si, the

quantum efficiencies are still less than ∼0.1% [22–26]. Second, they show relatively small
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nonlinear optical responses. Due to its inversion symmetry of the crystal structure, sec-

ond order nonlinearity is zero. Furthermore, the third order nonlinearity is rather small

because of the small oscillator strength [28, 29]. This small nonlinear optical responses

is not suitable for the realization of highly efficient Si-based optical switching system.

Further improvements of these optical properties are strongly needed for the realization

of Si photonics.

Decreasing the size of Si into nanometer scale (Si nanocrsytals) is the most promis-

ing approach for the improvement of these properties [30–38]. Due to confinement of

electrons and holes in a space smaller than the exciton Bohr radius of bulk Si crystals

(∼4.2 nm), non-phonon transitions are partially allowed and hence oscillator strength is

improved. Furthermore, the confinement of electron and holes in a small space suppress

their probability of encounter with non-radiative centers. Indeed, light emitting diode

made of Si nanocrystals (Si-ncs) doped SiO2 have been reported to show strong lumi-

nescence at room temperature. The nonlinear optical response of Si-ncs has been also

reported to be enhanced several orders of magnitudes compared to that of bulk Si, sug-

gesting that Si-ncs are also promising for the realization of the Si-based optical switching

systems. Furthermore, Si-ncs based materials in the above reports can be fabricated by

conventional CMOS (Complementary Metal-Oxide Semiconductor) technology used for

Si based microelectronics with regard to the techniques in their synthesis (chemical vapor

deposition,sputter deposition, ion implantation) and in processing (conventional dry and

wet etchin g processes). With the aid of CMOS technology, Si-ncs based materials will

realize very compact, low-cost, and high-efficiency photonics devices.

Although there are numerous reports on Si-ncs in the view point of both fundamen-

tal [41–45] and applied physics [39, 40, 47, 48], the mechanisms of the improved optical

properties are still controversial. To further improve these properties and to realize pho-

tonics devices with high efficiency, more detailed investigations are definitively necessary.

This chapter summarizes the optical properties of Si-ncs based materials revealed by past

reports, and then describes the purpose of this thesis.

1.2 Preparation of Si nanocrystals

1.2.1 Porous Si

Porous Si is nano-structured Si obtained by an anodic-reaction-etching of Si substrate

in hydrogen fluoride (HF) solution [49]. An anodic reaction is depicted as below.

　 Si + 2HF + λh+→ SiF2 + 2H+ + (2−λ)e− (1.1)

Here, h+ and e− denote a hole and an electron in Si substrate. Figure 1.1(a)-(c) show the

TEM images of Porous Si [49]. We can see that all the samples comprise nano-structured

2
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Figure 1.1: (a)-(c) TEM images of Porous Si prepared by a chemical etching of Si wafer,

with different preparation conditions [49]. (d) TEM images of Si nano-crystals doped SiO2

prepared by a reactive sputtering followed by thermal annealing [55].

undulating rod-like Si columns with a diameter of about 3 nm. These porous Si samples

are completely crystalline, evidenced by clear transmission electron diffraction patterns.

In this preparation method, it is easily possible to control the size of nano-structure by

controlling the concentration of HF, the etching time, and the anode current. Since the

strong room temperature PL from porous Si was firstly reported [54], many authors have

investigated PL properties of Porous Si [50–53]. However, porous Si samples are unstable

both chemically and physically. Their surfaces are usually H-terminated and can be easily

oxidized in air. Furthermore, they are fragile due to their high porosity (usually higher

than 50%). These instability is not suitable for the realization of Si-based photonics

devices and even not for elucidating the mechanism of the improved optical properties.

1.2.2 Si nanocrystals doped SiO2 prepared by deposition-based

method

Si-ncs can be fabricated within SiO2 matrix by following two steps. First, Si-rich SiO2

(or SiOx) thin films are formed by some techniques such as sputtering deposition [55,

56], chemical vapor deposition [57], and ion implantation [58, 59]. Second, the obtained

SiOx thin films are treated at or above 1000OC to induce the nucleation, growth and

3
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Figure 1.2: (a) Structre of hydrogen silsesquioxane (HSQ). (b) TEM image of Si nanocrys-

tal doped SiO2 formed by spin coating of HSQ and following thermal treatment [60].

crystallization of Si-ncs within amorphous SiO2, as shown in the follwoing equation.

　 SiOx→ (1− x

2
)Si +

x

2
SiO2 (1.2)

In this method, the size of Si-ncs can be controlled by Si concentration in SiOx and also

by annealing temperature. Compared to porous Si, the obtained Si-ncs samples are stable

both chemically and physically, because they are embedded in SiO2. Furthermore, since

the matrix is SiO2, optical and mechanical coupling with conventional SiO2 fiber is rather

good. In addition, Si-ncs doped SiO2 can be synthesized and processed with conventional

CMOS technology. Thus Si-ncs doped SiO2 fabricated by these methods is believed to

be promising for realizing low-cost high-efficiency compact Si-based photonics devices.

Figure 1(d) shows a TEM image of the Si-ncs doped SiO2 prepared in our laboratory [55]

by a sputtering deposition followed by thermal annealing. We can see clear lattice stripes

whose spaces corresponding to (111) plane of Si. The average size of Si nano-crystals

is about 2.5 to 8.0 nm in diameter, depending on sample preparation conditions. The

standard deviation is about 1.0 nm. In this thesis, our discussion will be focused on the

Si-ncs based materials prepared by the sputtering methods.

1.2.3 Si nanocsrystals doped SiO2 prepared by sol-gel method

Recently, C. M. Hessel et al. have succeeded in preparing Si-ncs doped SiO2 by sol-

gel method [60]. In this method, Si-ncs can be formed within SiO2 just by heating

hydrogen silsesquioxane (HSQ, see figure 2(a)). Figure 2(b) shows a TEM image of

Si-ncs prepared by this method. Being similar to that prepared by deposition-based

method (figure 1(d)), we can see clear lattice stripes corresponding to Si-ncs. HSQ is

4
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a versatile, commercially available compound which is used as high-resolution e-beam

resist. Unlike deposition-based methods, macroscopic quantities of Si-ncs doped SiO2 can

be readily produced by this method. Furthermore, since HSQ is an electron beam resist,

it is possible to straightforwardly pattern the structures with sub-100 nm dimensions (No

separate resist and etching procedures are needed). Thus this method has been attracting

much attentions. However, this method is still in the early stage and further fundamental

research will be needed to be applied for Si-based photonics.

1.3 Luminescence properties of Si nanocrystals

1.3.1 Luminescence properties of bulk Si

Before understanding the luminescence properties of Si-ncs, we are going to see briefly

those of bulk Si. It is well known that bulk Si shows strong temperature quenching of PL

and EL [22–24]. It is very important to understand the mechanism of the temperature

quenching and to know how we can improve these optical properties. Figure 1.3 shows

the schematics of the luminescence mechanism of bulk Si. When electrons are excited by

�

�

�

�

Figure 1.3: The mecahnism of band-edge photo-luminescence of bulk Si. The straight and

the wavy line arrows denote photon-involved and phonon-involved transitions, respectively.

5
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photons or carrier injection, in the conduction band, they are readily de-excited to the

bottom of the conduction (valence) band with emitting phonons. Then the de-excited

electrons form the excitons with holes, and finally they recombine with emitting photons,

whose energy corresponds to the band gap of bulk Si (∼1.1eV). The most important

feature of bulk Si is in its indirect type band structure. Whereas the top of the valence

band is located at the center of Brilluan zone (Γ point), the bottom of the conduction

band is at the ∆ point near the end of Brilluan zone in the [100] direction [27]. This

in-coincidence between the valence top and the conduction bottom in k-space require

the involvement of phonons for the radiative recombination of excitons; If no phonons

are involved, the recombination cannot conserve momentum(k), because photons have

negligibly small momentum. This radiative recombination process is a weak second-order

process and its rate is rather small, compared to other compound semiconductor with

direct type band structure.

Generally, the quantum efficiency of luminescence (η) is determined by the ratio of the

radiative (ωr) to nonradiative recombination rate(ωnr), as below.

η =
ωr

ωr + ωnr

(1.3)

In addition to the small radiative recombination rate, relatively large non-radiative

recombination rate is known to be responsible for the small quantum efficiency of bulk

Si. Two dominant origins of the non-radiative recombination processes are known in

bulk Si. One is the non-radiative recombination center such as defects or impurities in

bulk Si [61]. Before excitons recombine radiatively, they move around in bulk Si crystals,

then encounter these non-radiative centers, and finally they recombine non-radiatively via

these centers. The other is the thermal dissociation of excitons [62]. Before the excitons

recombine radiatively, they dissociate by obtaining thermal energy, and become free car-

riers, finally loosing their opportunities to recombine radiatively. At room temperatures,

these non-radiative recombination processes are much dominant to the radiative recombi-

nation process. Thus photo- or electro-luminescence of bulk Si shows strong temperature

quenching.

1.3.2 Luminescence properties of Si nanocrystals

Since the strong PL was observed in porous Si in 1990 [54], the origin of the PL from

Si-ncs has been intensively studied by both experimentally [30–33] and theoretically [41–

44]. It has been reported by several authors that the reduction of the size of Si leads

to the enhancement of the radiative recombination rate [53, 63]. Figure 1.4 shows the

theoretical calculation of optical band gap (•, left axis) and oscillator strength (×, right

axis) of Si-ncs as a function of the size [63]. The optical band gap increases with decreasing

6
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the size of Si-ncs, according to a simple quantum confinement model. We can also see

smaller Si-ncs have larger oscillator strength. With decreasing the size, according to the

uncertainty principle, the wave-functions of electrons and holes are de-localized in the

quasi momentum space. This partially allows zero phonon optical transitions, and thus

results in the enhancement of the oscillator strength.

The reduction of the size is also well known to suppress the non-radiative transition rate

of Si-ncs [53, 64]. In Si-ncs, carriers are confined in small spatial region. This suppress their

probability of encouner with non-radiative recombination centers. Furthermore, thermal

dissociation of excitons is also suppressed in Si-ncs. In bulk Si, excitons can become

free carriers by the thermal dissociation. This results in the lost of their opportunities

to recombine radiatively. However, in Si-ncs, excitons (or electron-hole pairs) cannot

become free carriers due to the spacial confinement. Thus the reduction of the size of

Si-ncs significantly suppress the nonradiative recombination rate. By the combination of

the enhancement of radiative recombination rate and the suppression of the nonradiative

recombination rate, Si-ncs show the strong PL and EL even at room temperature.

Figure 1.5(a) shows the PL spectra of porous Si [49]. The PL intnsity of porous Si

increases with increasing the etching time. The blue shift of the spectra by the etching

can be qualitatively explained by simple quantum size effect. The PL spectra are in-

homogeneously broadened due to their large size- and shape-distributions. Due to this

inhomogeneity, the origin of the strong PL sometimes become obscure; sometimes PL

Figure 1.4: Optical gaps (•, in eV) and oscillator strengths (×) for silicon clusters of

different size as a function of the cluster diameter calculated at the BP TDDFT level

using the def2-SV(P) basis set [63].
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from defects in the matrix at the surface of Si-ncs or are mixed in the broad spectra. One

possible way to lift the inhomogeneous broadening is the resonantly excited PL spectra at

low temperature [65]. When the photon energy of the excitation source is inside the emis-

sion band of Si-ncs, only the larger Si-ncs, i.e. smaller band gap ones, are excited, thus

size-selectd excitation is possible. Figure 5(b) shows the result of the resonantly excited

PL [65]. We can see that inhomogeneous broadening is partially lifted and that periodical

structure appears in the spectra. This structure implies the involvement of phonons in

the radiative recombination processes in Si-ncs. Since the phonons should be emitted to

meet the momentum conservation rule, Si-ncs show PL at the energies coinciding with the

excitation energy minus integer number of the phonon energies. This result also suggests

that Si-ncs strongly inherit the indirect band structure and the radiative recombination

rate is not so enhanced, in spite that the PL at room temperature is strongly enhanced

compared to that of bulk Si; the suppression of non-radiative recombination rate is more

responsible for the improved PL of Si-ncs than the enhancement of radiative recombina-

tion rate. The further improvement of radiative recombination rate of Si-ncs has been a

topic of great interest today.

�����

�����

Figure 1.5: (a)PL spectra of Porous Si reported by Chanham et al., the PL energy can

be controlled by the porosity (or size) of nanostructured Posous Si [49]. (b)Resonantly

excited PL spectra of Porous Si at low temperature reported by Kovalev et al. Clear

phonon structures can be seen in the spectra [65].

8
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It should be noted here that some authors suggest that defect-related state is responsible

for the strong PL of Si-ncs. The theoretical calculation revealed that Si=O bonds at the

surface of Si-ncs form the energy level at 1.6 eV [42]. The electron-hole pairs are suggested

to recombine via this energy level [66]. However, this model cannot explain the phonon

structure shown in figure 1.5(b). In this thesis, the discussion on the defect-related PL

shall be excluded out because our sputter-deposited samples studied in this thesis show

phonon structure in the resonantly excited PL spectra, being similar to that observed in

porous Si [67].

1.3.3 Luminescence properties of P- or/and B-doped Si nanocrys-

tals

In bulk Si, it is generally known that doping impurities strongly change its electronic

band structure and its electronic transport properties. The technology of controlling the

doping is key technology of today’s Si-based microelectoronics. The effect of doping on

the Si-ncs is studied both experimentally [68, 71, 72] and theoretically [69, 70]. Fujii et.

al. have firstly succeeded in preparing Si-ncs with electrically active carriers, evidenced

by the appearance of infrared absorption which is very similar to free carrier absorption

in bulk Si, and by the ESR signal peaked at g=1.98 which can be assigned to free electron

within Si-ncs [71, 72].

Figure 1.6(a) demonstrate the effect of B-doping on the PL properties of Si-ncs [73].

With increasing B concentration, PL intensity decreases. The origin of this quenching of

the PL intensity is suggested to be the non-radiative Auger interactions between photo-

� ��� � ���� ��� � ������

� �
��	

Figure 1.6: (a)PL spectra of B-doped Si nanocrsytals. B-doping results in the quenching

of PL from Si nanocrystals. (b)PL spectra of P- and B-doped Si nanocrystals. The

simultaneous co-doping results in the recovery of the PL intensiry of Si nanocrystals [73].

9
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excited electron-hole pairs and impurity-supplied holes (three body Auger interaction).

This model is validated by P and B co-doping. By the co-doping, P-supplied electrons and

B-supplied holes are compensated within Si-ncs. Thus the three body Auger interaction

can be inhibited. In Figure 1.6(b), the PL spectra of the co-doped Si-ncs are shown.

We can see that the suppressed PL intensity of B-doped Si-ns can be recovered by the

additional P-doping. This suggest that the electrons and holes are compensated within

Si-ncs. The P and B co-doping accompanies the redshift of PL as shown in figure 1.6(b).

The PL peak energy reaches ∼0.9eV, which is smaller than the band gap of bulk Si. This

redshift can be attributed to the impurity levels formed inside the band gap of Si-ncs.

Photo-excited electrons (holes) are trapped at the P- (B-) related levels below (above) the

conduction (valence) band, and then the electrons and holes recombine via impurity levels.

Since the energy gap between P- and B-related levels is smaller than band gap of Si-ncs,

the PL of the co-doped Si-ncs is red-shifted. Furthermore, the oscillator strength of Si-ncs

may be enhanced due to the co-doping. By localizing electrons and holes in real space at

impurities sites, the wavefunctions of them are delocalized in the quasi momentum space.

This allows the zero-phonon recombination processes, resulting in the enhancement of the

oscillator strength. These results suggest that in addition to size, impurity doping can

ba another parameter to control the optical properties of Si-ncs. It is definitely worth

studying in more detail the optical properties of doped Si-ncs.

1.3.4 EL and LED devices made of Si nanocrystals-based mate-

rials

The main problem to realize the efficient EL or LED devices made of Si-ncs based

materials is the efficient carrier injection. Since the SiO2 is, unfortunately, the good

insulating material, Si-ncs doped SiO2 was considered not to be suitable for the EL devices.

Porous Si is more suitable for carrier injection than Si-ncs doped SiO2. However, as

mentioned in the section 1.2.1, it is chemically and physically unstable, and not suitable

for the realization of practical devices. The first breakthrough was reported by N. Lalic

et. al. for the Si-ncs doped SiO2 prepared by ion-implantation [74]. By confining Si-ncs

in a ultra thin SiO2, they have succeeded in the observation of the room temperature EL.

After this discovery, a number of successful results have been reported. In most of the

reported devices the EL is produced by impact excitation where energetic electrons which

can penetrate through the insulating matrix were used for the excitation of electron-hole

pairs within the Si-ncs [36, 75]. Although the strong emission at room temperature has

been observed, the impact excitation was still inefficient and also it induced damage in the

SiO2 matrix due to the energetic electron flow. Very recently, to overcome this problem,

R. J. Walters et al. applied a FET (Field Emission Transistor) structure where the gate

10
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dielectric is a thin oxide with a layer of Si-ncs [76]. By changing the sign of the gate

bias, separate injection of electrons (Figure 1.7(a)) and holes (Figure 1.7(b)) in the Si-ncs

is achieved. Luminescence is observed only when both electrons and holes are injected

into Si-ncs (Figure 1.7(c)). By using this pulsing bias technique, alternate charge carrier

injection is achieved. This will lead to high efficiency in the emission of the LED, and

will open the new bright possibility in this field .

����� �����

�	�
�

����� �����

�	�
�

Figure 1.7: Schematic of the field-effect electroluminescence mechanism in a silicon

nanocrystal floating-gate transistor structure. Inset band diagrams depict the relevant

tunneling processes. The array of silicon nanocrystals embedded in the gate oxide of the

transistor can be sequentially charged with electrons (a) by Fowler-Nordheim tunneling,

and holes (b) via Coulomb field-enhanced Fowler-Nordheim tunneling to prepare excitons

that radiatively recombine (c) [76].

11
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1.4 Si nanocrystal as a photo-sensitizer of Er ions

1.4.1 Er ions

Erbium ion (Er3+) is one of the rare earth ions. Being similar to other rare earth ions,

this ion shows photo-luminescence arising from intra-4f shell transitions. This is parity-

and spin-forbidden transition and thus the oscillator strength is rather small. However,

in oxide matrix such as SiO2, it shows strong luminescence at room temperature, because

the non-radiative transition rate is relatively small in these matrices. Furthermore, since

the intra-4f shells are surrounded by more external 5d-shell and not affected by the sur-

rounding matrix, they show atomic-like sharp luminescence. In addition, fortunately, this

sharp luminescence appears at 1.5µm, which is used as standard wavelength in the optical

telecommunication. Due to the above reasons, Er3+ doped SiO2 is generally used for the

fiber-type optical amplifier operating at 1.5µm, which is called EDFA(Er-Doped Fiber

Amplifier).

Although EDFA is now used as a standard in the field of optical telecomunication,

further improvement of their properties are strongly required. For example, Er3+ show

very sharp absorption spectra with very small absorption coefficient, reflecting the discrete

energy levels and small oscillator strength. Therefore, high-cost and high power laser

whose lasing wavelength is finely tuned to the sharp absorption peak of Er ions (980nm

or 1.5µm) are required for EDFA. Furthermore, since the oscillator strength of the intra-

4f shell transitions are very small, fibers as long as several tens of meters are needed to

obtain the enough signal-gain for practical use. The one approach to obtain larger gain

is to increase the concentration of Er ions in EDFA. However, higher Er concentration is
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Figure 1.8: Energy diagram of intra-4f shell of Er ions.
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known to result in less gain due to the increase of the Er-Er interactions (this is called

concentration quenching) [77]. Another way to get larger gain is to use photo-sensitizers

of Er3+. For example, Ytterbium ions (Yb3+) were found to act as a photo-sensitizers

of Er3+ [78, 79]. In the case of Yb3+ and Er3+ co-doped SiO2, Yb3+ efficiently absorb

the excitation light at 980 nm, instead of the non-efficient absorber of Er3+. Then Yb3+

efficiently transfer the excitation energy to Er3+. Concequently, the effective excitation

cross section of Er3+ can be significantly enhanced (about one order of magnitude). This is

the great improvement, however, Yb3+ are also rare earth ions, and show sharp absorption

spectra, like Er3+. Therefore, high-cost laser whose lasing wavelength is finely tuned to

the discrete energy levels of Yb3+ is needed for EDFA even if Yb ions are co-doped. More

efficient photo-sensitizer is needed for the further improvement of EDFA properties.

1.4.2 Er doped bulk Si

In 1980, Ennen et al. reported that, in bulk Si, Er3+ show strong PL at low temperature

[80]. It was found that in this material, Er3+ are excited by energy transfer from excitons

in bulk Si. Figure 1.9(a) shows the schematics of the excitation mechanism of Er3+ in bulk

Si [81, 82]. First, exciton is excited in bulk Si by photons or carrier injection. Second, the

exciton is trapped at the Er-related levels formed 0.15 eV below the band edge of bulk Si.

Finally, the excitation energy is transfered to the first excited state of Er3+ (4I13/2) via

Auger-like interaction. (Note that energy transfer to the second excited state (4I11/2) is

impossible because the energy of 4I13/2 state is lager than band-gap of bulk Si.) Since bulk

Si have large abrosption coefficient in whole visible range, low-cost and low-power light
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Figure 1.9: (a)Excitation and (b)De-excitation mechanisms of Er ions doped in bulk Si.

Er ions are excited by energy-transfer from excitons trapped at Er-related levels, and de-

excited by its reverse process, which called energy-back-transfer process.
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source such as LED chip or flash lamp can be used for the excitation of Er3+. Furthermore,

in bulk Si, the excitation of Er3+ by carrier injection is also easily achieved by forming

p-n junctions. Thus Er3+ doped bulk Si had attracted much attentions.

However, PL or EL of Er3+ in bulk Si was known to show strong temperature quenching

and show no luminescence at room temperature. Figure 1.9(b) shows the mechanism of

the temperature quenching, i.e., the de-excitation mechanism. Since the energy of Er-

related energy level inside bulk Si band gap is comparable to that of the 4I13/2 state

of Er3+, excited Er3+ again transfer their energy back to the bulk Si, i.e., electrons are

excited to the Er-related level in bulk Si by energy transfer from Er3+. Then, the electron

trapped at the Er-related level dissociate by obtaining the thermal energy. Thus Er3+ in

bulk Si show strong temperature quenching. The overcome of this temperature quenching

is necessary and great effort have been devoted for this.

1.4.3 Er and Si nanocrystals co-doped SiO2

Er3+ and Si-ncs co-doped SiO2 (Er:Si-ncs:SiO2) is now the most promising material for

the realization of the high-efficiency and low-cost Si-based optical amplifier operating at

1.5µm [83–88]. In Er:Si-ncs:SiO2, Er3+ are excited by the energy transfer from photo-

excited electron-hole pairs within Si-ncs, being similar to the case of Er doped bulk Si

(Er:bulk-Si). The effective excitation cross section of Er3+ is enhanced more than 4 orders

of magnitudes compared to that of Er3+ in SiO2 (Er:SiO2). Furthermore, in this material,

Er3+ show no temperature quenching. This is remarkable and in a sharp contrast with

the strong temperature quenching observed in Er:bulk-Si. The strong luminescence of

Er3+ can be observed even at room temperature.

Figure 1.11(a) shows typical PL spectra of Er:Si-ncs:SiO2 prepared in our laboratory.

The PL peak at around 1.5 eV is assigned to the recombination of electron-hole pairs

within Si-ncs, and that at around 0.81 eV is to the infra-4f shell transition of Er3+. With

increasing Er ions, the PL of Si-ncs decreases and that of Er3+ increases. This suggests

that excitation energy of Si-ncs is transfered to Er3+. Figure 1.11(b) shows PL excitation

(PLE) spectra of Er3+ in Er:Si-ncs:SiO2 and in Er:SiO2. PL intensities of Er3+ at 0.81

eV (or 1.5µm) are plotted as a function of the excitation wavelength. We can see the

significant enhancement of PLE spectra of Er3+ by the presence of Si-ncs in whole visible

range.

Due to this promising feature, the mechanisms of the interaction between Er3+ and

Si-ncs has been intensively studied. The strong coupling between Er3+ and Si-ncs are

generally observed for Er:Si-ncs:SiO2 prepared by various kinds of preparation method.

such as ion CVD [83], sputtering [84, 85], ion implantation [86, 87], sol-gel [60], and so on.

However, the microscopic mechanisms of the coupling are still not clear. For example,
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Figure 1.10: (a)Er concentration dependence of PL spectra of Er:Si-nc:SiO2. With in-

creasing Er concentration, the PL of Si-ncs is supressed and that of Er ions is enhanced.

(b)PLE spectra of Er:Si-nc:SiO2 and Er:SiO2 with the detection of Er-PL. By the additon

of Si-ncs, the PL intensity of Er ions is significantly enhanced in visible range excitation.

first, it is not clear which states of Er3+ are excited by the energy transfer. In Er:bulk-Si,

the first excited state of Er3+ (4I13/2) is excited. This is very clear because the energy

of the second excited state of Er3+ (4I11/2) is larger than the band gap of bulk Si. On

the other hand, in Er:Si-nc:SiO2, The band gap Si-ncs are enlarged due to quantum

confinement effect. Therefore, the energy transfer to the second or third excited states

of Er3+ (4I11/2 or 4I9/2) seems to be also possible. Second, it is not clear whether or not

the Er related level is formed inside Si-ncs, and whether or not this level participate in

the enegy transfer. If the Er3+ are doped into Si-ncs, Er-related state should be formed

inside the bandgap of Si-ncs. However, Er3+ may be located outside Si-ncs. In this case,

Er-related energy level may not be formed inside the band gap of Si-ncs, and thus the

energy transfer mechanism is considered to be different from that of bulk Si systems. The

elucidation of these essential issues are of great interests today.

1.4.4 Optical amplifier made of Er and Si-ncs codoped SiO2

Although the microscopic mechanism of the energy transfer is still skeptical, the large

optical gain have been reported by using this material. The first observation of the

optical gain is made by J. H. Shin et al. [20]. Figure 1.11 show the signal enhancement
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Figure 1.11: The spectra of the external signal from a 1537 nm laser after being transmitted

through the waveguide. The experimental setup used to measure the spectra is shown

schematically in the inset. Note the increase in the transmitted signal as the pump power

is increased beyond 0.25W/cm2 [20].

at 1.5µm in an Er-coupled Si-nc ridge-type waveguide versus the pumping power density

using top pumping as shown in the inset. The excitation wavelength is 477 nm, which

coincides with no energy levels of Er3+. Thus Er3+ are considered to be excited by energy

transfer from Si-ncs. The deduced internal gain was as large as 7 dB/cm. After this

succesful reports, low-cost and small-chip LED was demonstrated to be used to obtain

the optical gain instead of high-cost and high-power laser [21]. On the other hand, another

reports showed no or weak signal enhancement with similar experiment [89]. As possible

mechanisms of the small gain, propagation losses, saturation of Er ions, up-conversion of

the pumpled light, and confined carrier absorption have been proposed. The machinsims

of the optical gains and losses are still now controversial. In order to obtain larger optical

gain, detailed mehcanism of the excitation and de-excitation in this material are strongly

required to be elucidated.

1.5 Nonlinear optical properties of Si nanocrystals

Nonlinear optics is a field of optics which describe materials in which the dielectric

polarization (P ) responds nonlinearly to the electric field (E) of the light. In relatively

weak or normal E conditions, P responds linearly to E. All of the optical phenomena

such as refraction, reflection, and absorption, observed in daily life can be well explained

by this linear response. On the other hand, in extremely strong E conditions, for example,
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Figure 1.12: Schematic of Machzehnder type optical switching system. The control of the

interference by the nonlinear optical response realizes the all optical switching systems.

in those generated by very high-power laser, P responds nonlinearly to E as below.

P = ε0(χ
(1)E + χ(2)E2 + χ(3)E3 + · · ·).

Here, χ(1) and χ(n) (n ≥ 2)) are linear and nth order nonliniear susceptibility of materials.

ε0 is permittivity in vacuum. Materials with inversion symmetry have no second order

nonlinearity. Thus, χ(2) is zero and χ(3) plays a most important role in the nonlinear

optical response of Si-ncs doped SiO2. The third order optical nonlinearity, or χ(3), is

known to cause intensity-dependent refractive index and absorption as below.

n = n0 + n2 · I
α = α0 + β · I

Here, n0 and α0 are linear refractive index and absorption coefficient, n2 and β are nonlin-

ear refractive index and nonlinear absorption coefficient (or two photon absorption). I is

the intensiy of incident light. Strong I causes the refractive index and absorption change

due to the third order nonlinear response. By using this phenomena, Machzehnder type

optical switching system (see figure 1.12) can be realized. One input light signal diverges

into two chanels, and then the two diverged signals again converges into one chanel in

this system. The convergence accompanies the interference of the two signals. If we em-

bedd high-nonlinear materials in one chanel, we can cause a pahse-shift in this chanel by

inducing strong E generated by pump laser. This enable us to control the strength of the

interference and consequently the intensity of the output signal.

In addition to the large nonlinearity, small linear refractive index and very fast time

response of the nonlinearity are required for the high-nonlinear materials in optical switch-

ing system. The small linear refractive index minimizes the optical coupling loss with the

conventional SiO2 fiber and the fast time response helps to realize the ultra-fast opti-

cal switching system . In these points, Si-ncs doped SiO2 is a very promising material.

Firstly, n2 and β of Si-ncs has been reported to be enhanced more than one orders of
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Figure 1.13: Real part of the electronic susceptibility vs Si excess at 1.5 eV; the dashed

line is a guide to the eye. In the inset, the real part of the microscopic susceptibility at

the same excitation energy has been represented as a function of the Si nanocrystal size;

the solid line represents the best fit to 1/d3 [93].

magnitudes than that of bulk-Si, and three orders of magnitudes larger than SiO2 in a

relatively transparent energy range. Secondly, whereas the linear refractive index of bulk

Si is about as large as 3.5 in visible or near infrared region, that of Si-ncs doped SiO2 is

small and typically less than 1.8. Thirdly, since the large nonlinearity arises from bound

electrons, the time response of the nonlinearity is very fast (in the order of several tens

psec).

Motivated by these promising features, there have been many reports on nonlinear

optical response of various forms of Si-ncs, such as porous Si [90, 91], Si-ncs doped SiOxNy

deposited by CVD [92, 93], Si-ncs doped SiO2 prepared by a sol-gel method [94], and so

on. All of the reports observed a significant enhancement of n2, compared to bulk-Si.

However, the magnitudes of the enhancement strongly depend on the preparation method.

The reported values of n2 varied from ∼ 10−7cm2/W to ∼ 10−13cm2/W, and both positive

and negative n2 were reported for various forms of Si-ncs. Due to these confusing results,

the origin of the large n2 is still not clear.

There are two possible origins of this large nonlinear optical response. One is quantum

size effect. The modification of the electronic band structure of electron-hole pairs within

Si-ncs causes the size-dependent χ(3) enhancement. The inset of Fig. 1.13 shows the

size dependence of χ(3) of Si-ncs doped SiO2 prepared by PECVD [93]. We can see that

χ(3) is significantly enhanced with decreasing the size of Si-ncs (d), followed by the 1/d3
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dependence (solid line in the inset) predicted by a simple quantum confinement model.

The other possible origin is that surface defect. The theoretical calculation revealed that

Si=O bonds at the surface of Si-ncs form the energy level at 1.6 eV [42]. Some authors

suggest the this state is responsible for the n2 enhancement of Si-ncs [95]. At present, no

definite conclusion is obtained on the origin of the large n2 and further intensive research

is required to clarify the origin.

1.6 Chapter Overview and Goal of this thesis

The final goal of this thesis is to contribute to the realization of Si-based photonics. To

achieve this goal, the author aimed to clarify the optical properties of various kinds of Si-

ncs based materials, elucidate some important mechanisms, and explore new Si-ncs based

photonics materials. Topics of this thesis can be categorized into three groups. First one

is photo-sensitized PL from Er in Er:Si-ncs:SiO2. The goal this topic is the elucidation

of energy exchange mechanism between Er and Si-ncs in Er:Si-ncs:SiO2. Second one is

PL from Si-ncs in SiO2. The goal of this topic is to enhance the radiative transition rate

of Si-ncs. Third one is the nonlinear optical properties of Si-ncs. The goal of this topic

is to investigate the nonlinear optical properties of Si-ncs and explore new Si-ncs based

materials for nonlinear photonics. Hereafter we are going to see the overview of each

chapter.

Elucidation of energy exchange mechanism between Er and Si-ncs

(chapter 2-4)

In chapter 2, the mechanism of energy transfer from Si-ncs to Er is studied by ana-

lyzing delayed infrared luminescence from Er after short-pluse photo-excitation of Si-ncs

sensitizer. From the analysis of the delayed luminescence, the author propose, that there

are two different energy transfer processes, i.e., fast and slow processes occuring simulta-

neously in Er:Si-ncs:SiO2. The analysis also enable us to estimate the ratio of slow to fast

processes, and energy transfer time of the slow process. The ratio and the energy transfer

time is shown to depend on the Si-nc size and Er concentration. These give us a deep

insight that the the fast energy transfer is bulk-Si:Er-like, i.e., a trap-mediated energy

transfer, and the slow one is a characteristic process occurring only in Er:Si-ncs:SiO2 sys-

tem. In chapter 3, the energy transfer from Si-ncs to Er3+ is studied spectroscopically. At

low temperatures, inhomogeneously broadened PL bands of Si-ncs are partially quenched

and some dips are observed. The energy in which dips appear coincides with discrete

energy levels of Er3+. The author suggests that this is the direct evidence that there

occurs a resonant energy transfer process from electron-hole pairs within Si-ncs to Er3+
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in Er:Si-ncs:SiO2. This process is considered to be characteristic process occurring only

in Er:Si-ncs:SiO2 system. This result is consistent with the conclusion of chapter 1.

In chapter 4, the interaction between Er3+ and shallow impurities in Si-ncs is studied for

Er:Si-ncs:SiO2. The author shows the luminescence property of Er3+ is strongly modified

by shallow impurities in Si-ncs. The formation of excess carriers in Si-ncs by P or B

doping results in the quenching of infrared luminescence of Er3+, while the compensation

of the carriers by P and B co-doping recover the quenched PL. The author propose that the

Auger interaction between Er3+ and the impurity-supplied carriers in Si-ncs is responsible

for the quenching and recovering of the PL. It is also shown that the estimated Auger

coefficient is much smaller than that of Er doped bulk Si. This small Auger coefficient is

probably responsible for the small temperature quenching of PL of Er in Er:Si-ncs:SiO2

systems.

Control of photonic mode density for the improvement of the

radiative transition rate of Si-ncs (chapter 5)

In chpater 5, the author try to enhance the radiative transition rate of Si-ncs by con-

trolling the the local photonic mode density (PMD). As one approach to enhance PMD,

assymetric Au half-mirror cavity is applied, i.e., Au mirror just depositted on the Si-

ncs:SiO2 thin films. Time-resolved photoluminescence (PL) spectra of Si-ncs:SiO2 on

Au thin films demonstrates the enhancement of the radiative transition rate of Si-ncs.

The semi-classical calculation of PMD can qualitatively explain the observed wavelength-

dependent enhancement.

Investigation of nonlinear optical properties of Si nanocrystals

(chapter 6-7)

In chapter 6, nonlinear optical properties of Si-ncs:SiO2 are studied by z-scan technique

in a femtosecond regime at around 1.6 eV. The nonlinear refractive index (n2) and non-

linear absorption coefficient (β) are strongly enhanced compared to those of bulk Si. In

the diameter range of 2.7 to 5.4 nm, the size dependence of n2 coincided well with that

calculated by a pseudoptential approach. The author suggests that the discrete energy

states of Si-ncs are responsible for the observed enhanced optical nonlinearity. In chap-

ter 7, nonlinear optical properties of phosphorus (P) -doped silicon (Si) nanocrystals are

studied. n2 and β of Si-ncs are significantly enhanced by P-doping. The enhancement of

n2 is accompanied by the increase of the linear absorption in the same energy region. The

author suggests that impurity-related energy states are responsible for the enhancement

of the nonlinear optical response.
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Chapter 2

Coexistence of two different energy

transfer processes from Si

nanocrystals to Er ions in SiO2

In this chapter, the mechanism of energy transfer from silicon nanocrys-

tals (Si-ncs) to Er ions (Er3+) is studied by analyzing delayed infrared

luminescence from Er3+ after short-pulse photo-excitation of Si-ncs

photo-sensitiezer. It is shown that two different energy transfer mecha-

nisms, i.e., fast and slow, exist in SiO2 films containing Si-ncs and Er3+

(Er:Si-ncs:SiO2), and that the ratio of slow to fast processes depends on

size of Si-ncs and Er concentration. A simple model assuming that the

ratio is determined by the average distance between Si-ncs and Er3+ can

explain the observed Si-ncs and Er concentration dependences.

2.1 Introduction

Since photo-sensitization of Er3+ by Si-ncs was first reported in 1994 [1], great efforts

have been devoted to understanding the mechanism of the energy transfer [2–8]. In these

previous studies, the coupling between Si-ncs and Er3+ was assumed to be very strong.

However, very recently, this assumption was found not to be always applicable. In our

recent work on Er:Si-ncs:SiO2 [9], We demonstrated that, after excitation of Si-ncs by

a pulse laser with a 5 nsec pulse width, the photoluminescence (PL) intensity of Er3+

rises very fast up to about 70% of the maximum intensity, and then starts to rise slowly

until reaching the maximum. The observed delay time was distributed from several µsec

to several hundredths of a µsec, depending on the sample preparation conditions. The

observation of the long PL delay suggests that, in addition to the strong coupling that is
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usually considered, a weak coupling process exists, although it might play a minor part

in the whole energy transfer process.

In this chapter, we study the time development of Er3+ PL intensity after pulsed exci-

tation of Si-ncs hosts in more detail. The author will demonstrate that the ratio of the

strong and the weak coupling depends strongly on the size of Si-ncs and Er concentra-

tion, and will establish a model which can quantitatively explain the observed size and

Er concentration dependences.

2.2 Experimental details

Er:Si-ncs:SiO2 were prepared by a co-sputtering method. Si, SiO2 and Er2O3 were

simultaneously sputter-deposited in argon (Ar) gas, and the deposited films (about 1 µm

in thickness) were annealed in a nitrogen (N2) gas (99.999%) atmosphere for 30 min at

temperatures between 1100 and 1250oC. Si-ncs were grown in films of the mixture of SiO2

and Er2O3 during the annealing. In this method, the size of Si-ncs can be controlled by

changing the concentration of Si in the films or changing the annealing temperature. The

average size of Si-ncs was estimated by cross-sectional transmission electron microscopic

(TEM) observations. In this work, the average size of Si-ncs (dSi) was changed from 2.7

to 5.5 nm. PL spectra were measured using a single grating monochromator and a near-

infrared photomultiplier with an InP/InGaAs photocathode. The excitation source for

taking the spectra was the 457.9 nm line of an Ar-ion laser. In this wavelength, Er3+ is

not directly excited. For all the spectra, the spectral response of the detection system was

corrected by the reference spectrum of a standard tungsten lamp. For the time response

measurements, a 532.0 nm line of a Nd:YAG laser was used as the excitation source. The

pulse width was 5 nsec and the repetition frequency was 20 Hz. A multi-channel scalar

was used in obtaining the decay curves. The overall time resolution of the system was

better than 100 nsec.

2.3 Results and discussions

A typical room temperature PL spectrum of Er:Si-ncs:SiO2 is shown in Fig. 2.1. Strong

emission can be observed at around 1.3 eV and 0.81 eV. The 1.3 eV peak is assigned to

the recombination of excitons confined in Si-ncs, and the 0.81 eV one to the intra-4f shell

transitions of Er3+ [10].

The inset of Fig. 2.1 shows PL time transient of Er3+ at 0.81 eV after short-pulse

photo-excitation with pulse width of 5nsec. We can see that the PL intensity of Er3+ rises

fast until reaching about 70% of the maximum intensity, and then starts to rise slowly.

This delayed time corresponds to the energy transfer time.
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Figure 2.1: PL spectrum of SiO2 thin film containing Er ions and Si-nc’s. In the inset,

PL time transient at 0.81 eV just after 5nsec pulsed excitation is shown. The open squares

are experimental results, and the solid curve is a result of model fitting.

In order to discuss this in more detail, we quantitatively analyze the observed data.

In the present Er and Si-ncs concentration range, we can assume that one nanocrystal

interacts with one Er3+. Under this assumption, in the simplest model, Er3+ PL intensity

is expressed as,

I(t) ∝ exp(−wErt)− exp[−(wTr + wSi)t], (2.1)

where wSi, wEr and wTr are the recombination rates of excitons in Si-ncs and Er3+, and

the energy transfer rate, respectively. In this equation, both the rising and decaying parts

of the curves are expressed with a single exponential function. However, as can be seen

in the inset of Fig. 2.1, the intensity rises very fast until reaching about 70% of the

maximum intensity and then starts to rise slowly. This behavior is apparently different

from Eq. (1).

To reproduce the observed rising curves, we have to consider at least two different

energy transfer processes occurring simultaneously; one process is faster than our time

resolution (100nsec), and the other is slower (∼ 10µsec) and depends strongly on the

samples. We define the number of Er3+ which interact very strongly with Si-ncs and
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contribute to the fast process as N f
Er, and the number of Er3+ which interact weakly and

contribute to the slow process as N s
Er. The energy transfer rate of each process is wf

Tr and

ws
Tr, respectively. Under the assumption that one nanocrystal interacts with one Er3+,

N f
Er is equal to the number of Si-ncs interacting strongly with Er3+ (N f

Si), and N s
Er is

equal to those weakly interacting with Er3+ (N s
Si). After pulsed excitation, the number

of excited Si-ncs that can transfer energy to Er3+ is,

NSi(t) = N f
Si0

exp[−(wf
Tr + wSi)t] + N s

Si0
exp[−(ws

Tr + wSi)t], (2.2)

where wSi is the recombination rate of excitons in Si-ncs, and N f
Si0

and N s
Si0

denote the

number of Si-ncs excited at t=0. If we ignore direct excitation of Er3+, the excitation

rate of Er3+ can be,

G(t) = wf
TrN

f
Si0

exp[−(wf
Tr + wSi)t] + ws

TrN
s
Si0

exp[−(ws
Tr + wSi)t], (2.3)

and the number of Er3+ ions in the excited state is,

NEr(t) =
wf

TrN
f
Si0

wf
Tr + wSi − wEr

{exp(−wErt)− exp[−(wf
Tr + wSi)t]}

+
ws

TrN
s
Si0

ws
Tr + wSi − wEr

{exp(−wErt)− exp[−(ws
Tr + wSi)t]}. (2.4)

As can be seen in the inset of Fig. 2.1, the fast process is faster than our time resolution,

and is also faster than the lifetimes of Si-ncs PL (100 µsec ∼ 1 msec) and Er3+ PL (∼5

msec). Therefore, Eq. (4) can be approximated as,

NEr(t) = N s
Si0
{(N

f
Si0

N s
Si0

+
ws

Tr

ws
Tr + wSi − wEr

)exp(−wErt)− ws
Tr

ws
Tr + wSi − wEr

exp[−(ws
Tr+wSi)t]}.

(2.5)

Equation (5) multiplied by wEr results in the PL intneisty. Since the excitation rate of

Si-ncs does not depend on whether the energy transfer is fast or slow, N f
Si0

/N s
Si0

=N f
Si/N

s
Si,

and from the assumption that one nanocrystal interacts with one Er3+, N f
Si/N

s
Si=N f

Er/N
s
Er.

Therefore, PL intensity will be,

I(t) ∝ (
N f

Er

N s
Er

+
ws

Tr

ws
Tr + wSi − wEr

)exp(−wErt)− ws
Tr

ws
Tr + wSi − wEr

exp[−(ws
Tr + wSi)t].

(2.6)

In Eq. (6), N f
Er/N

s
Er and ws

Tr are unknown parameters and wEr and wSi can be obtained

experimentally from the decay curves of Er3+ and Si-ncs PL. The decay time of Si-ncs

PL was obtained by fitting the tail part of the decay curves with a single exponential
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function. By using N f
Er/N

s
Er and ws

Tr as fitting parameters, we fitted the experimental

curve and extrated the values. The solid curve in the inset of Fig. 2.1 is the result of the

fitting. The model can reproduce the observed data with very good accuracy.

In the above model, the energy transfer time includes pure energy transfer time and

the time necessary for excited Er3+ to relax to the first excited state (∼2.5µsec) [12], if it

is excited to higher excited states. The transfer time of the fast process, which is shorter

than our time resolution, is much shorter than the relaxation time. This suggests that the

fast energy transfer is made only to the first excited state of Er3+ (4I13/2), independent of

the size of the nanocrystals. The fact that the energy transfer is made to the first excited

state despite the enlargement of the band gap of Si-ncs supports that the fast energy

transfer process is bulk-Si:Er-like, i.e., a trap-mediated energy transfer. In bulk-Si:Er

systems, energy transfer is considered to be mediated by Er-related trap levels at about

150 meV below the conduction band of Si-ncs; excitons are trapped at that level and the

recombination energy of excitons is transferred to Er3+ by an Auger-like process [13, 14].

On the other hand, considering the very small energy transfer rate of the slow process,

Er-related centers are not expected to be involved and excitons may interact directly

with Er3+ in the slow process. If excitons in Si-ncs directly interact with Er3+, energy

transfer should be made mainly to higher excited states of Er3+ because the Si-ncs PL

peak energy in the present samples is always above 1.26 eV. The evidence that Er3+ is

excited to higher excited states is obtained in the PL spectra of Si-ncs, which are partially

quenched due to the energy transfer to Er3+ [9]; Since the energy levels of the Er3+ 4f

shell are discrete, only Si-ncs with specific band-gap energies corresponding to the energies

of intra-4f shell transitions of Er3+ can transfer energy with high efficiency, resulting in

the partial quenching of PL of Si-ncs.

The ratio of slow to fast processes estimated from the fitting is shown in Fig. 2.2 as

a function of size of Si-ncs (a) and Er concentration (b). The ratio depends both on

the size and Er concentration. The observed dependences are considered to arise from

different average distance between Si-ncs and Er ions, because the fast process requires

considerably small separation between Er ions and Si-ncs, while the slow one can occur

even if the separation is relatively large.

In order to analyze quantitatively, we introduce a simple model in which Er3+ are

categorized into three groups depending on the location relative to Si-ncs. We consider

three spherical fields around a Si-nc in a cubic as shown in the inset of Fig. 2.2(b). Er3+

located in the first field (region (I)) which is the closest to Si-nc are excited by the fast

process, and those in the second field (region (II)) by the slow process. Er3+ located

outside the second field (region (III)) do not interact with Si-nc. Here, the volume of the

cubic (Vcubic) was determined to be the reciprocal of the concentration of Si-ncs, which

was estimated from excess Si concentration and average size of Si-ncs. The number of
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Figure 2.2: The ratio of slow to fast processes as a function of Si-nc’s size (a) and Er

concentration (b). Filled squares are experimental results, and solid curves are results of

model fitting. In the model, three spherical fields around a Si-nc are considered (the inset

of (b)).
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Er3+ in the cubic (NEr) was obtained from Er concentration.

In order to simplify the problem, we make following assumptions. First, Er3+ are not

inside Si-ncs but on the surface or outside Si-ncs, because the solubility of Er ions in

bulk-Si is very low (1014 − 1016cm−3). Second, one Si-nc can excite at most one Er3+

under 5 nsec pulse excitation, because if two excitons are excited in a Si-nc, one of them

recombines nonradiatively by Auger interaction between two excitons before transfering

its energy to Er3+.

Under these assumptions, the requirement necessary for the fast process is the existence

of at least one Er3+ in region (I). Assuming that Er3+ are uniformly dispersed in SiO2,

the ratio of Si-ncs contributing to the fast process with respect to all Si-ncs (Nfast) is

given by,

Nfast = 1−
(

V2 + V3

V1 + V2 + V3

)NEr

, (2.7)

where V1, V2, and V3 are the volumes of regions (I), (II), and (III), respectively.

In a similar manner, the ratio of Si-ncs contributing to the slow process can be easily

obtained. It should be noted here that if at least one Er3+ exists in the region (I), the

slow process is suppressed by the fast process. Thus the requirement necessary for the

slow process is the existence of at least one Er3+ in region (II) and no Er3+ in region (I).

Therefore, the ratio of Si-ncs cotributing to the slow process (Nslow) is given by,

Nslow =

(
V2 + V3

V1 + V2 + V3

)NEr

−
(

V3

V1 + V2 + V3

)NEr

. (2.8)

Thus, the ratio of slow to fast processes (Nslow/Nfast) can be written

Nslow

Nfast

=
(V2 + V3)

NEr − V NEr
3

(V1 + V2 + V3)NEr − (V2 + V3)NEr
, (2.9)

where V1 = 4π{(R + α)3 − R3}/3, V2 = 4π{(R + α + β)3 − (R + α)3}/3, and V3 =

Vcubic − 4π(R + α + β)3/3. α and β are the thickness of region (I) and (II), and R is the

radius of Si-nc’s (= dSi/2).

We tried to reproduce the observed data in Fig. 2.2 by fitting them with the equation

(2.9) by using α and β as fitting parameters. Results of the fittings are shown by solid

curves. Both the size and the Er concentration dependences are well fitted by the model.

α and β were estimated to be 1.45nm and 1.01nm from Fig. 2.2 (a), and 1.20nm and

0.42nm from Fig. 2.2 (b). The good reproduction of the observed results indicates that

the model is qualitatively correct and the ratio of slow to fast processes is in principle

determined by the average distance between Er3+ and Si-ncs.

However, α and β estimated from Figs. 2.2 (a) and 2.2 (b) do not coincide perfectly.

This disagreement may come from oversimplification of the model. In particular, we don’t

take into account the effect of neighboring Si-ncs. This effect is crucial in discussing the
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size dependence of the ratio in Fig. 2.2 (b), because in this case, the distance between Si-

ncs changes depending on the size. Compared to the size dependence, the effect is smaller

and the obtained parameters are more reliable for the Er concentration dependence in

Fig. 2.2 (a), because the distance is fixed.

2.4 Conclusion

In conclusion, we have succeeded in demonstrating that there are two different energy

transfer processes, i.e. slow and fast processes, in Er:Si-ncs:SiO2. From the estimated

energy transfer time, the fast energy process is considered to be bulk-Si:Er-like, i.e., a

trap-mediated energy transfer, and the slow energy process is considered to be resonant

energy transfer from electron-hole pairs within Si-ncs to second or third excited states of

Er3+. The ratio of the two processes was found to depend on the size of Si-ncs and Er

concentrations, suggesting that the most dominant factor determining the ratio of slow

to fast processes is the average distance between Si-ncs and Er3+. Our simple model

succeeded in reproducing qualitatively the observed dependences on the size of Si-ncs and

Er concentration.
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Chapter 3

Spectrally resolved energy transfer

from excitons in Si nanocrystals to

Er ions

In this chapter, energy transfer from Si nanocrystals (Si-ncs) to Er3+ is

studied spectroscopically. At low temperatures, inhomogeneously broad-

ened PL bands of Si-ncs were partially quenched and some dips were ob-

served. A comparison of the quenched spectra with a photoluminescence

excitation spectrum revealed that the dips are due to resonant energy

transfer from excitons in Si-ncs to Er3+. For the energy transfer to the
4I11/2 state of Er3+, two dips, one very clear and the other indistinctive,

were observed, while to the 4I9/2 state two dips with comparable depth

were observed. Modification of the band structure of Si-ncs by the quan-

tum size effects is responsible for the different dip structures depending

on to which states the energy transfer is made.

3.1 Introduction

Si-ncs are promising materials as a photosensitizer for substances with small oscillator

strength such as molecular oxygen (MO) [1–3] and rare earth (RE) ions [4–10]. By

placing Si-ncs in close proximity to these substances, their optical excitation cross section

is strongly enhanced due to efficient energy transfer from Si-ncs.

The mechanism of energy transfer from Si-ncs to MO has been studied for porous Si,

which consists of networks of Si-ncs. Porous Si in vacuum shows an inhomogeneously-

broadened featureless photoluminescence (PL) band even at liquid He temperature due to

size- and shape-distributions of Si-ncs. By adsorbing MO, the broad PL band is partially
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quenched, and periodic dips with the period of 63 meV appear in the inhomogeneously

broadened PL band. The dip is the deepest at 1.63 eV that coincides with the energy

separation between the second excited 1Σ and ground 3Σ state of MO (3Σ-1Σ), indicating

that Si-ncs with the bandgap energy of 1.63 eV transfer their excitation energy resonantly

to MO. Si-ncs having other bandgap energies have to emit phonons to satisfy the energy

conservation rule during the energy transfer process. This results in periodic features

in the PL spectra, the period of which corresponds to the energy of maximum density

of phonon states of bulk-Si (63 meV). Magneto-optical spectroscopy reveals that the

mechanism of the energy transfer is a triplet-triplet annihilation type electron exchange

process [2].

Compared to MO, the mechanism of energy transfer to RE ions was less elucidated.

Among several RE ions being reported to be sensitized by Si-ncs, Er3+ have most inten-

sively been studied because of its possible application in optical telecommunication fields

[11–14]. In our previous work, we studied the mechanism of energy transfer by analyzing

time transient of PL from Er after pulsed excitation of Si-ncs sensitizer [15, 16]. The

analysis revealed that two energy transfer processes, i.e., fast and slow processes work

simultaneously. The energy transfer time of the fast process is less than 100 nsec, while

that of the slow one is several tenth of µsec. The contribution of the fast process among

the total energy transfer process increases, e.g., from 55 % to 77 % in the previous samples

[16], with increasing the size of Si-ncs, suggesting that the fast process is essentially the

same as that reported for Er doped bulk Si crystals., i.e., excited excitons are trapped to

Er-related trap centers and the recombination energy of excitons are transferred to Er3+

by an Auger like process [17–19]. On the other hand, the slow energy transfer process is

considered to be due to the Förster [20] type Coulombic interaction between excitons in

Si-ncs and Er3+ staying apart from Si-ncs, because the energy transfer rate showed strong

dependence on radiative recombination rate of excitons [16]. The direct interaction be-

tween excitons and Er3+ should manifest itself as dips in inhomogeneously broadened PL

bands of Si-ncs as has been observed in the case of exciton-MO interactions. In fact,

we observed small features in PL bands of Si-ncs in SiO2 films containing Er3+ and Si-

ncs [15]. Similar features were also reported for Er doped Si-ncs/SiO2 superlattices [21].

However, the observed features were indistinctive and some of them could be recognized

only after taking derivatives. The obscureness of the features prevents detailed analysis

of the energy transfer mechanism and the meaning of the features is still controversial.

One of the possible reasons for the obscureness of the features is that the crystallinity

of Si-ncs is not perfect, and PL spectra are determined not only by size distribution

but also by the energy of defect states. If PL arises mainly from defect states, even

when Si-ncs with a particular size transfer energy resonantly to Er3+, PL spectra will

be quenched totally and dips will be very shallow and ill-defined. Therefore, improving
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the crystallinity of Si-ncs is indispensable to observe distinct features and to discuss the

mechanism of energy transfer.

In this work, we have succeeded in preparing Si-ncs which show pronounced spectral

dips by carefully controlling sample preparation conditions. PL spectra of these samples

are measured as a function of temperature and excitation power.

3.2 Experimental details

Er and Si-ncs co-doped SiO2 (Er:Si-nc:SiO2) were prepared by a co-sputtering method.

Si, SiO2 and Er2O3 were simultaneously sputter-deposited in argon (Ar) gas, and the

deposited films (about 2 µm in thickness) were annealed in a nitrogen (N2) gas (99.999%)

atmosphere for 30 minutes at temperatures above 1200 oC. Si-ncs were grown in films of

the mixture of SiO2 and Er2O3 during the annealing. In this method, the size of Si-ncs can

be controlled by changing the concentration of excess Si in films or changing the annealing

temperature. Therefore, to realize a particular size distribution, different combinations of

annealing temperature and Si concentration are possible. In the present work, we choose

higher annealing temperature (above 1200oC) and lower Si concentration than those used

in previous work [6, 7].

This preparation condition results in higher crystallinity of Si-ncs. The annealing tem-

perature dependence of the crystallinity has been demonstrated by Iacona et al. by

energy-filtered transmission electron microscopy [22]. They showed that in low tempera-

ture annealed samples, e.g., ∼1150 oC, substantial amounts of amorphous clusters remain,

and the fraction of amorphous clusters decreases with increasing annealing temperature.

In conventional PL spectroscopy excited by blue light, the difference in crystallinity does

not appear clearly. However, the difference can be seen when the energy of the exciting

laser light is chosen to fall inside a low energy part of the spectral band. Under this res-

onant excitation condition, if the crystallinity is perfect, PL spectra of Si-ncs show clear

features corresponding to the emission and absorption of momentum conserving phonons

during the creation and recombination of excitons [24]. If defects are introduced in or

on the surface of nanocrystals, the features become ill-defined [23]. In the present high-

temperature annealing condition, the PL features are more pronounced than those of the

samples annealed at lower temperatures, implying that the number of defective nanocrys-

tals are reduced and majority of excitons recombine radiatively without the participation

of surface or defect-related recombination centers.

We have prepared samples with two different size distributions with the average sizes

of about 3.4 and 5.8 nm. These sizes are chosen so that PL peak energies coincide with

the excitation energies of the 4I11/2 and 4I9/2 states of Er3+. Er was doped rather heavily

(0.2 at%) to make sure that all Si-ncs interact with Er3+.
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PL spectra were measured using a single monochromator equipped with a Si charge-

coupled device (detection energy 1.2-2.5 eV) or an InGaAs near-Infrared diode array

(detection energy 0.7-1.8 eV). The excitation source for taking the spectra was the 488

nm line of an Ar-ion laser. For all the spectra, the spectral response of the detection system

was corrected by the reference spectrum of a standard tungsten lamp. In order to measure

the PL excitation (PLE) spectra, an optical parametric oscillator (OPO) pumped by the

third harmonic of a Nd:YAG laser and a liquid nitrogen cooled Ge photodiode were used

as an excitation source and a detector, respectively. A continuous-flow type He cryostat

was used to take temperature dependence of PL spectra.

3.3 Results and discussions

PL spectra of Er:Si-ncs:SiO2 and Si-ncs doped SiO2 (Si-ncs:SiO2) at room temperature

are shown in Fig. 3.1. The average sizes of Si-ncs are 5.8 and 3.4 nm for Figs. 1(a) and

3.1(b), respectively. A sharp peak at 0.81 eV corresponds to the intra-4f shell transition

(4I13/2-
4I15/2) of Er3+ (Er PL), while the broad one arises from the recombination of

excitons confined in Si-ncs (Si-ncs PL), the intensity of which is decreased by Er doping.

The quenching of the exciton PL by Er doping is accompanied by the shortening of

lifetime as can be seen in the insets Fig. 3.1. This result contradicts with earlier reports

that the lifetime of Si-nc PL does not change by Er doping [12]. The shortening of the

lifetime is a direct evidence that ”slow energy transfer process”, which is mentioned in

the introduction, competes with the radiative recombination process of exciton.

In Figs. 3.2(a) and 3.2(b), PL spectra of Er:Si-ncs:SiO2 are shown as a function of

temperature. In order to compare the spectral shape, all the spectra are normalized at

maximum intensity. At the bottom of these figures, PL spectra of Si-ncs:SiO2 at 5K are

shown. Without Er doping, the spectra are broad and featureless. In contrast, small

features start to appear on the spectra of Er:Si-ncs:SiO2 below 80 K, and clear dips can

be seen at 5 K. It is interesting to note that only one dip (at around 1.22 eV) is observed

in Fig. 3.2(a), while two dips with nearly identical depth (at around 1.49 eV and 1.55 eV)

are observed in Fig. 3.2(b). A small peak at 1.27 eV at low temperatures in Fig. 3.2(b)

is the emission of Er3+ from the second excited state (4I11/2→4I15/2).

In order to investigate the origin of these dips, PLE spectra of Er PL at 0.81 eV are

measured for Er doped SiO2 (Er:SiO2) (Fig. 3.2). We can see two peaks corresponding to

the 4I15/2→4I9/2 and 4I15/2→4I11/2 transitions of Er3+. The energy positions of the 4I11/2

and 4I9/2 states with respect to the ground 4I15/2 state are shown with the vertical dashed

lines and the labels at the top of the figures. We can see that the positions of PLE peaks

roughly coincide with those of dips. This coincidence suggests that the dips are due to

energy transfer from excitons in Si-ncs to Er ions. It should be stressed here that the dips
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Figure 3.1: PL spectra of Er:Si-nc:SiO2 and Si-nc:SiO2 at room temperature. Average

sizes of Si-ncs are (a) 5.8 and (b) 3.4 nm. A sharp peak at 0.81 eV is due to the intra-4f

shell transition (4I13/2→4I15/2) of Er3+, and the broad one to the recombination of excitons

confined in Si-ncs. In the insets, decay curves of PL from Si-ncs with and without Er

doping are shown.
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are caused by non-radiative energy transfer, i.e., the exchange of near-field light, but not

by the re-absorption of PL from Si-ncs by Er3+. The absorption cross-section of Er3+ is

very small, and in the present samples, absorption due to the 4I15/2 → 4I9/2 and 4I15/2 →
4I11/2 transitions is not detectable by conventional absorption spectroscopy.

It is interesting to note that in Fig. 3.2(a), the spectral dip does not coincide perfectly

with the 4I11/2 state. It exists at about 57 meV below the 4I11/2 state. On the other hand,

in Fig. 3.2(b), the higher-energy dip coincides perfectly with the 4I9/2 state, while the

lower-energy one again stays at 57 meV below the 4I9/2 state. The vertical dotted lines are

drawn 57 meV below the 4I9/2 and 4I11/2 states. The reason that dips appear at 57 meV

below the 4I11/2 and 4I9/2 states can be explained by considering the fact that Si-ncs inherit

the indirect bandgap nature of bulk Si crystals. In bulk Si, the conduction band bottom is

located in the vicinity of the X points of the Brillouin zone (∆ minima), and thus emission

or absorption of momentum-conserving phonons are required for the optical transition.

Usually, TO phonon-assisted transition is the most dominant and PL maximum appears

at 57 meV (=TO phonon energy at ∆ minima) below the bandgap. Similarly in Si-ncs,

TO phonon-assisted transition is reported to be the dominant recombination path in the

present size range [24].

In Fig. 3.3, the energy diagram of Er3+ and Si-ncs are depicted. Si-ncs with the

bandgap energy of 1.28 eV transfer energy resonantly to Er3+. Since, without Er doping,

these Si-ncs luminesce at 1.22 eV by emitting one TO(∆) phonon, PL quenching appears

at around 1.22 eV. Similarly, resonant energy transfer from Si-ncs having the bandgap

energy of 1.55 eV to the 4I9/2 state results in the quenching at 1.49 eV.

If Si-ncs are purely indirect bandgap semiconductors, dips should appear always at 57

meV below excited levels of Er3+. In fact, in Fig. 3.2(a), we can see only one dip at

57 meV below the 4I11/2 state. This means that Si-ncs having the bandgap energy in

this region hold the indirect-bandgap nature strongly. On the other hand, two dips with

nearly identical depth can be seen in Fig. 3.2(b). The observation of the dip exactly at

the energy of the 4I9/2 state implies that probability of a quasi-direct nonphonon optical

transition is not negligibly small and it can compete with the TO(∆) phonon-assisted

transition.

The transition from indirect bandgap to quasi-direct one is a result of the quantum

size effect. The confinement of excitons in a space comparable or smaller than the Bohr

radius of bulk excitons leads to uncertainty of quasimomentum and breakdown of the

momentum conservation rule. Although this effect has been well-known and theoretically

studied in detail [25], direct observation of the effect is not straightforward because of

inhomogeneous broadening of PL bands. In order to lift the inhomogeneous broadening

and extract the information of size-selected Si-ncs, spectral narrowing techniques such as

resonant PL and hole burning spectroscopy should be employed [24, 26]. The dips observed
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Figure 3.2: Temperature dependence of PL spectra of Er:Si-nc:SiO2 (upper part). The

average sizes of Si-ncs are (a) 5.8 and (b) 3.4 nm. PL spectra of Si-nc:SiO2 are shown in

the lower part and PLE spectrum of Er:SiO2 is shown in the middle part. Vertical dashed

lines are drawn to the energies of 4I15/2 →4 I11/2 and 4I15/2 →4 I9/2 transitions of 4f shell

of Er3+. Vertical dotted lines are drawn 57 meV below these energies.
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Figure 3.3: Schematic illustration of an energy-level diagram of Si-ncs and Er3+. Si-

ncs with the bandgap energies of 1.55 and 1.28 eV can resonantly excite Er3+ to the
4I9/2 and 4I11/2 states, respectively. The luminescence energies of these nc-Si are one

TO(∆) phonon energy below or correspond to 4I9/2 or 4I11/2 states, resulting in dips in

the positions shown in the figure.

in this work can be regarded as holes in hole burning spectroscopy and quenched spectral

region provides information on size-selected Si-ncs. Therefore, the present approach,

i.e., digging spectral holes by resonant energy transfer to discrete electronic states of an

energy acceptor, offers a new tool to extract information of size-selected semiconductor

nanocrystals in inhomogeneously broadened PL bands.

The dips in inhomogeneously broadened PL band appear most clearly when PL max-

imum exists at the energy of excited states of Er3+. However, it is not easy to tune

sample preparation conditions to realize it. Fortunately, fine tuning of the PL maximum

is possible by controlling excitation power. PL lifetime of Si-ncs at low temperatures is in

the msec range, and thus the condition of the formation of two excitons in a nanocrystal

can easily be achieved at rather low excitation power. In a Si-nc having two excitons

simultaneously, Auger interaction between them is so efficient that one of them recom-

bines nonradiatively by giving kinetic energy to an electron or a hole of the other exciton,

resulting in saturation of PL intensity [27]. This effect is more significant for larger Si-ncs

because of longer exciton lifetime. Therefore, at high excitation power, a lower-energy

side of PL bands saturates, resulting in a high-energy shift of the band.

In the lower part of Fig. 3.4, PL spectra of Si-nc:SiO2 excited by different powers are
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Figure 3.4: Excitation power dependence of PL spectra of Er:Si-nc:SiO2 (upper part).The

average sizes of Si-ncs are (a) 5.8 and (b) 3.4 nm. PL spectra of Si-nc:SiO2 excited by

two different powers are shown in the lower part and PLE spectrum of Er:SiO2 is shown

in the middle part. Vertical dashed lines are drawn to the energies of 4I15/2 →4 I11/2 and
4I15/2 →4 I9/2 transitions of 4f shell of Er3+. Vertical dotted lines are drawn 57 meV

below these energies.

compared. The shape of PL features changes depending on excitation power. We can see

that the dips are more pronounced with increasing excitation power. This is because PL

peak energy of Si-ncs approaches the excited states of Er3+ at higher excitation power.

It is worth noting that, in Fig. 3.4(a), a very weak dip appears at the position of the
4I11/2 state when the PL band shifts to higher energy and the slope of the envelope

function at the position becomes smaller by high power excitation. This suggests that

the band structure of Si-ncs with the band gap energy of 1.26 eV is not purely indirect

but quasi-direct transition is slightly allowed.
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3.4 Conclusion

We have shown that inhomogeneously broadened PL bands of Si-ncs are partially

quenched due to resonant energy transfer to discrete electronic states of Er3+. The ob-

servation of clear dips is the evidence that there is direct interaction between excitons

in Si-ncs and Er3+. The analysis of the dips gives us valuable information for electronic

structures of size-selected Si nanocrystals. Si nanocrystals with the bandgap energy of

around 1.28 eV strongly hold indirect bandgap nature of bulk Si crystals, while quasi-

direct non-phonon optical transition becomes possible in Si-ncs of 1.55 eV bandgap.
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Chapter 4

Interaction between Er ions and

shallow impurities in Si nanocrystals

In this chapter, the interaction between Er3+ and shallow impurities

in Si nanocrystals (Si-ncs) is studied for SiO2 films containing Er and

Si-ncs (Er:Si-ncs:SiO2). The luminescence property of Er3+ is strongly

modified by shallow impurities in Si-ncs. The formation of excess carri-

ers in Si-ncs by P or B doping results in the quenching of infrared pho-

toluminescence (PL) of Er3+ and the shortening of the lifetime. When

P and B are doped simultaneously and carriers are compensated, the

intensity and the lifetime are recovered. It is shown that the mecha-

nism of the interaction is Auger de-excitation of excited Er3+ with the

interaction of electrons or holes in Si-ncs. The estimated Auger coef-

ficient is found to be two orders of magnitude smaller than that of Er

doped bulk Si at low temperatures where carriers are bound to donor or

acceptor ions, and four orders of magnitude smaller than that at room

temperature. This small Auger coefficient makes Si-ncs immune from

the impurity Auger de-excitation process compared to Er doped bulk Si

and is considered to be responsible for temperature independent efficient

PL of Er:Si-ncs:SiO2 systems.

4.1 Introduction

Si nanocrystals (Si-ncs) act as an efficient photosensitizer for Er ions (Er3+) [1–4]. The

excitation cross-section of Er3+ in SiO2 (Er:SiO2) is enhanced by more than four orders

of magnitude if Si-ncs are simultaneously doped (Er:Si-ncs:SiO2) [5–8]. The enhanced

excitation cross-section is due to indirect excitation of Er3+ by the energy transfer from
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Si-ncs. Since the absorption band of Si-ncs covers the whole visible range, Er3+ can be

excited by white light. The luminescence from Er3+ in this system exhibits almost no

temperature quenching. Due to these remarkable features this system is considered to be

a key component to realize planar waveguide type compact optical amplifier operating at

1.54 µm [9].

Detailed experimental and theoretical studies have been carried out to elucidate the

mechanism of energy exchange between Si-ncs and Er3+ [5–8, 10, 11]. In previous papers

[10, 11], we studied the photoluminescence (PL) transient of Er3+ after pulsed excitation

of Si-ncs hosts and found that the intensity continues to rise after finishing excitation.

The rising part contains valuable information about the energy exchange mechanism. The

analysis of the rising part revealed that there are two different energy transfer processes

occurring simultaneously, i.e., fast and slow processes, and the ratio of the fast to slow

processes changes depending on the size of Si-ncs and Er concentration. From the size de-

pendence of the energy transfer time, the fast process was assigned to be a trap-mediated

process; an excited electron is trapped to Er3+ related center in the bandgap, the recom-

bination energy of an bound exciton is transferred to Er3+ by Auger-like process, and

Er3+ is excited to the first excited state [11]. This process is essentially the same as that

in Er doped bulk Si crystals (Er:bulk-Si) [12–14]. On the other hand, the slow process is a

characteristic one occurring only in nanocrystalline systems. This is probably the Förster

[15] type Coulombic interaction between free-excitons in Si-ncs and Er3+. Although the

ratio of slow to fast processes increased with decreasing the size of Si-ncs, the fast process
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Figure 4.1: Schematic representations of two possible nonradiative de-excitation processes

for Er3+ in bulk Si: (a) energy back transfer, and (b) Auger de-excitation with free elec-

trons.
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was always the dominant energy transfer process in all the samples studied.

This conclusion seems to contradict the fact that luminescence properties of Er:Si-

ncs:SiO2 are much different from those of Er:bulk-Si. Especially, the degree of tempera-

ture quenching of PL is much different; PL from Er:Si-ncs:SiO2 is almost insensitive to

temperature, while that from Er:bulk-Si shows very strong temperature quenching. As

the origin of the strong temperature quenching of Er:bulk-Si, two major de-excitation

processes are considered [16, 17]. The first one is an energy back-transfer process [Fig.

4.1(a)]. Since the lifetime of excited state of Er3+ is very long, the reverse energy trans-

fer process can compete with spontaneous emission; excited Er3+ relaxes by exciting an

electron to the trap level in the bandgap of host Si. If the electron is thermally activated

to the conduction band, luminescence from Er3+ is lost. This process becomes more

significant at higher temperatures, resulting in very strong temperature quenching. The

other de-excitation process is Auger de-excitation of excited Er3+ with energy transfer to

free carriers in host Si [Fig. 4.1(b)]. The Auger coefficient of this process is determined

to be CA = 5×10−13cm3s−1 for both free electrons and free holes [16, 18]. When free

carriers are frozen and the donor and acceptor levels are occupied at low temperatures,

the interaction is made between Er3+ and electrons (or holes) bound to shallow donors

(acceptors). The efficiency of this process is two orders of magnitude smaller than that of

the Auger de-excitation with free carriers [16, 18]. Therefore, the efficiency of the Auger

de-excitation is also strongly enhanced at higher temperatures.

The fact that Er:Si-ncs:SiO2 shows very small temperature quenching suggests that

these de-excitation processes are inefficient. The asymmetry between efficient excitation

and inefficient de-excitation is thus the origin of the characteristic luminescence properties.

The reason for the small de-excitation efficiency can qualitatively be explained as follows.

The de-excitation by back-transfer is completed by two consecutive processes, i.e., the

excitation of an electron to an Er-related level and the thermalization of the electron

to the conduction band [see Fig. 4.1(a)]. Er-related-defect level is considered to be not

strongly affected by the size of Si-ncs because a localized state is usually not strongly

modified by quantum size effects [19–21]. On the other hand, the conduction band edge

goes up with decreasing the size. As a result, the energy necessary to release an electron

from the level becomes larger, making the thermalization of an electron inefficient even at

room temperature. The other de-excitation process, i.e., the Auger de-excitation shown

in Fig. 4.1(b), is possible only when free or bound carriers exist in host materials. This

process is thus expected to be prohibited if shallow impurities do not exist in Si-ncs.

In Er:Si-ncs:SiO2 systems studied so far, shallow impurities are not intentionally doped,

resulting in the absence of the de-excitation process. However, if doped Si-ncs are used

as a photosensitizer, it is highly plausible that excited Er3+ has interaction with shallow

impurities. A detailed study on the interaction provides additional information on the
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mechanism of energy exchange and is crucial in fully understanding the differences and

similarities between Er:bulk-Si and Er:Si-ncs:SiO2 systems. The study also provides vital

information on the interaction between excited Er3+ and photogenerated carriers in Si-

ncs. The knowledge on the interaction is indispensable to discuss whether or not multiple

Er3+ can be excited by a single nanocrystal.

In this chapter, we have studied the interaction between excited Er3+ and shallow

impurities in Si-ncs by controlling P and/or B concentration in Si-ncs systematically. We

will demonstrate that PL properties of Er3+ are strongly modified by shallow impurities

in Si-ncs and discuss the mechanism of the interaction.

4.2 Experimental details

Films containing Er and shallow-impurity-doped Si-ncs were prepared by a cosputtering

method [22–24]. Si, Er2O3, SiO2, borosilicate glass (BSG) and/or phosphosilicate glass

(PSG) were simultaneously sputter-deposited in Ar gas on a quartz or a Si substrate.

The thickness of films was about 1µm. P (B) concentration in films was controlled by

changing the areal ratio of P2O5 (B2O3) in sputtering targets. The average concentration

of P2O5 in a whole film was determined by an electron probe microanalysis, and that of

B2O3 by the intensity ratio of Si-O and B-O vibration signals in infrared (IR) absorption

spectroscopy [24, 25]. Er concentration was fixed to be about 0.02 at.%.

After the deposition, films were annealed in N2 gas (99.999% ) atmosphere for 30 min

at 1150 ◦C. By annealing, Si-ncs were grown in films of the mixture of SiO2, Er2O3,

B2O3 and/or P2O5. During the growth of Si-ncs, P and/or B were incorporated and

activated in Si-ncs. Growth of single-crystalline Si-ncs in glass matrices was confirmed

by transmission electron microscopic observations [24, 26]. The average size of Si-ncs in

pure SiO2 was about 4 nm in diameter. At low P and B concentration, the size of Si-ncs

was almost independent of impurity concentration, while at high concentration (e.g., >1

mol%), the average size became slightly larger than that of Si-ncs in pure SiO2 with the

same Si concentration. This is because glass matrices are softened by P and B doping,

resulting in longer diffusion length of Si atoms during annealing, which makes particles

slightly larger [24].

The evidences that P and/or B are doped into substitutional sites of Si-ncs and are

electrically active have been obtained from IR absorption spectroscopy [22] and electron

spin resonance (ESR) spectroscopy [23]. In IR absorption spectra, when P (B) was doped,

broad absorption due to free-carrier (or confined-carrier) absorption, i.e., intra-conduction

(valence) band transitions of electrons (holes), was observed, and it became stronger with

increasing impurity concentration [22]. On the other hand, the absorption became very

weak if nearly the same amount of P and B was doped simultaneously, meaning that
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carriers were compensated. In ESR spectra, a broad signal which can be assigned to free

carriers was observed by P doping, and at low temperatures, hyper-fine splitting of the

signal due to the interaction of electron spin with the P nuclear spin was observed [23]. The

observed hyper-fine splitting was much larger than that of a P donor in bulk Si, being the

direct evidence that P donor wavefunction was squeezed by quantum confinement effects.

Although the existence of electrically active shallow impurities in Si-ncs can be evi-

denced by IR absorption and ESR studies, the number of active dopants or excess carriers

in each nanocrystal cannot simply be estimated even if the average P or B concentration

in a whole film is known, because solubility of dopants is different between Si-ncs and

SiO2, and they may precipitate at interface regions. However, considering the small size

of nanocrystals the number of carriers should be very small even when impurity concen-

tration is very high, e.g., impurity concentration of 1×1020 cm−3 corresponds to in average

3.2 impurities per a nanocrystal 4 nm in diameter.

PL spectra were measured by using a single grating monochromator and an InGaAs

near-Infrared diode array. The spectral response of the detection system was calibrated

with the aid of a reference spectrum of a standard tungsten lamp. For the time transient

measurements, a 510 nm line of an optical parametric oscillator (OPO) pumped by the

third harmonic of a Nd:YAG laser was used as an excitation source (pulse energy 0.5

mJ/cm2, pulse width 5 nsec, and repetition frequency 20 Hz). In this wavelength, Er3+

is not directly excited. This means that only Er3+ having interaction with Si-ncs can

be excited by the energy transfer, and that not interacting with Si-ncs is not excited.

Emitted light was detected by a near infrared photomultiplier (5509-72, Hamamatsu) and

decay curves were recorded by a multichannel scaler. All measurements were carried out

at room temperature.

As references, we studied PL properties of Er doped PSG (Er:PSG) and Er doped BSG

(Er:BSG) prepared by the same procedure as that used for the other samples. Er3+ in

these samples cannot be excited by 510 nm light. We therefore employed 521 nm light to

excite Er3+ for the samples not containing Si-ncs.

4.3 Results and discussions

4.3.1 P or B doping

Figure 4.2(a) shows PL spectra of Si-ncs and Er doped PSG (Er:Si-ncs:PSG) with

different P concentration. Peaks are observed at around 1.4 eV and 0.81 eV. The 1.4 eV

peak is assigned to the recombination of excitons confined in Si-ncs, and the 0.81 eV one

to the intra-4f shell transition of Er3+ (Er-PL). In Fig. 4.2(b), PL intensities of Si-ncs

and Er3+ are plotted as a function of P concentration. The PL intensity of Si-ncs first
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Figure 4.2: (a) PL spectra of Er:Si-ncs:PSG with different P concentration. A broad band

centered at around 1.4 eV is due to recombination of excitons in Si-ncs and a sharp one

at 0.81 eV arises from intra-4f shell transition of Er3+. (b) P concentration dependence

of PL peak intensities of Er3+ and Si-ncs in Er:Si-ncs:PSG, and that of Er3+ in Er:PSG.
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Figure 4.3: PL spectra of Er3+ in Er:Si-ncs:SiO2 (solid curve) and in Er:Si-ncs:PSG (P

concentration of 1.23mol% ) (dashed curve).

increases slightly with increasing P concentration and then decreases monotonously. In

the present Er concentration, Si-ncs not interacting with Er3+ remain in a film, and the PL

arises mainly from these Si-ncs, because strong interaction with Er3+ efficiently quenches

the PL. Therefore, the observed P concentration dependence can be explained by the

same model proposed for Si-ncs in PSG without Er3+ doping (Si-ncs:PSG) [22, 23]. Low

concentration doping results in inactivation of dangling-bond defects at Si-SiO2 interfaces,

while heavy doping results in the formation of excess electrons in Si-ncs, which quenches

exciton luminescence by an impurity Auger process.

Below the P concentration of 0.79 mol%, the intensity of Er-PL shows similar behavior

to that of Si-ncs, while above 0.79 mol%, the intensity is slightly recovered. It should

be stressed here that the observed strong P concentration dependence of the intensity

below the P concentration of 0.79 mol% does not come from a modified local environment

of Er3+ by P doping. This can be proved by studying P concentration dependence of

PL from Er:PSG. Without Si-ncs, the variation of the intensity by P doping is much

smaller. Furthermore, below the P concentration of 0.79 mol%, spectral shape of Er-PL

is independent of P concentration. The observed strong quenching is thus due to the

interaction between Er3+ and P in Si-ncs.
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Figure 4.4: (a) PL spectra of Er:Si-ncs:BSG samples with different B concentration. (b)

B concentration dependence of PL peak intensities of Er3+ and Si-ncs in Er:Si-ncs:BSG,

and that of Er3+ in Er:BSG.
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Figure 4.5: Schematic representations of two possible mechanisms for the quenching of

PL from Er3+: (a) Auger recombination of an exciton within Si-ncs with the interaction

of an excess electron bound to a P donor, and (b) Auger de-excitation of excited Er3+ with

the interaction of an electron in Si-ncs.

Above the P concentration of 0.79 mol%, P concentration dependence of PL from Er3+

deviates from that from Si-ncs, suggesting that the local environment of Er3+ is changed

from that of low P concentration samples. In fact, above 0.79 mol%, the spectral shape of

Er3+ is modified significantly as can be seen in Fig. 4.3. Although the effect of the local

environment of Er3+ is interesting to study in detail, we will restrict our attention to the

P concentration range of smaller than 0.79 mol%, because the purpose of this work is to

study the interaction between Er3+ and shallow impurities, and the change of the local

environment makes the analysis of data more complicated.

Figure 4.4(a) shows PL spectra of Si-ncs and Er3+ doped BSG (Er:Si-ncs:BSG) with

various B concentration. In contrast to the case of P doping, the change of spectral shape

of Er-PL is not seen even at the highest B concentration. The PL intensities of Si-ncs

and Er3+ are plotted in Fig. 4.4(b) as a function of B concentration together with that of

Er3+ in Er:BSG. We can see that the effect of B doping on the PL properties of Si-ncs and

Er3+ are qualitatively the same as that of P doping. This suggests that the mechanism

of PL quenching by doping is within the first approximation independent of the polarity

of doped carriers. In the following, we will discuss the mechanism mainly for P doped

samples. The same discussion can be applied to B doped samples.

If excess carriers are supplied to Si-ncs, two quenching paths become active. The first

one is Auger interaction within Si-ncs; an exciton recombines nonradiatively by giving

kinetic energy to an excess carrier [Fig. 4.5(a)]. If the rate of this process is comparable

to or larger than that of energy transfer to Er3+, the energy transfer efficiency is sup-

pressed. Therefore, PL efficiency of Er3+ interacting with doped Si-ncs is smaller than
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that interacting with pure Si-ncs. With increasing impurity concentration, the number of

doped Si-ncs increases, resulting in the quenching of Er-PL. This process does not affect

the lifetime of the PL. The other mechanism of PL quenching is Auger de-excitation of

excited Er3+ by giving energy to an excess carrier in Si-ncs [Fig. 4.5(b)]. In this case, PL

quenching is accompanied by the shortening of the lifetime. Therefore, these two processes

can be distinguished by studying PL lifetime as a function of P(B) concentration.

Figures 4.6(a) and 4.6(b) show PL time transients of Er3+ for Er:Si-ncs:PSG and

Er:Si-ncs:BSG respectively. Without P (B) doping, the decay curve is nearly a single-

exponential function with the lifetime of about 3.8 msec. By P (B) doping, the lifetime

becomes shorter, and the decay curve deviates from a single-exponential function. The

shortest lifetime observed is about 480 µsec for Er:Si-ncs:PSG with the P concentration

of 0.79 mol%. In Fig. 4.7, the lifetime is plotted as a function of P (B) concentration to-

gether with the data obtained for Er:PSG and Er:BSG. The lifetime of Er-PL for Er:PSG

and Er:BSG does not depend strongly on P and B concentrations. The observed shorten-

ing of lifetime in Er:Si-ncs:PSG(BSG) is thus due to the interaction of excited Er3+ with

shallow impurities in Si-ncs.

As discussed in the introduction, the cross-section of impurity Auger interaction in

Er:bulk-Si is two orders of magnitude different depending on whether carriers are free

or bound. In Si-ncs, donors or accepters are considered to be not ionized even at room

temperature because of the enhanced ionization energy by quantum size effects [19–21].

Therefore, Er3+ interacts with bound carriers in Si-ncs, and thus the situation is similar to

Er:bulk-Si at low temperatures. Unfortunately, theory of Auger de-excitation of impurities

with bound carriers does not lead to a simple final formula, and thus a phenomenological

treatment has been applied to quantitatively analyze the phenomena in Er:bulk-Si [16].

In the treatment, the effective Auger coefficient (CA) is estimated from the relation,

1/τ = 1/τ0 + CANA, where τ and τ 0 are the lifetime of Er3+ for the samples with and

without impurity doping, and NA the excess carrier concentration [16]. In the present

samples, NA can not simply be estimated from average P or B concentration, because P or

B are not expected to be uniformly distributed. However, rough estimation is possible. For

example, for the Er:Si-ncs:PSG sample with P concentration of 0.79 mol%, PL intensity

of Si-ncs is nearly completely quenched. This suggests that almost all Si-ncs have at least

one electrically active P atom. One P in a nanocrystal with 4 nm in diameter corresponds

to the P concentration of 3×1019cm−3. Thus NA should be lager than 3×1019cm−3. This

estimation gives us the maximum possible value of CA of 6.1× 10−17cm3s−1. This value

is two orders of magnitude smaller than that reported for Er3+ doped bulk Si for bound

carriers [16]. Similar value is obtained for Er:Si-ncs:BSG samples.

It is now clear that the shortening of PL lifetime by the impurity Auger process is the

cause of observed quenching of Er-PL. However, the quenching cannot be fully explained
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Figure 4.6: PL time transient of Er3+ for (a) Er:Si-ncs:PSG and (b) Er:Si-ncs:BSG.
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Figure 4.7: PL lifetime of Er3+ as a function of P(B) concentration for Er:Si-ncs:PSG,

Er:nc-S:BSG, Er:PSG, and Er:BSG.

by the mechanism. In the case of P doping the intensity of Er-PL is decreased by two

orders of magnitude, while the lifetime is shortened by one order of magnitude. This

difference suggests that impurity Auger within Si-ncs [Fig. 4.5(a)] competes with energy

transfer to Er3+, and is also responsible for the quenching. As mentioned in the introduc-

tion, there are two energy transfer processes, i.e., fast and slow processes. Among them,

the slow process, the time scale of which is µsec range, is more strongly affected. In fact,

the slow rising part of Er-PL after pulsed excitation disappears by P or B doping.

4.3.2 P and B doping

PL properties of simultaneously P and B doped samples (Er:Si-ncs:BPSG) give us

additional information on the interaction between Er3+ and shallow impurities. Figure 4.8

compares the PL spectra of Er3+ in Er:Si-ncs:SiO2, Er:Si-ncs:BSG and Er:Si-ncs:BPSG.

B concentration in Er:Si-ncs:BSG and Er:Si-ncs:BPSG is the same (1.16 mol%). We can

see that quenching of Er-PL by B doping is recovered by adding P to nearly the same

intensity as that of Er:Si-ncs:SiO2. The recovery of the PL intensity is accompanied by

the appearance of a broad peak below the bandgap of bulk Si. The low energy peak has
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Figure 4.8: (a)PL spectra of Er:Si-ncs:SiO2 (solid curve), Er:Si-ncs:BSG (dotted curve)

and Er:Si-ncs:BPSG (dashed curve). B concentration in Er:Si-ncs:BSG and Er:Si-

ncs:BPSG is the same.

been observed for B and P doped Si-ncs without Er doping, and assigned to the optical

transition between impurity states formed in the bandgap of Si-ncs by B and P doping

[24, 27]. The intensity of the impurity-related PL of Er:Si-ncs:BPSG is much larger than

that of Er:Si-ncs:BSG due to the compensation of excess carriers in Si-ncs.

The recovery of Er-PL by P doping can also be explained by carrier compensation. By

compensation, both Auger recombination processes shown in Figs. 4.5(a) and 4.5(b), i.e.,

within Si-ncs and between excited Er3+ and carriers in Si-ncs, respectively, are suppressed.

The suppression of the second de-excitation process should manifest itself as recovering

of the lifetime of PL. Figures 4.9(a) and 4.9(b) show time transient of Er-PL in Er:Si-

ncs:BPSG. B concentration is fixed to 1.16 mol%, and P concentration is changed from

0 to 1.22 mol% [from 0 to 0.57 mol% in Fig. 4.9(a), and from 0.57 to 1.22 mol% in

Fig. 4.9(b)]. The lifetime estimated from Fig. 4.9 is plotted in Fig. 4.10 as a function

of P concentration together with the PL intensities of Si-ncs and Er3+. In Fig. 4.9(a)

and Fig. 4.10, we can see that the lifetime of Er-PL, which is shortened by B doping, is

drastically recovered by adding P. The longest lifetime observed is about 3 msec. This

value is very close to that of Er:n-Si:SiO2 (3.8 msec), meaning that carriers in Si-ncs are
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Figure 4.9: PL time transient of Er3+ in Er:Si-ncs:BPSG. B concentration is fixed to

1.16mol%, and P concentration is changed (a) from 0 to 0.57 mol% and (b) from 0.57 to

1.22 mol%.
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(•) as a function of P concentration for Er:Si-ncs:BPSG. B concentration is fixed to 1.16

mol%.

almost perfectly compensated and Auger de-excitation does not work. In fact, the PL

intensities of both Si-ncs and Er3+ are the maximum at this P concentration.

After passing through the longest lifetime point, further increase of P concentration

results in shortening of lifetime, which is accompanied by the quenching of PL from Si-

ncs and Er3+ (Fig. 4.9(b) and Fig. 4.10). Formation of excess electrons by further P

doping realizes the same situation as that of Er:Si-ncs:PSG.

In Fig. 4.10, the longest PL lifetime is obtained when B and P concentration in a

whole film is 1.16 mol% and 0.54 mol%, respectively, indicating that carriers in Si-ncs are

perfectly compensated in this concentration. This result contradicts our previous results

on PL from P and B co-doped Si-ncs [27]. In that case, PL from Si-ncs was the strongest

when B and P concentration in a whole film was nearly the same. Two mechanisms are

considered as the origin of the discrepancy. The first one is that the distribution of B and

P in a film is modified by Er doping, i.e., suppression of B doping in Si-ncs or enhancement

of P doping, resulting in carrier compensation in Si-ncs when P concentration in a whole

film is nearly the half of B concentration. The second possible model is that doped Er3+

acts as a donor and thus smaller amount of P is necessary for compensation. Donor
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behavior of Er3+ is well known in Er:bulk-Si and compensation of the donor by B doping

is demonstrated [16]. At present, we have no direct evidence to decide which mechanism

is working.

4.4 Conclusion

We have studied the interaction between shallow impurities in Si-ncs and Er3+. It was

shown that shallow impurity doping drastically decreases the efficiency of Er-PL. Two

different Auger processes are responsible for the quenching. Auger recombination of pho-

toexcited excitons with the interaction of electrons or holes supplied by impurity doping

competes with energy transfer to Er3+ and degrades energy transfer efficiency. Even if

excitation of Er3+ by the energy transfer is successfully completed, radiative relaxation of

Er3+ has to compete with Auger de-excitation with the interaction of electrons or holes

in Si-ncs, resulting in shortening of lifetime and degradation of the quantum efficiency.

These effects are very similar to that observed for Er:bulk-Si, thus supporting our previous

conclusion that the mechanism of the interaction between Si-ncs and Er3+ is qualitatively

the same as that of Er:bulk-Si [11]. However, there are some quantitative differences. The

estimated Auger coefficient is found to be two orders of magnitude smaller than that of

Er:bulk-Si at low temperatures where carriers are bound to donor or acceptor ions, and

four orders of magnitude smaller than that at room temperature. This small Auger coef-

ficient makes Si-ncs immune from the impurity Auger de-excitation process compared to

Er:bulk-Si and is considered to be one of the origins of temperature independent efficient

PL of Er:Si-ncs:SiO2 systems.

We also studied the effects of carrier compensation on PL from Er3+ and demonstrated

that perfectly compensated Si-ncs does not degrade PL from Er3+, although PL properties

of Si-ncs themselves are strongly modified. The recovery of luminescence properties by

compensation is another evidence of the interaction between excited Er3+ and shallow

impurities in Si-ncs.

It is very plausible that Auger de-excitation of Er3+ with the interaction of carriers in

Si-ncs is not limited to the situation that the carriers are supplied by shallow impurity

doping. The de-excitation may also be possible in Er:Si-ncs:SiO2 containing pure Si-ncs

if second exciton is photogenerated in a nanocrystal when Er3+ is already excited by the

energy transfer from the nanocrystal. The Auger interaction of the excited Er3+ with the

photogenerated carrier may quench Er-PL, if the rate of this process is comparable to

or larger than that of the energy transfer rate. If this process really works, excitation of

multiple Er3+ by a single nanocrystal becomes very inefficient, and one nanocrystal can

excite only one Er3+ during the lifetime of excited Er3+. This conclusion is consistent

with the result obtained by Kik et al. [8].
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Chapter 5

Enhancement of radiative

recombination rate of excitons in Si

nanocrystals on a Au film

In this chapter, the author demonstrates time-resolved photolumines-

cence (PL) spectra of Si nanocrystals doped SiO2 on Au thin films. It

is shown that the PL intensity within several tenth of µs after excita-

tion is enhanced by the presence of Au films. The data suggest that the

radiative recombination rate of excitons in Si-ncs is enhanced, and the

degree of the enhancement depends strongly on the emission photon en-

ergy. The enhancement is found to arise from the modification of the

local photonic mode density by the presence of Au thin films.

5.1 Introduction

Silicon nanocrystals (Si-ncs) show strong photoluminescence (PL) at room temperature

due to the recombination of excitons confined in the zero-dimensional quantum confined

system [1–4]. The high-efficiency of the PL arises from two mechanisms. The first one is

the restriction of carrier transport in nanometer scale regions, and resultant suppression

of non-radiative recombination processes via defects or impurities. The second one is the

enhancement of the radiative recombination rate. Because of the confinement of excitons

in a space smaller than the exciton Bohr radius of bulk Si crystals, the overlap of electron

and hole wavefunctions becomes large in both real and momentum spaces, resulting in

the enhancement of the spontaneous emission rate [3, 4]. However, even for Si-ncs as

small as a few nanometers in diameter, indirect bandgap nature of bulk Si crystals is

strongly inherited, and thus the radiative recombination rate is still not large enough
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[3, 4]. Therefore, further improvement of the radiative rate is required to realize Si based

light-emitting devices.

The radiative rate of an emitter can be modified by controlling the local photonic

environments by placing it in a microcavity or in the vicinity of metal surface [5–10].

The simplest explanation of the phenomena is the interaction of emitter’s field with the

reflected field; if reflected field interacts with the emitter in phase, the radiative decay

rate is enhanced, while out of phase, it is suppressed [11, 12]. As a result, the radiative

rate oscillates depending on the distance from the surface. Another explanation of the

phenomena is that the local photonic mode density (PMD) is changed in the vicinity of

metal surface, and this change results in the modification of the radiative rate, because

it is proportional to PMD [13–15]. The modification of radiative rate by controlling the

photonic environment has been demonstrated for dye molecules [16, 17], rare-earth ions

[5, 7, 10], and semiconductor quantum dots or nanocrystals [18, 19].

The purpose of this chapter is to demonstrate the enhancement of the radiative recom-

bination rate of Si-ncs by Au thin films and also to clarify the effect of PMD on emission

properties of indirect bandgap semiconductors. The advantage of Si-ncs to study the ef-

fect is that the PL band is very broad due to size and shape distributions, and the lifetime

at low temperatures is very slow (∼5 ms) and almost independent of the PL energy, i.e.,

the size, because at low temperatures almost all excitons stay in spin-forbidden triplet

states [2, 20, 21]. The broad PL band allows us to study the emission energy dependence

of the effects in one measurement. The author shows that the radiative rate can be en-

hanced by the presence of Au thin films by time-resolved PL measurements of Si-ncs at

low temperatures.

5.2 Experimental details

SiO2 films containing Si-ncs were prepared by a co-sputtering method. Si and SiO2 were

simultaneously sputter-deposited on SiO2 substrates, and the deposited films (300 nm in

thickness) were annealed in a nitrogen (N2) gas (99.999 %) atmosphere for 30 minutes at

temperatures above 1200 oC. Si-ncs were grown in the films during the annealing. In this

method, the size of Si-ncs can be controlled by the concentration of excess Si in the films or

the annealing temperature. We have prepared samples with two different size distributions

with the average sizes of about 3.4 and 5.8 nm (samples A and B) by changing excess

Si concentration. The refractive indices at 1.5 eV estimated from Bruggeman effective

medium theory [22] are 1.47 and 1.55 for samples A and B, respectively. After annealing,

Au films (10 µm in thickness) were deposited on a part of sample surface by vacuum

evaporation.

PL was excited by 457.9 nm light of an optical parametric oscillator (OPO) pumped by
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the third harmonic of a Nd:YAG laser (pulse energy 0.5 mJ/cm2, pulse width 5 nsec, and

repetition frequency 20 Hz) through a transparent fuzed quartz substrate. The incident

light was aligned perpendicular to the sample surface and PL was corrected from the

same side. Conventional PL spectra were measured by using a single grating monochro-

mator equipped with an InGaAs near-infrared diode array or a Si charge coupled device.

The spectral response of the detection system was calibrated with the aid of a reference

spectrum of a standard tungsten lamp. For PL decay measurements, a near infrared pho-

tomultiplier (5509-72, Hamamatsu) and a multichannel scaler were used. Time resolved

PL spectra were constructed by combining PL decay curves measured in the wavelength

range between 650 and 1250 nm. All measurements were carried out at 5 K.

5.3 Results

In the insets of Figs. 5.1(a) and 5.1(b), PL spectra of bare and Au-coated samples are

compared for samples A and B, respectively. The PL arises from the recombination of

excitons in Si-ncs (Si-nc PL) and is inhomogeneously broadened due to size distribution,

and resultant bandgap distribution. In order to compare PL intensities of bare and Au-

coated samples, the reflection of excitation and emission light at Au surface is taken into

account. The reflection coefficient of a Au film is about 0.3 for the excitation wavelength,

and is almost 1 for the detection wavelength [23]. Therefore, at maximum, excitation

power and detection efficiency of Au-coated samples are 1.3 and 2 times, respectively,

larger than those of bare samples. PL intensities of Au-coated samples in the insets of

Figs. 5.1(a) and 5.1(b) are thus divided by a factor of 2.6. To confirm the appropriateness

of the factor, we studied how much the PL intensity is enhanced when a Au film is

deposited on the back-side of the sample. In this situation, there is no direct interaction

between Si-ncs and Au, and the enhancement arises only from the reflection of excitation

and emission light. The observed enhancement factor was about 2.5, which is very close

to the value we employed,. i.e., 2.6. After the correction, we can see that PL intensities

are decreased about 40 % and 10 % by Au deposition for samples A and B, respectively.

The decrease is due to the excitation of surface plasmons and lossy waves in the Au layer

by energy trasnfer from Si-ncs.

PL decay curves of samples A and B are shown in Figs. 5.1(a) and 5.1(b), respectively.

The decay curves are normalized at the maximum intensities. The decay curves of the

samples without Au coating consist of fast and slow components. The slow component

is assigned to radiative recombination of excitons confined in Si-ncs, while the fast one

to that trapped at defects at Si/SiO2 interfaces. The contribution of the fast component

is larger at lower detection energy, because the maximum of the defect-related PL is at

around 0.8 eV [24, 25]. The lifetime of the exciton PL is very long (several ms) due to the
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Figure 5.1: PL decay curves of Si nanocrystals (a) 3.4 nm and (b) 5.8 nm in average

diameter detected at 1.5 and 1.3 eV, respectively at 5 K. Insets: PL spectra.
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Figure 5.2: Time-resolved PL spectra of Si-ncs at low temperature for sample A [(a) and

(b)], and sample B [(c) and (d)]. The spectra of bare samples [(a) and (c)] and samples

with Au films [(b) and (d)] are shown.
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occupation of excitons in spin-forbidden triplet states.

By depositing Au thin films on top, the decay curves are strongly modified and the

lifetimes are shortened by roughly an order of magnitude in the presence of Au thin films.

It is worth noting that the change in the lifetime caused by Au coating is much larger

than that in the intensity. For example, for sample B, the PL intensity is decreased only

about 10 %, while the lifetime is shortened by an order of magnitude. This suggests that

radiative decay rates as well as non-radiative ones are modified by the Au layer.

To study the emission energy dependence of the effect, we measured time resolved PL

spectra at low temperature. Figures 5.2(a) and 5.2(c) show the results obtained for the

samples without Au coating [Fig. 5.2(a): sample A, Fig. 5.2(c): sample B], while Figs.

5.2(b) and 5.2(d) for those with Au layers. The PL intensities of Au-coated samples

are divided by 2.6 to correct the reflection of incident and emission light by a Au layer.

By comparing Figs 5.2(a) and 5.2(b), we notice that the PL intensity of the Au-coated

sample [Fig. 5.2(b)] just after excitation (t = 10 µsec) is much larger than that of the

bare sample [Fig. 5.2(a)], although it decays much faster. The very fast decay results in

smaller PL intensity of Au-coated samples in time-integrated spectra in Fig. 5.1. The

same result can be seen for the samples with the Si-nc size of 5.8nm (sample B) [Fig.
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Figure 5.3: The ratio of the PL intensity (enhancement factor) of Au-coated to bare

samples at t = 10 µ sec.
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Figure 5.4: Contour plots of calculated radiative decay rates for (a) a bare and (b) a

Au-coated samples as a function of photon energy and the position of emitter from air or

Au layer. The decay rate is normalized to that in vacuum. The insets show the power

dissipation spectra as a function of in-plane wavevector (u).
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Figure 5.5: (a) The ratio of calculated radiative decay rate (enhancement factor) of the

Au-coated to bare samples obtained by dividing Fig. 4(b) by Fig. 4(a). (b) Enhancement

factor as a function of photon energy obtained by integrating that of dipoles positioned

between 0 and 300 nm from the surface (interface) for the refractive indices of the active

layers of 1.55 and 1.47.
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5.2(c) and 5.2(d)]. The very fast PL at low energy side is due to defects at Si-ncs/SiO2

interfaces [24, 25].

The enhancement of the PL intensity at t = 10 µsec by Au-coating strongly suggests

that the radiative decay rate is enhanced, because if the shortening of the lifetime is

caused only by the introduction of new non-radiative recombination processes, PL inten-

sity should be decreased in all time regions. In a simplified model, PL intensity [I(t)]

after pulse excitation is expressed as I(t) = WrN0exp(−Wtotalt), where Wr and Wtotal are

a radiative decay rate and a total decay rete (summation of radiative and nonradiative

decay rates), respectively and N0 the number of excited emitters by pulse excitation. If

the time after excitation is much shorter than the lifetime of the emitter, i.e., Wtotalt ¿ 1,

PL intensity is expressed as I(t) = WrN0. In Fig. 5.2, the effect of reflection at Au surface

is corrected, and thus N0 is considered to be the same, and at t = 10 µsec Wtotalt ¿ 1

is satisfied. Therefore, the observed enhancement of PL intensity at t = 10 µsec can be

considered to be due to the enhancement of the radiative decay rate.

In order to know the emission energy dependence of the radiative rate enhancement,

PL intensities at t = 10 µsec of Au-coated samples are divided by those of bare samples

(IAu
0 /Iair

0 ). The results are shown in Fig. 5.3. We can see strong wavelength dependence

of the enfacement factor. For example, for sample B, we see 3 times enhancement at 1.3

eV , while no enhancement at 1.7 eV. The maximum energy of the enhancement factor

depends on the samples. In sample A, the maximum appears at around 1.5 eV.

5.4 Discussions

The modification of the radiative and nonradiative decay rates by placing a Au thin

film can be calculated by a model developed by Chance et al. [12]. The model considers

the emitter to be an oscillating electric dipole, which is damped by its radiation. The

power dissipation of the dipole is determined by the imaginary part of the electric field at

the position of the dipole, which is given by the summation of the dipolar field and the

field reflected at the interfaces. We performed the calculation for three layer structures,

i.e., air (or Au) / Si-nc doped SiO2 / SiO2. For the calculation, the refractive index of the

SiO2 substrate was set to 1.45, and those of Si-ncs doped SiO2 to 1.47 and 1.55, which

correspond to samples A and B, respectively. In the energy range studied, the dispersion

of the refractive indices are small (∼2 %), and thus they are assumed to be constant. The

photon energy dependence of the dielectric constant of Au thin film was taken from the

literature [23].

Figure 5.4 shows the calculated results for n = 1.55. The insets of Figs. 5.4(a) and

5.4(b) show the power dissipation spectra of the bare and Au-coated samples as a function

of a in-plane wavevector (u). The photon energy is 1.5 eV and the position of dipole is
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the center of the emissive layer, i.e., 150 nm from the surface (or the Au layer). In-plane

wavevector is normalized with respect to the far field wavevector. The wavevector larger

than 1 corresponds to the evanescent waves of the dipole and not transport energy if there

are no absorbing medium in its close proximity. By depositing a Au layer, a very sharp

peak appears at around u=1.036 due to the excitation of surface plasmons at the interface

between Au thin film and the emissive layer (Si-ncs doped SiO2). Power dissipation for

even larger wavevector range is due to the excitation of intra- and inter-band transitions

in the metal. For both samples, u >0.938 results in the total internal reflection at the

interface of the emissive layer and the substrate. Therefore, modes with the values of

0<u<0.938 have propagating far-field components; we shall refer to them as radiative.

Figures 5.4(a) and 5.4(b) compare the calculated radiative decay rates for the bare

and Au-coated samples as a function of photon energy (vertical axes) and a position of

emitter from the surface (or the Au layer) (horizontal axes). The radiative decay rate

can be calculated by integrating the power dissipation spectra for 0<u<0.938, and is

normalized to the rate in vacuum. The calculation is made for the refractive index of 1.55

for the Si-ncs doped SiO2 layer. We can see that the decay rate is strongly modified by

the presence of the Au thin film. Because of the interference of the field produced by the

dipole and that reflected by the Au layer the radiative rate oscillates depending on the

distance from the interface [Fig 5.4(b)].

By dividing Fig. 5.4(b) by Fig. 5.4(a), the enhancement factor of the radiative rate

is obtained as a function of photon energy and the position of a dipole. The result of

the division is shown in Fig. 5.5(a). The oscillation of the enhancement factor arises

from that of the radiative decay rate of the Au-coated sample. In order to compare the

calculated results with experimental results shown in Fig. 5.3, the enhancement factor is

averaged over the dipole position from 0 to 300 nm. The results are shown in Fig 5.5(b)

for the refractive indices of the Si-ncs doped SiO2 layers of 1.47 and 1.55. We can see

that the enhancement factor depends strongly on the photon energy. The maximum of

the enhancement factor shifts to lower energy with increasing the refractive indices. This

behavior is very similar to the experimental results shown in Fig. 5.3, suggesting that the

observed radiative rate enhancement is due to the interference of the dipole filed with the

reflected field. In other words, the PMD near the Au layer is enhanced, resulting in the

radiative rate enhancement.

Although the model qualitatively explains the mechanism of the radiative rate enhance-

ment, there are some quantitative disagreements. First, the maximum of the radiative

rate enhancement for sample B appears at higher energy compared to that obtained by

calculation for n = 1.55. This disagreement seems to arise from the defect-related PL

observed at the low-energy side of exciton PL. In the present work, the enhancement fac-

tor is estimated from the PL intensity at t = 10 µsec under the assumption that the PL
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lifetime is much longer than 10 µsec. The assumption is valid for exciton luminescence,

the typical lifetime of which at low temperature is 5 ms. However, the lifetime of the

defect-related PL is several µsec, which does not satisfy the assumption. This means that

the enhancement factor cannot be estimated properly at low energies, where the intensity

of defect-related PL at t = 10 µsec is comparable to that of exciton PL. Probably, the

enhancement factor in Fig. 5.3 is underestimated at the lower energy side, resulting in

the disagreement with the theoretical calculation. Another quantitative disagreement is

that the observed enhancement factors are larger than the calculated ones. One of the

possible reasons for the disagreement is that the present Au films are not perfectly flat

(the root-mean-square roughness of ∼ 10 nm). Further studies by systematically changing

the degree of roughness is required for quantitative discussion.

5.5 Conclusion

Time-resolved PL spectra of Si-ncs revealed that the radiative recombination rate of

excitons in spin-forbidden triplet states can be enhanced by the presence of Au films, and

that the degree of enhancement depends strongly on the emission photon energy. We

showed that the observed enhancement can qualitatively be explained by that of PMD.

The degree of the enhancement of the radiative recombination rate was larger than that

predicted by theoretical calculations, suggesting that roughness on the Au layer plays an

important role for the enhancement, and by properly controlling the roughness, larger

enhancement factor will be obtained.
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Chapter 6

Nonlinear optical properties of Si

nanocrystals embedded in SiO2

prepared by a co-sputtering method

In this chapter, nonlinear optical properties of Si nanocrystals (Si-ncs)

doped SiO2 are studied by z-scan technique in a femtosecond regime at

around 1.6 eV. The nonlinear refractive index (n2) and nonlinear ab-

sorption coefficient (β) are strongly enhanced compared to those of bulk

Si and found to be about ∼ 2 × 10−13 cm2/W and ∼ 0.8 cm/GW, re-

spectively. In the diameter range of 2.7 to 5.4 nm, the size dependence

of n2 coincided well with that calculated by a pseudoptential approach,

suggesting that the discrete energy states of Si-ncs are responsible for

the observed enhanced optical nonlinearity.

6.1 Introduction

Si-nc is a promising material towards the application of optical switching devices. Non-

linear optical refractive index (n2) of Si-ncs has been reported to be enhanced more than

two orders of magnitudes than that of bulk-Si in a relatively transparent energy range[2–

5]. The elucidation of the origin of the large nonlinear optical response of Si-ncs has been

attracting a great interest today.

There have been many reports on nonlinear optical response of various forms of Si-

ncs. For example, a strong enhancement of the nonlinear optical response has been

observed in chemically etched porous Si[6, 7], Si-ncs doped SiOxNy deposited by plasma

enhanced chemical vapor deposition (PECVD)[8, 9], Si-ncs doped SiO2 prepared by ion

implantation[10], laser ablated Si-ncs deposited on quarts substrate[11, 12], Si-ncs doped
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SiO2 prepared by a sol-gel method[13], and so on. The nonlinear optical properties of

Si-ncs depend strongly on the preparation method. The reported values of n2 varied from

∼ 10−7cm2/W to ∼ 10−13cm2/W, and both positive and negative n2 were reported for

various forms of Si-ncs [6–13]. This implies that the origin of the enhancement may differ

depending on the preparation methods and conditions. Therefore, further systematic

studies for well-defined Si-nc samples are needed to elucidate the mechanism of large

optical nonlinearity.

In this chapter, the nonlinear optical response of Si-ncs doped SiO2 is studied for

samples prepared by a conventional cosputtering method. Our samples are well-defined

Si-ncs doped SiO2, where the simple quantum size effect can explain its linear optical

properties. For example, they show strong photoluminescence (PL) above the bandgap

of bulk-Si (at around 1.4 eV). The origin of the PL is the band edge luminescence due

to the recombination of quantum confined electron-hole pairs within Si-ncs, evidenced by

the resonantly excited PL spectra[14], the temperature dependence of the PL lifetime [1],

and resonant quenching of PL bands by energy transfer to nearby materials [15]. Since

the quantum efficiency of the PL is rather high[16], the PL peak energy well coincides

with the theoretically predicated band gap energy of Si-ncs[1]. The Si-nc samples are

thus considered to be suitable for the systematic study to elucidate the mechanism of the

nonlinear optical response of Si-ncs. In this paper, the size and photon-energy dependence

of the nonlinear optical response of Si-ncs doped SiO2 are discussed. These studies lead

us to better understanding of the origin of the enhanced optical nonlinearity of Si-ncs.

6.2 Experimental details

Si-ncs doped SiO2 was prepared by a co-sputtering method. Si and SiO2 were simulta-

neously sputter-deposited in Ar gas on a quartz substrate and then the deposited SiOx

films were annealed in a N2 gas (99.999 % ) atmosphere for 30 min above 1100 ◦C to grow

nanocrystals in the films. In this method, the size of Si-ncs can be controlled by changing

the concentration of Si in the films or changing the annealing temperature (Ta). The

size of Si-ncs was estimated by cross-sectional transmission electron microscopic (TEM)

observations. The average diameter (D) was from 2.7 to 5.5 nm. The concentration of ex-

cess Si (CexSi) ranges from 3 to 11 vol% , estimated by electron probe microscope analysis

(EPMA). The thickness of the samples was estimated by a physical-contact-type surface

roughness measurement and to be about 8 µm. PL spectra were measured by using a

single grating monochromator and an InGaAs near-Infrared diode array. The spectral

response of the detection system was calibrated with the aid of a reference spectrum of a

standard tungsten lamp.

For the measurement of the nonlinear optical properties of Si-ncs, a Z-scan method was
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used. Details of the z-scan method is found elsewhere[17]. Briefly, in the z-scan method,

the tight focusing gaussian beam is vertically irradiated onto a sample and the sample

is moved along the direction of the beam propagation (z axis). The transmitted light

intensity is recorded as a function of the distance from the focal point (z). When whole

transmitted light is detected (open aperture), the transmittance (Top(z)) is determined

by the nonlinear absorption coefficient (β), and its dependence on z is

Top(z) = 1 +
βI0L

1 + (z/z0)2
, (6.1)

where I0, L, and z0 are the peak intensity of the beam, sample thickness and the diffraction

length of the beam, respectively. Note that Top doesn’t depend on the nonlinear refractive

index (n2) but does only on β, thus open aperture measurement provides the information

on β.

When a small aperture is placed in front of the detector to cut peripheral region of the

transmitted light (closed aperture), the transmittance (Tcl) depends both on n2 and β .

The information on n2 is extracted by the division of Tcl by Top,

Tcl/Top(z) = 1 +
4∆φ

((z/z0)2 + 9)((z/z0)2 + 1)
, (6.2)

where ∆φ is the nonlinear phase change. n2 is obtained from ∆φ as,

n2 =
λα∆φ

2πI0(1− e−αL)
, (6.3)

where α and λ are the linear absorption coefficient and the wavelength of the beam,

respectively.

For the gaussian beam, we used the mode-locked Ti:shaphire femtosecond laser with

the pulse width of 70 fsec and the repetition frequency of 82 MHz. The photon energy

was changed from 1.48 to 1.65 eV which overlaps PL emission energy bands of Si-ncs.

The incident beam was focused on a sample by a lens with the focus length of 100 mm,

and the beam waist and diffraction length determined by a knife edge method were 18 µm

and 1.1 mm, respectively. The peak intensity of the beam was typically 10 GW/cm2. No

notable change of nolinear optical properties was observed in the intensity range of 0.5-20

GW/cm2, suggesting that thermal effect is negligible in this measurement condition [8, 9].

The validity of the obtained data was checked by measuring a fused quarts plate as a

reference.

6.3 Results and discussions

Figure 6.1 shows PL (left-hand axis) and absorption spectra (right-hand axis) of a

typical sample (CexSi=3.3 vol% , Ta=1100 ◦C, D=2.7 nm). A broad PL peak at around
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Figure 6.1: PL (left axis) and absorption (right axis) spectra of a typical sample (CexSi=3.3

vol% , Ta=1100 ◦C, D=2.7 nm). The dashed line is a result of fitting by assuming an

indirect bandgap semiconductor (
√

αhν∝(hν −Eg)). The optical bandgap is estimated to

be 2.4 eV.

1.4 eV is assigned to the recombination of electron-hole pairs within Si-ncs. The optical

bandgap (Eg) estimated from the absorption spectrum by using the
√

αhν∝(hν − Eg)

relation is around 2.4 eV. Therefore, in the energy range investigated in this paper (at

around 1.6 eV), the samples are highly transparent.

Figure 6.2 shows typical results of z-scan measurements for (a) a closed aperture (Tcl)

(b) an open aperture (Top) and (c) the ratio (Tcl/Top). Open squares and solid curves

represent experimental data and fitted results, respectively. In Figs. 6.2(b) and 6.2(c),

Eqs. (6.1) and (6.2), respectively, are used for the fittings. The solid curve in Fig. 6.2(a)

is generated by using the parameters obtained by the fittings of Figs. 6.2(b) and 6.2(c).

The agreement between the experimental data and the fitted curves is very good and the

diffraction length estimated from the fitting well coincides with those measured by a knife

edge method. The clear symmetrical valley to peak trace in Fig. 6.2(a) suggests that the

sign of n2 is positive and that the nonlinearity is mainly refractive. The analysis of the

z-scan traces by equations (6.1)-(6.3) reveals that n2 is ∼ 1.4 × 10−13 cm2/W and β is

∼ 0.5 cm/GW, being similar values to previous reports [2, 8].

The observed n2 is one order of magnitude larger than the bulk-Si value and 3 orders

of magnitude than the amorphous SiO2 value. In other words, addition of 3.3 vol%

Si-ncs into SiO2 results in as much as three orders of magnitudes enhancement of n2

compared to SiO2. It is worth noting that the linear refractive index of Si-ncs doped SiO2

is explained simply by the volume ratio of Si and SiO2 and is less than 1.6 in the present
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Figure 6.2: Results of z-scan measurements for (a) a closed aperture (Tcl), (b) an open

aperature (Top) and (c) the ratio of the two results (Tcl/Top). The squares are experimental

results and the solid curves are results of fittings.

case, being very close to that of amorphous SiO2 . The small linear refractive index allows

us to minimize the optical coupling loss with a conventional SiO2 fiber. Therefore, both

the linear and nonlinear refractive indices of Si-ncs doped SiO2 are suitable for optical

switching devices.

In order to elucidate the origin of the enhancement of n2, the photon-energy dependence

of n2 and β is investigated. In Fig. 6.3, n2(left-hand axis) and β(right-hand axis) are

plotted as a function of photon energy. n2 increases from 0.98×10−13 to 1.4 ×10−13cm2/W
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Figure 6.3: n2 (left axis) and β (right axis) spectra of a typical sample (CexSi=3.3 vol% ,

Ta=1100 ◦C, D=2.7 nm). The dashed and dotted curves are PL and absorption spectra,

respectively.

with increasing the photon energy from 1.48 to 1.65 eV. Similarly, β increases from 0.3 to

0.5 cm/GW in the same range. The dashed and dotted lines are the PL and absorption

spectra, respectively. A larger nonlinear optical response is obtained in a larger absorbance

region, but not in a larger PL region. In the case of direct-bandgap semiconductors such

as CuCl and CuBr, the nonlinear refractive index is the highest at the energy of the lowest

level exciton absorption peak [18]. On the other hand, in absorption spectra of Si-ncs, clear

features due to exciton absorption are not observed and the spectra are almost featureless

[19]. The energy dependence of n2 in Fig. 6.3 seems to follow the broad absorption spectra.

Similar results were reported by Kanemitsu et.al. for porous Si [7]. They found by third

harmonic generation measurements that third order nonlinear susceptibility (χ(3)) shows

no enhancement in the PL spectrum region, and pointed out two possible mechanisms.

First, phonon-assisted optical transitions and resultant small oscillator strength due to

indirect bandgap nature of porous Si results in the small enhancement in the PL spectrum

region. Second, the PL from porous Si may come not from the band-edge, but from surface

or defect levels with small density of states. If the actual band-edge energy region is far

from the PL spectrum region, the enhancement is not expected in the PL spectrum region.

Basically, the same discussion can be applied to understand the data in Fig. 6.3.

However, in the present samples, as mentioned in the introduction, PL from Si-nc’s can be
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Figure 6.4: n2 spectra of samples with different excess Si concentrations (CexSi) and dif-

ferent annealing temperatures (Ta). The same colored (or shaped) symbols are used for

the same CexSi (or Ta) samples.

assigned to the band-edge luminescence due to the recombination of confined electron-hole

pairs as evidenced by some kinds of experiments [1, 14, 15]. Thus the second hypothesis

can be excluded. Probably, small oscillator strength due to the indirect bandgap nature

causes the small enhancement at the PL energy.

The systematic control of the size and the concentration of Si-ncs provides further

information to understand the mechanism of the large nonlinear response. In Fig. 6.4,

the photon-energy dependence of n2 for samples with different CexSi and different Ta

are shown. The same colored (or shaped) symbols are used for the samples with the

same CexSi (or Ta). For all the samples, n2 is larger in higher photon energy. It is also

interesting to note that n2 strongly depends on CexSi, while hardly does on Ta. In Fig.

6.5, CexSi dependence of n2 is shown. n2 is nearly proportional to CexSi, suggesting that

CexSi is a dominant factor to determine the nonlinear optical response of the samples.

From the experimentally obtained macroscopic nonlinear refractive index of the Si and

SiO2 composites, the microscopic nonlinear refractive index of Si-ncs (n2) is estimated by

the relation n2 = pf 4n2, where p is the Si volume fraction (CexSi/100) and f is the local
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Figure 6.5: Si concentration dependence of n2. The inset shows the size dependence of the

microscopic nonlinear refractive index of Si-ncs. The dotted line is a 1/D3 dependence

predicted by a simple quantum confinment model

field correction factor[20] given by
3εSiO2

εSiO2
+2εSi

, where εSiO2 and εSi are the real part of the

dielectric constant of SiO2 and Si. The estimated values of n2 are 2 − 3 × 10−10 cm2/W

for all the samples and to be four orders of magnitudes larger than the bulk-Si value. In

the inset of Fig. 6.5, the obtained n2 is plotted as a function of the diameter of Si-ncs.

n2 increases slightly with decreasing the size of Si-ncs. This result is qualitatively con-

sistent with other reports, where the modification of the band structure by the quantum

confinement effect is suggested to be the origin of the enhancement of optical nonlinear

response of Si-ncs[8, 9]. On the other hands, the result cannot quantitatively be explained

by a simple quantum confinement model which predicts the enhancement with the 1/D3

dependence (D is the diameter of Si-ncs)[22] as shown by a dotted line in the inset of Fig.

6.5. While the model predicts as much as 8 times enhancement by the size reduction from

5.4 nm to 2.7 nm, the data shows the enhancement of only about 30% in the size range.

To our knowledge, quantitative discussion on the size dependence of nonlinear optical

response of Si-ncs has been made only in limited number of papers [8, 9]. Vijaya, et.

al. reported nonlinear optical response of Si-ncs doped SiOxNy prepared by PECVD
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and demonstrated a strong enhancement of χ(3) when the size of Si-ncs was very small

(less than 1 nm) [9]. However, as they mentioned in the paper, the data were strongly

scattered and thus the size dependence in the range of the present work was not very

clear. Furthermore, the effect of Si concentration was not taken into account in the

analysis. On the other hand, Hernandez et.al. discussed size dependence of χ(3) by taking

into account the Si concentration for similar Si-nc samples [8]. They observed ∼ 1/D3

dependence of χ(3) and suggested that the modification of the band structure by the

quantum confinement effect is responsible for the enhanced nonlinear optical response of

Si-ncs. However, the discussion, i.e., the fitting of data points by the ∼ 1/D3 dependence,

was based only on 3 experimental points, and thus the dependency is not very convincing.

The results of Fig. 6.5 shows for the first time detailed size dependence of the nonlinear

optical response of Si-ncs. The observed deviation from ∼ 1/D3 dependence indicates that

the nonlinear optical response of Si-ncs cannot be fully explained by the simple quantum

confinement model. Recently, some investigations have revealed that the size dependence

of the nonlinear optical response of semiconductor nanocrystals differs depending on the

size range [21, 22]. In a strong confinement regime where the size is much smaller than that

of the exciton Bohr radius (aB), i.e., D ¿ 2aB, the nonlinear optical response increases

with decreasing the size, while in a in a weak confinement regime (D À 2aB), it increases

with increasing the size [21–25]. The above mentioned simple quantum confinement model

is the case of the strong confinement regime. Since the size range of Si-ncs studied in this

work is comparable to the exciton Bohr radius of bulk Si, the competition of the two

different size dependences may result in the observed small size dependence.

Very recently, H. Yilldirim. et.al. calculated the nonlinear optical properties of Si-

ncs and Ge nanocrystals (Ge-ncs) in SiO2 by an atomistic pseudopotential approach

[26]. Their calculations focused on the third-order nonlinearities of Si-ncs by assuming

no interface defects, no strain and thermal effects, and no compounding contribution of

the excited carriers. They showed that χ(3) of Si-ncs and Ge-ncs hardly depend on the

size in the size range above 2.5 nm, while they significantly increase with decreasing the

size in the size range below 2.5 nm. Since the size range of this work is 2.7 to 5.4 nm,

the predicted small size dependence above 2.5 nm agree qualitatively with the present

results. Furthermore, they predicted that χ(3) of Si-ncs is about 4-5 orders of magnitudes

enhanced compared to that of bulk-Si when the size is around 3.0 nm. This enhancement

factor also coincides well with experimentally obtained ones (4 orders of magnitudes).

These agreement may allow us to conclude that the discrete energy states of Si-ncs is

responsible for the observed enhanced optical nonlinearity.

It should be mentioned here that defects within nanocrystals or at the surface can also

cause the enhancement of the optical nonlinear response [27]. Takagahara, et.al. reported

that localization of excitons at disorders or impurities enhances its oscillator strength, and
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hence the nonlinear optical properties. They pointed out that sometimes this effect is more

important than the dimensional confinement effect. In the model, the size dependence

of the nonlinear optical response is expected to be very small. However, this model is

considered to be not suitable to explain the observed enhanced nonlinear optical response

of Si-ncs. As mentioned above, the nonlinear optical response of the present samples is

hardly modified by annealing conditions. On the other hand, the quality, i.e, the defect

density, of Si-ncs depends strongly on the annealing condition [16]. This inconsistency

rules out the possibility of defect-related enhancement of the nonlinear response.

6.4 Conclusion

Nonlinear optical response of Si-ncs doped SiO2 prepared by a co-sputtering method is

studied by z-scan technique in a femtosecond regime at around 1.6 eV. An addition of a

very small amount of Si-ncs into SiO2 results in as much as three orders of magnitudes

enhancement of n2 compared to SiO2 and one order of magnitude to bulk Si, while the

linear refractive index is kept low (less than 1.6). The small index mismatch with a

conventional SiO2 fiber and the large nonlinear response make Si-ncs doped SiO2 an ideal

candidate for realizing Si-based optical switching devices. In order to elucidate the origin

of the enhanced optical response, the size dependence of n2 is studied in detail in the

diameter range of 2.7 to 5.4 nm. We show that the size dependence is very small in the

range, although small increase of n2 with decreasing the size is observed. The observed size

dependence agrees very well with that calculated by pseudoptential approach, suggesting

that the discrete energy states of Si-ncs is responsible for the observed enhanced optical

nonlinearity.
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Chapter 7

Nonlinear optical properties of

Phosphorous-doped Si nanocrystals

embedded in phosphosilicate glass

thin films

In this chapter, nonlinear optical properties of phosphorus (P) -doped

silicon (Si) nanocrystals are studied by z-scan technique in femtosecond

regime at around 1.6 eV. The nonlinear refractive index (n2) and non-

linear absorption coefficient (β) of Si-ncs are significantly enhanced by

P-doping. The enhancement of n2 is accompanied by the increase of the

linear absorption in the same energy region, suggesting that impurity-

related energy states are responsible for the enhancement of the nonlin-

ear optical response.

7.1 Introduction

Silicon nanocrystal (Si-nc) is a topic of great interests in the field of optelectronics

because of its high quantum efficiency of photoluminescence (PL) and relatively large

nonlinear optical responses [1–6]. The large nonlinear optical response has been reported

in various forms of Si-ncs such as porous Si prepared by electrochemical etching [7, 8],

Si-ncs doped SiOxNy deposited by plasma enhanced chemical vapor deposition (PECVD)

[9, 10], Si-ncs doped SiO2 prepared by cosputtering [11], laser ablated Si-ncs deposited

on quartz substrate [12, 13], and so on. In these literatures, dependence of the nonlinear

optical response on the size and volume fraction of Si-ncs has been studied in detail.
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Although the origin of the large nonlinear optical response is still not fully clarified, the

quantum confinement effects are often believed to be responsible [9, 11].

It has been demonstrated experimentally [15–19] and theoretically [20–22] that the

electronic band structure, and the resultant optical and electrical transport properties

of Si-ncs are significantly modified by impurity doping. Experimentally, PL properties

of Si-ncs were found to be very sensitive to the impurity doping [15–17]. The doping

of either n- or p-type impurities results in strong quenching of the PL, due to efficient

Auger process between photo-excited electron-hole pairs and impurity-supplied carriers

[17]. The quenching can be suppressed by doping n- and p-type impurities simultaneously

because of the compensation of carriers within Si-ncs. The PL of the codoped and com-

pensated Si-ncs appears at very low energy; the PL peak reaches 0.9 eV in heavily-doped

an compensated Si-ncs [15, 16]. These observed phenomena are successfully reproduced,

at least qualitatively, by first principles calculations [20, 23].

In this chapter we study the effect of impurity doping on the nonlinear optical properties

of Si-ncs by using the samples of phosphorus(P)-doped Si-ncs embedded in phosphosilicate

glass (PSG) thin films. We show that P-doping further enhances the large nonlinear

optical responses of Si-ncs and is thus an effective way to control the nonlinear optical

properties of Si-ncs.

7.2 Experimental details

P-doped Si-ncs embedded in PSG thin films were prepared by a co-sputtering method.

Si, SiO2 and PSG were simultaneously sputter-deposited in Ar gas on a quartz sub-

strate. Then the deposited films were annealed in a N2 gas (99.999 % ) atmosphere for

30 min at 1150 ◦C to grow nanocrystals in the films. The size of Si-ncs was estimated by

cross-sectional transmission electron microscopy (TEM) observations [24]. The average

diameter (D) was about 4.0 nm, and the standard deviation was about 1.0 nm. The

concentration of excess Si (CexSi) and P2O5 (CP ) were obtained by electron probe micro

analysis (EPMA). CexSi was about 6.7 vol% and P2O5 was changed from 0 to 1.2 mol%

. The linear refractive indices were estimated from the volume ratio of Si and SiO2 with

the application of the Bruggeman effective medium theory [25] and was about 1.54 at 800

nm.

The thickness of the samples was estimated by physical-contact-type surface roughness

measurement and was about 12µm. The evidence that P atoms are doped in substitu-

tional sites of Si-ncs and are electrically active was shown in our previous work by infrared

absorption and electron spin resonance (ESR) spectroscopy [19]. The nucleation of phos-

phorous particles can be ruled out because they are thermodynamically unstable in SiO2

matrix.
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PL spectra were measured by using a single grating monochromator and an InGaAs

near-Infrared diode array. The spectral response of the detection system was calibrated

with the aid of a reference spectrum of a standard tungsten lamp. For the measurement of

the nonlinear optical properties, a z-scan method was used. Details of the z-scan method

is discribed in seciton 6.2. For the gaussian beam, we used the mode-locked Ti:shaphire

femtosecond laser with the pulse width of 70 fsec and the repetition frequency of 82 MHz.

The photon energy was changed from 1.48 to 1.65 eV. The incident beam was focused

on a sample by a lens with the focus length of 100 mm. The beam waist and diffraction

length determined by a knife edge method were 18 µm and 1.1 mm, respectively. The

peak intensity of the beam was typically 10 GW/cm2. No notable change of nonlinear

optical properties was observed in the intensity range of 0.5-20 GW/cm2, suggesting that

thermal effect was negligible in this measurement condition [9, 10]. The validity of the

obtained data was checked by measuring a fused quartz plate as a reference.

7.3 Results and discussion

Figure 1 summarizes the PL and absorption properties of P-doped Si-ncs. Details of

these properties are found in the literatures [17, ?]. In Figure 1(a), the absorption spectra

of P-doped (CP =0.8mol% ) and pure Si-ncs are shown. In pure Si-ncs, absorption due

to the valence-to-conduction-band transition starts at around 1.5 eV. In P-doped Si-

ncs, in addition to the interband transition, intra-valence-band transitions appear below

1.3 eV. The observation of the intraband transitions evidences the doping of electrically

active shallow impurities in Si-ncs [17, 19]. In Figure 1(a), we also notice that interband

transition of P-doped Si-ncs near the band edge is larger than that of pure Si-ncs. This

absorption enhancement is very similar to that observed in P-doped bulk Si [29, 30], and

is probably due to the impurity-related states predicted by some theoretical calculations

[31]; P-doping causes the formation of the energy state just below the conduction band

of Si-ncs, and enhances the absorption near the band edge. It should be noted here that

each Si-nc should have discrete impurity-related states, because the number of impurity

atoms in Si-ncs is very small and hence the formation of an impurity band is not expected.

Apparently, this seems to contradict with the observed very broad enhancement near the

band edge. The broadness can be attributed to the inhomogeneities of the number- and

position-distributions of P atoms within a Si-nc and the size- and shape-distributions of

Si-ncs. It should be stressed here that the size of pure and P-doped Si-ncs is similar and

thus the difference of the spectral shape cannot be attributed to the size difference.

The inset of Fig. 7.1(a) shows the PL spectra of pure and P-doped Si-ncs. Both samples

exhibit a broad PL band at around 1.3 eV. The PL is assigned to the recombination of

electron-hole pairs within Si-ncs. This is evidenced by the temperature and the photon-
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Figure 7.1: (a)Absorption spectra of pure and P-doped Si-ncs (CP=0.8mol% ). The inset

shows the PL spectra of the same samples. (b)P2O5 concentration (CP ) dependence of PL

intensity at 1.3 eV (Left axis) and absorbance at 0.5 eV (Right axis).

energy dependence of the PL-lifetime [2], and also by the resonantly excited PL spectra

[27]. In Figure 7.1(b), PL intensity at 1.3 eV and absorbance at 0.5 eV are plotted as a

function of CP . In the lower CP region (below 0.4mol% ), no notable infrared absorption

is observed, and PL intensity increases with increasing CP . Carriers are thus not supplied

within Si-ncs. The increase of the PL intensity in the CP region is, as discussed in

reference [28], considered to be due to the termination of dangling bond defects at the

surface of Si-ncs by electrons supplied by doping. In the higher CP region (above 0.6mol%

), the infrared absorption increases and PL intensity decreases with increasing CP . The

PL quenching is accompanied by the shortening of the PL lifetime, and is considered

to be nonradiative Auger recombination of photo-excited electron-hole pairs with the

interaction with supplied carriers. It should be noted here that re-absorption by nearby

clusters cannot explain the strong quenching because the samples are almost transparent

in the energy range (optical transmittance > 80% ).
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Figure 7.2: z-scan measurements for (a) a closed aperture (Tcl), (b) an open aperture

(Top) and (c) the ratio of the two results (Tcl/Top). The squares are experimental results

and the solid curves are results of fittings. P2O5 concentration (CP ) is changed from 0 to

1.2mol% .

Figure 7.2 shows the results of z-scan measurements for (a) a closed aperture (Tcl),

(b) an open aperture (Top), and (c) the ratio (Tcl/Top). Open squares and solid curves

represent experimental data and fitted results, respectively. In Figs. 7.2(b) and 7.2(c),

Eqs. (6.1) and (6.2), respectively, are used for the fittings. The solid curve in Fig. 7.2(a)

is generated by using the parameters obtained by the fittings of Figs. 7.2(b) and 7.2(c).

The agreement between the experimental data and the fitted curves is very good and
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Figure 7.3: P2O5 concentration dependence of n2 (left axis) and β (right axis).

the diffraction length estimated from the fitting coincides well with that measured by a

knife edge method. In Fig. 7.2(c), all the z-scan spectra show valley to peak traces. This

indicates that the sign of n2 is positive for all the samples. We can see that the magnitude

of the transmittance change depends on CP . It increases with increasing CP , suggesting

that n2 increases with increasing CP .

Figure 7.3 shows the results of the analysis of the z-scan spectra. For the pure Si-ncs

sample, i.e. CP =0, the n2 and β are ∼ 1.7×10−13 cm2/W and ∼ 1.0 cm/GW respectively.

The observed n2 is three orders of magnitudes larger than that of SiO2, and one order of

magnitude than that of bulk-Si.

Two different models have been proposed as the origin of the large n2. The first one

is a quantum confinement effect. This model has been proved by size-dependent n2

enhancement [9]. The other one is that the surface state of Si-ncs is responsible for the

large n2. Klimov et al studied the transient absorption spectra of Si-ncs prepared by

ion-implantation, and found a Si/SiO2 interface state at around 1.6 eV, in addition to

the size-dependent quantized states [32]. Vijayalakshumi et al showed that the surface

state was responsible for the n2 enhancement at around 1.6 eV in these samples [33, 34].

At present, no definite conclusion is obtained on the origin of the large n2 and further

intensive research is required to clarify the origin. However, since the investigation of pure

Si-ncs is out of the scope of this work, we are going to focus on the effect of P-doping.
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Figure 7.4: n2 spectra of samples with different P2O5 concentration (CP ). The inset shows

the absorption spectra of the same samples.

By P doping, n2 increases from 1.7 to 7.0 ×10−13 cm2/W, and β increases from 1.0

to 7.0 cm/GW. It is interesting to note that in the low CP region, both n2 and β are

independent of CP and are similar values to those of the pure Si-ncs sample. As shown

in Figure 7.1, in the low CP region, carriers are not generated within Si-ncs; supplied

electrons are considered to be consumed for the termination of the dangling-bond-defects

on the surface of Si-ncs. On the other hand, in the high CP region, both n2 and β increases

with increasing CP . One possible origin of this enhancement is the impurity-related state

formed just below the conduction band of Si-ncs [31]. In the high CP region, the states

enhance optical absorption near the band edge of the Si-ncs. The enhanced absorption

results in the enhancement of n2.

In order to validate this possibility, we investigated the relation between n2 and absorp-

tion. Figure 7.4 shows the photon-energy dependence of n2. The error bars represents

the fluctuation of average laser power and beam waist and also the estimation arising

from the fitting procedure. For all the samples, n2 increases with increasing the photon

energy. The inset of Figure 7.4 shows the absorption spectra of the same samples. We
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Figure 7.5: n2 is plotted as a function of linear refractive index. The dashed line is the

prediction of the Miller’s rule. Circles, squares and triangles are the results of several

kinds of typical glasses, P-doped Si-ncs embedded in PSG (P-doped Si-nc:PSG) and pure

Si-ncs embedded in SiO2 (Si-nc:SiO2), respectively.

can see clear similarity between them. This suggests that the impurity-related state is

responsible for the observed enhancement of the nonlinear optical response by P doping.

In Figure 7.5, n2 is plotted as a function of a linear refractive index (n0). The dashed

line is the prediction of the Miller’s rule [35, 36]. The circles, squares and triangles are

the data of several kinds of glasses [37–40], P-doped Si-ncs embedded in PSG (P-doped

Si-nc:PSG), and pure Si-ncs embedded in SiO2 (Si-nc:SiO2), respectively. CexSi is changed

from 3.3 to 10.5 vol% for Si-nc:SiO2 and CP is changed from 0 to 1.2mol% for P-doped

Si-nc:PSG. The results of Si-nc:SiO2 are quoted in our previous reports [11], where n2 are

obtained by the z-scan method with the same conditions as those of the present study.

We can see that Si-nc:SiO2 has relatively large n2 and small n0 compared to other typical

glasses. For example, n2 of Si-nc:SiO2 is about three orders of magnitudes larger than that

of a silica glass, while n0 (=1.54) is similar to that of a silica glass. These properties are

very suitable for the optical switching systems because smaller n0 minimizes the optical

coupling loss with the conventional SiO2 fiber. As can be seen in Fig. 7.5, P-doping

further enhances n2 (at maximum 5 times) with no significant change of n0. In this point,

P-doped Si-ncs have great potential toward the realization of Si-based optical switching

systems. It is definitely worth studying the n2 of P-doped Si-ncs in other wavelength

region, especially at around 1.5µm used in optical telecommunication industry.
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7.4 Conclusion

Nonlinear optical properties of P-doped Si-ncs are studied by z-scan technique in fem-

tosecond regime at around 1.6 eV. n2 of Si-ncs is enhanced as much as 5 times by P-doping

with no significant changes of n0. This is a great improvement because generally the en-

hancement of n2 is accompanied by the enhancement of n0, which leads to the increase of

the optical coupling loss with a conventional SiO2 fiber. P-doped Si-nc is thus considered

to be a promising candidate material for the realization of Si-based optical switching de-

vices. We also showed that in the energy region of the n2 enhancement, optical absorption

is enhanced. This suggests that impurity-related energy states are responsible for the ob-

served enhancement of the nonlinear optical response. The present results indicate that,

in addition to the size and volume fraction of Si-ncs, impurity control is a parameter to

control nonlinear optical responses of Si-ncs. Also, since this is, to our knowledge, the first

report on the nonlinear optical properties of impurity-doped semiconductor nanocrystals,

our study of P-doped Si-ncs will lead us to the better understanding of nonlinear optical

properties of this kind of materials.
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Chapter 8

Conclusion

In this thesis, we studied Si nanocrystals-based photonics materials, such as Si nanocrys-

tals doped SiO2 (Si-ncs:SiO2), P-doped Si-ncs:SiO2, Er-doped Si-ncs:SiO2 (Er:Si-ncs:SiO2),

and P- and/or B-doped Er:Si-ncs:SiO2. All of these materials were found to have promis-

ing features for realizing Si-based photonics devices and the mechanisms were discussed.

In chapter 2, we studied Er:Si-ncs:SiO2. In this material, Er3+ are known to show

strong luminescence at room temperature due to the energy transfer from Si-ncs. Since

the luminescence of Er3+ appears at 1.5µm, which is used as a standard wavelength in

optical telecommunication, Er:Si-ncs:SiO2 has attracted much attentions. In this chap-

ter, the author tried to elucidate the energy transfer mechanism by analyzing the time

resonse of the infrared luminescence from Er3+ just after short-time photo-excitation. Af-

ter finishing the photo-excitation, the PL intensity of Er3+ continues to rise in several tens

microseconds, due to the excitation by the energy transfer from Si-ncs. By analysing this

rise part, it was found that there are two different energy transfer processes, i.e. slow and

fast processes. The analysis also enable us to estimate the ratio of slow to fast processes,

and energy transfer time of the slow process. The ratio and the energy transfer time is

shown to depend on the Si-nc size and Er concentration. These give us a deep insight

that the fast energy transfer is bulk-Si:Er-like, i.e., a trap-mediated energy transfer, and

the slow one is a characteristic process occurring only in Er:Si-ncs:SiO2 system.

In chapter 3, the energy transfer from Si-ncs to Er ions in Er:Si-ncs:SiO2 was studied

spectroscopically. At low temperatures, the author has shown that inhomogeneously

broadened PL bands of Si-ncs are partially quenched due to resonant energy transfer to

discrete electronic states of Er3+. The observation of clear dips is the evidence that there

is direct interaction between excitons in Si-ncs and Er3+

In chapter 4, The interaction between Er3+ and shallow impurities in Si-ncs is studied

for Er:Si-ncs:SiO2. The luminescence property of Er3+ is strongly modified by shallow

impurities in Si-ncs. The formation of excess carriers in Si-ncs by P or B doping results

in the quenching of infrared PL of Er3+ and the shortening of the lifetime. When P and
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B are doped simultaneously and carriers are compensated, the intensity and the lifetime

are recovered. It is shown that the mechanism of the interaction is Auger de-excitation

of excited Er3+ with the interaction of electrons or holes in Si-ncs. The estimated Auger

coefficient is found to be two orders of magnitude smaller than that of Er doped bulk Si

at low temperatures where carriers are bound to donor or acceptor ions, and four orders

of magnitude smaller than that at room temperature. This small Auger coefficient makes

Si-ncs immune from the impurity Auger de-excitation process compared to Er doped

bulk Si and is considered to be responsible for temperature independent efficient PL of

Er:Si-ncs:SiO2 systems.

In chapter 5, by controlling the photonic mode density (PMD), we tried to improve the

radiative recombination rate of electron-hole pairs within Si-ncs in Si-ncs:SiO2 system.

Time-resolved PL spectra of Si-ncs revealed that the radiative recombination rate of

electron-hole pairs in spin-forbidden triplet states can be enhanced by the presence of

Au half mirror, and that the degree of enhancement depends strongly on the emission

photon energy. We showed that the observed enhancement can qualitatively be explained

by that of PMD. The degree of the enhancement of the radiative recombination rate was

larger than that predicted by theoretical calculations, suggesting that roughness on the

Au mirror plays an important role for the enhancement, and by properly controlling the

roughness, larger enhancement factor will be obtained.

In chapter 6, nonlinear optical response of Si-ncs:SiO2 is studied by z-scan technique

in a femtosecond regime at around 1.6 eV. An addition of a very small amount of Si-ncs

into SiO2 results in as much as three orders of magnitudes enhancement of n2 compared

to SiO2 and one order of magnitude to bulk Si, while the linear refractive index is kept

low (less than 1.6). The small index mismatch with a conventional SiO2 fiber and the

large nonlinear response make Si-ncs doped SiO2 an ideal candidate for realizing Si-based

optical switching devices. In order to elucidate the origin of the enhanced optical response,

the size dependence of n2 is studied in detail in the diameter range of 2.7 to 5.4 nm. We

show that the size dependence is very small in the range, although small increase of n2

with decreasing the size is observed. The observed size dependence agrees very well with

that calculated by pseudoptential approach, suggesting that the discrete energy states of

Si-ncs is responsible for the observed enhanced optical nonlinearity.

In chapter 7, nonlinear optical properties of P-doped Si-ncs:SiO2 are studied by z-scan

technique in femtosecond regime at around 1.6 eV. n2 of Si-ncs:SiO2 is enhanced as much

as 5 times by P-doping with no significant changes of n0. This is a great improvement

because generally the enhancement of n2 is accompanied by the enhancement of n0, which

leads to the increase of the optical coupling loss with a conventional SiO2 fiber. P-doped

Si-ncs:SiO2 is thus considered to be a promising candidate material for the realization of

Si-based optical switching devices. We also showed that in the energy region of the n2
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enhancement, optical absorption is enhanced. This suggests that impurity-related energy

states are responsible for the observed enhancement of the nonlinear optical response.

The present results indicate that, in addition to the size and volume fraction of Si-ncs,

impurity control is a parameter to control nonlinear optical responses of Si-ncs.
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