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Abstract

The photoluminescence of various Si ion implanted oxide layers annealed at high-temperature has been studied in the range of 350–1500 nm.

The set of investigated oxide materials includes thermal SiO2, deposited SiO2, Si0.9Ge0.1O2, GeO2 films on silicon substrate, and sapphire wafers.

The results are discussed in terms of generation and modification of the defect centers and nanoclusters formation taking into account several

factors related to composition and structure of the original oxide matrices.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Ion-beam nanostructuring of oxides is widely studied due to

their prospective as nano- and optoelectronic materials. Most of

the works are devoted to SiO2, for which the processes of Si

nanocrystals ion-beam synthesis and corresponding lumines-

cence have been investigated in details [1,2]. The effects of Si

implantation into other oxides have been investigated to a

lesser extent. The combination of the specific properties of

some oxides with the unique properties of Si nanocrystals

would greatly expand the range of their applications. For

instance, Al2O3 is considered as one of the potential high-k

replacements for SiO2 in CMOS-technology [3]. While

Si1�xGexO2 (x <1) and GeO2 oxides are photosensitive and

change their refractive index under UV irradiation enabling

fabrication of planar optical waveguides/gratings [4]. They also
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act as active media in effective Raman amplifiers [5].

Therefore, synthesis of luminescent Si nanocrystals in these

oxide matrices could produce novel multifunctional materials.

However, no systematic approach to study the formation of

light-emitting centers (defects or nanocrystals) in these

different oxides has been performed up to now. In the present

letter, we compare photoluminescence (PL) properties of the

nanostructures obtained by Si ion implantation into SiO2,

Si0.9Ge0.1O2, GeO2, and Al2O3 layers followed by high

temperature annealing.

2. Experimental details

SiO2 films (500 nm) grown by wet oxidation, SiO2 (120 nm)

deposited on silicon substrate by electron beam evaporation,

Si0.9Ge0.1O2 (250 nm) and GeO2 (300 nm) films deposited on

silicon or fused quartz substrates by rf-magnetron sputtering,

and R-plane sapphire wafers were used as the initial materials.

Si+ (and Ar+) ion implantation was performed with 100 keV

energy and doses ranging from 3I1016 to 3I1017 ions/cm2. The

samples were subsequently annealed at 500–1100 -C under dry
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nitrogen ambient for 2 h. Room-temperature PL in the range of

350–900 nm was excited by a 337 line of pulse N2-laser (mean

power of ¨1 mW, repetition rate of 25 Hz) and detected by a

photomultiplier tube. PL in the 600–1000 and 900–1500 nm

ranges was excited by an Ar+-laser (488 nm, ¨850 mW) and

detected by a CCD array or an InGaAs detector, respectively.

The PL decay time measurements were performed on the

implanted sapphire samples using excitation with 488 nm light

of an optical parametric oscillator pumped by a Nd:YAG laser

with pulse duration of 6 ns, repetition rate of 10 Hz, and mean

power of 2.9 mW. The cross-sectional transmission electron

microscopy (TEM) micrographs and diffraction patterns were

obtained by using JEOL 2010F transmission electron micro-

scope and 200 keV electrons focused on areas about 100 nm

thick.

3. Results and discussion

Fig. 1 shows the influence of Si+ implantation and annealing

on the PL spectra of thermal (a) and deposited (b) SiO2 films.

As can be seen, the spectra of the initial oxides are
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Fig. 1. Influence of Si+ (1I1017 ions/cm2) ion implantation and subsequent

annealing on the visible PL spectra of thermal (a) and deposited (b) SiO2 films.
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Fig. 2. Influence of Si+ (1I1017 ions/cm2) ion implantation and subsequen

annealing on the visible PL spectra of deposited Si0.9Ge0.1O2 (a) and GeO2 (b

films.
t

)

characterized by the presence of defect-related emission in the

range of 350–600 nm. In case of thermal SiO2 film two PL

peaks at 405 and 500 nm are well resolved, but, for the

deposited silicon oxide, we observe a broad PL band. The

broadening is caused by a larger deviation from stoichiometry

and a variety of defect modifications in the latter case.

According to the numerous literature sources (for example

see [6–8]), these PL peaks can be attributed to the twofold

coordinated Si atom and neutral oxygen vacancy, respectively.

The Si+ ion implantation modifies PL spectrum resulting in the

decrease of 400–450 nm PL, the increase of 500–550 nm PL

and the appearance of a PL peak (Fig. 1a) or of a weak

shoulder (Fig. 1b) at 600–700 nm. This behavior is more

evident in case of thermal oxide and can be explained by the

fact that ion irradiation introduces nonradiative E’-centers

quenching PL [9] and radiative nonbridging oxygen hole

centers responsible for the observed emission at 650 nm [10].

Annealing at 1000–1100 -C of the Si-implanted SiO2 films

leads to the appearance of a PL peak centered at 750 nm which

unambiguously is not caused by the radiation-induced modi-

fication of the oxide defect structure [9]. The strong correlation
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between the data of scrupulous high-resolution electron

microscopy study and size-dependent evolution of the PL

[1,11] allows to associate this 750 nm emission with radiative

transitions in Si nanocrystals with size of 3–5 nm. The

nanocrystal-related emission is more intense for 1100 -C
annealing because of the temperature dependence of Si

nanocrystals nucleation rate [12]. For 1000 -C, this PL peak

is accompanied by a shoulder at 600–650 nm typical of

emission from non-crystalline Si clusters considered as

nanocrystal precursors [13,14]. It is also seen that the

nanocrystal formation is less effective in the relatively

defective deposited SiO2 film probably due to the trapping of

Si excess atoms into extended defects such as voids and/or

density fluctuations which slow down the Si diffusion.

The typical PL spectra of rf-deposited Si0.9Ge0.1O2 and

GeO2 films are shown in Fig. 2. These oxides show similar

defect related emissions. The main difference is that a wide

emission band at 750 nm appears only in the Si+-implanted and

then annealed GeO2 films. This band non-monotonously

depends on the Si dose [15] and can be attributed to Si

nanocrystals formation. Since we have no direct evidence for

the synthesis of Si nanocrystals during decomposition of

GeO2:Si solid solution in our case, the interpretation suggested

here seems hypothetical. However, to the best of our

knowledge, no defect luminescence in the range of 700–900

is observed in the annealed silicon–germanium oxides except

for hydrogen-loaded ones [16]. The difference between

Si0.9Ge0.1O2 and GeO2 can result from local stresses introduced

by Ge atoms in the mixed oxide. Stress could make

energetically more favorable for introduced Si atoms to

substitute Ge than to clusterize as Si nanocrystals. This is

supported by the observation of a PL shoulder at 935 nm on the

Si substrate emission in the spectrum of Si+-implanted and

annealed Si0.9Ge0.1O2 film (Fig. 3). This PL feature can be

related to Ge (or SiGe alloy) nanocrystals composed of

replaced Ge atoms. Such nanocrystals were shown to form

during annealing of the mixed layers deposited by co-

sputtering of Si, Ge, and SiO2 targets, as well as to emit light
800 1000 1200 1400 1600

P
L

 i
n

te
n

s
it

y
 (

a
.u

.)

Wavelength (nm)

Si 
0.9

Ge
0.1

O
2
 deposited films

λ
ex

 = 488 nm 1 - initial oxide

2 - Si
+

3 - Si
+
 + 1000

o
C

3

2

1

Fig. 3. Influence of Si+ (1I1017 ions/cm2) ion implantation and subsequent

annealing on the near-infrared PL spectra of deposited Si0.9Ge0.1O2 films.
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Fig. 4. Influence of Si+ (1I1017 ions/cm2), Ar+ (8I1016 ions/cm2) ion implantation

and subsequent annealing on the PL spectra of sapphire (a); 740 nm PL decay

curves of the sapphire samples implanted by the same doses of Si+ and Ar+ ions

and subsequently annealed (b); the dependence of the 500 nm PL intensity on

the Si+ dose for various annealing temperatures (c).
in the near-infrared range of spectra due to quantum

confinement effect [17].

The initial sapphire samples (Fig. 4a) display a lumines-

cence at around 400 nm and originated from the well known F-

centers (oxygen vacancies trapping two electrons) [18].
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Another PL peak at 740 nm is excited by the 488 nm laser.

Although the position of this peak coincides with emission

from Si nanocrystals in SiO2, such an interpretation is

problematic because this PL is observed for the original and

Ar+-implanted sapphire as well. Moreover, this PL peak is very

similar to that of Ti3+-doped Al2O3 [19]. PL decay times of the

740 nm emission, reported in Fig. 4b, show lifetimes of 3.4 and

3.5 As for Si+ and Ar+-implanted sapphire samples. The data

were obtained with integration on a 90 nm wide wavelength

range, centered at 740 nm. These lifetimes are in good

agreement with values reported for Ti3+ radiative transition

in Al2O3 [19]. The sharp PL peaks observed at 690 nm

(Fig. 4a) are evidently caused by the Cr3+-centers [20] also

present in our sapphire samples.

A PL band with maximum at 500 nm appears only after

annealing of Si-implanted Al2O3 (Fig. 4a). A similar cath-

odoluminescence peak at 570 nm has been recently reported for

sapphire layers containing Si nanocrystals [21]. It is reasonable

to relate this emission to Si nanocrystals. Intensity of the

observed ‘‘orange’’ PL reaches its maximal value after

annealing at 700 -C and monotonically falls down with rising

the Si dose in the investigated range (Fig. 4c). Assuming

quantum size effect as the origin, this behavior can be

explained by the corresponding increase of Si nanocrystal size.

The preliminary results of TEM and electron diffraction

analysis give direct evidence for the synthesis of Si nanocrys-
(a) 

(c) 

Fig. 5. TEM micrographs (a, c) and the corresponding electron diffraction patterns (b

at 900 -C (a, b) and 1100 -C (c, d).
tals in our Si+-implanted sapphire samples. A cross-sectional

TEM micrograph of the sample implanted with the highest Si

dose (3I1017 ions/cm2) after annealing at 900 -C is shown in

Fig. 5a. The surface Al2O3 layer is amorphous, and the

annealing regime is not sufficient for its recrystallization.

Nevertheless, the implanted Si has precipitated out in this layer

as randomly oriented nanocrystals, clearly seen from the

diffraction pattern displayed in Fig. 5b. After annealing at

1100 -C the Al2O3 has recrystallized, but contains many

extended defects (Fig. 5c). Si nanocrystals are located at about

50–80 nm from surface, tend to be faceted and have a definite

relationship to the orientation of the Al2O3 lattice as seen from

the diffraction spots in Fig. 5d. The average Si nanocrystal size

is roughly 10 nm.

The position of the 500 nm band is drastically blue-shifted

from that of Si nanocrystals in SiO2. The reason for this is

unclear yet. We can speculate that we observe emission from

very small Si nanocrystals or ‘‘non-phase’’ [13,14] (chain or

ring-like) Si clusters. Another possibility is that mechanical

stresses at the interfaces between nanocrystals and the

crystalline matrix modify essentially the energy band structure

of Si quantum dots resulting in the corresponding shift of the

PL peak. One more possibility consists in the direct radiative

transition in the Si nanocrystal core without both the charge

trapping into radiative interface states and the contribution of

the interface local vibrations, which provide large Stokes shift
(b)

S = Sapphire 

S = Sapphire 

(d)

, d) of the sapphire samples implanted with Si+ (3I1017 ions/cm2) and annealed
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of the luminescence in case of SiO2 matrix [1]. The exact origin

of the ‘‘orange’’ PL band will be a subject of further

investigations.

4. Conclusions

In summary, we have studied both the common and specific

features of the PL from Si+-implanted and annealed oxides. It

has been shown that the formation and the properties of

radiative defects and Si nanocrystals depend strongly on the

composition and nature of the oxide matrix. To have a

comprehensive model more work is needed.
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