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Abstract. Oxidation of nanoscaled Si surface layer modified by shallow low

energy nitrogen plasma-beam ion implantation is studied. By postimplantation

oxidation in dry O2 ambient SiOxNylayers are synthesized. Results on the ki-

netics of SiOxNy formation based on Deal&Grove oxidation model are pre-

sented. Oxidation rate decrease with ion fluence is observed and explained with

nitrogen induced process retardation. The optical and structural properties of

the layers are examined by FTIR and ellipsometric spectroscopies determining

the layers as a mixture of SiO2 and Si3N4with ratio of volume fractions varying

with ion fluence. In the FTIR spectra a broad band between 650 and 1000 cm−1

associated to asymmetric stretching mode of Si–N is detected supporting the

ellipsometric modelling.

PACS codes: 68.35.-p, 81.16.-c

1 Introduction

Advanced silicon materials research is a prerequisite to meet the requirements of

future nanoelectronics and microphotonics. With adjustable structure and tun-

able refractive index silicon oxynitride provides a flexibility to fabricate active

and passive devices on a single Si wafer. It has been shown [1] that the prop-

erties of SiOxNy layers strongly depend on the degree of nitridation (oxygen to

nitride ratio x/y).

Nitrogen plasma-beam ion implantation (PII) modification of Si surface and

post-implantation anneal offer an alternative to traditional CVD deposition

methods with potential to produce high quality Si-based nanostructures with

easily controlled parameters. Excellent electrical characteristics were reported

for layers obtained by implantation of 3 keV N+ ion [2].

The purpose of this paper is to report the synthesis of nanoscaled SiOxNy layers

on a Si substrate using low energy PII. Degree of nitridation using PII can be
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controlled more accurately as compared to annealing the oxides in nitrogen con-

taining ambient. At the first stage of synthesis the Si surface layer was modified

by introducing nitrogen with different ion fluences. The second stage involved

a high temperature oxidation of the Si substrates under oxidizing conditions,

so that the incorporated nitrogen atoms together with the oxygen atoms form

SiOxNy layers.

2 Experimental Details

The experiments were carried out on Cz-grown (100)p silicon substrates, with

resistivity 5–8 Ohm.cm. The Si wafers were bombarded with nitrogen ions

through PII implantation. The implantation was accomplished at ion energy

of 4 keV and fluencies ranging from 1016 to 1018 cm−2. In order to synthe-

size SiOxNy layers, the implanted Si substrates were oxidized in a conventional

furnace at atmospheric pressure in dry oxygen at 1050◦C for different dura-

tions. Simultaneously, SiO2 reference layers were also grown into unimplanted

Si wafers, as their thickness and refractive index served for comparison to those

grown into implanted Si. Before oxidation, possible surface contaminations

were removed in diluted HF.

The optical and structural properties of the layers were investigated by spectro-

scopic ellipsometry (SE) and infrared (IR) spectroscopy.

The ellipsometric measurements were carried out with a “Rudolph Re-

search” manual variable-angle ellipsometer with polarizer-compensator-sample-

analyzer configuration in the spectral range of 300–640 nm and at incidence an-

gles of 65◦, 70◦ and 75◦. The accuracy of the polarizer, analyzer and incidence

angle was within ±0.01◦ ˚ . The refractive index (n) of the grown layers were

calculated by solving the inverse problem of ellipsometry [3]. The accuracy

in determination of film thickness was ±0.2 nm, while the accuracy of the n
values was ±0.005. Further, the obtained refractive index dispersion data were

analyzed by Brugemann effective medium approximation (BEMA) giving infor-

mation about the layers composition. The formed layers were considered as a

physical mixture of known components of Si, SiO, SiO2, Si3N4 and voids. The

dielectric functions of the components were taken from the literature [4,5].

The infrared (IR) spectra were recorded using a Perkin-Elmer 1430 IR spec-

trophotometer in transmission mode at normal incidence. The spectra were col-

lected at room temperature in the spectral range from 400 to 4000 cm−1 with a

resolution of 4 cm−1.

3 Results and Discussion

The thickness of the layers grown on N+ implanted Si substrates showed a ten-

dency to decrease by the increase of the implanted ion fluence. This tendency
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Figure 1. Growth rate of the synthesized layers in oxidizing ambient at 1050◦C for dif-

ferent N+ ion fluences.

is well seen in Figure 1, where the thickness dependences on oxidation time af-

ter their approximation by using the Deal&Grove oxidation model of Si [6] are

presented. According to this model the oxidation rate is described through the

equation

x2
0 +Ax0 = B(t+ τ),

whereB is the so called parabolic oxidation rate,B/A is the linear oxidation rate

and τ takes into account any oxide thickness at the start of the oxidation process.

It is assumed that the application of this model is relevant to our case since it

assumes that the oxidation is limited by two steps, namely chemical oxidation

rate at the substrate surface and diffusion of the oxidant through the already

formed layer. These assumptions are general and we believe that they can be

applicable to the oxidation of implanted Si. In Figure 1 the thickness dependence

on N+ fluences is evident, as with increasing the N+ fluence the thickness of the

formed layer decreases. The approximation parameters determine the growth

kinetics constants, which are summarized in Table 1. For comparison purposes

the data for unimplated oxidized wafer are also given in the Table 1.

It is evident that for oxidation of implanted Si the parabolic rate is substantially

higher and the linear rate smaller compared to that for oxidation of unimplated

Table 1. Growth kinetics parameters for different N+ ion fluences

N+ ion fluence Linear rate constant Parabolic rate constant

(cm−2) (nm/min) (nm2/min)

0 20.3 80.9

1016 4.4 769.2

1017 7.0 1030.0

1018 7.5 1119.0
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Si. This observation can be understood in terms of two oxidation rate limiting

processes. Obviously, the oxidation of the implanted Si is mainly determined by

the oxidant diffusion through the already formed oxide layer. It can be suggested

that the diffusion that proceeds through the damaged Si topsurface layer, is faster

than for unimplanted Si. The obtained smaller linear rate constants confirm

this suggestion indicating less influence of the chemical reaction rate at the Si

surface.

The oxidation rate constants characterize the formation of the layers as diffu-

sion limited process through the Si region modified by the PII. This process is

competitive with the retardation caused by the N atoms, especially at the start

of the oxidation process. The oxidation is accompanied with flattening of the

implanted profile [7] due to the out-diffusion of N atoms on one hand and, their

diffusion deeper into Si on the other hand, broadening the N profile and causing

an overall decrease of N concentration. After about 20 min oxidation the nitro-

gen in the Si is exhausted and the thickness of the formed layer approaches the
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Figure 2. Refractive index of the layers grown on p-Si(100) as a function of wavelength

for different N+ ion fluences.
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value for the unimplanted Si. The role of the nitrogen profile and concentration

is thus decisive for the exact stoichiometric content of the SiOxNy layer, which

is further discussed based on the optical characterization of the layers.

Increasing the fluence further up to 1018 cm−2, the oxidation rate strongly in-

creases, which could be ascribed to the plasma-beam generated defects on the Si

surface that facilitates the oxygen diffusion and formation of an oxide layer.

In Figure 2a the refractive index dispersion data is displayed for 10 min oxida-

tion. The n spectrum for the oxide layer grown on unimplanted Si wafer is also

presented, the n values are typical for stoichiometric SiO2 thermally grown at

1050◦ C [5]. The closely grouped n spectra for the lower implant fluences point

out the similarity of the layers microstructure. By increasing the N+ fluence to

1018 N+/cm2 the n-spectrum showed an essential difference from that of SiO2

layer giving evidence for silicon oxynitride layer formation. The EMA modeling

of the component fractions in these layers found that they were free of voids and

consisted of SiO2 and Si3N4 phases the ratio of which was N+ dose dependent.

For N+ fluence of 1018 cm−2, the volume fraction of Si3N4 was the highest and

was about 12 %.

Prolonged oxidation (20 min) resulted in close thickness values (Figure 1) in-

dicating for a significantly weakening of the N+ dose influence. The refractive

index spectra in Figure 2b did not show clear dependence on implantation dose

and the resemblance of the obtained spectra suggested similarity of the layers

microstructure, close to reference layer grown on unimplanted Si. The opti-

cal modelling revealed that in this case the nitride volume fraction is rather low,

varying within 1-3 v.% with a tendency to increase by increasing the N+ fluence.

This pointed out that the structure of the grown layers after 20 min became sili-

con oxide enriched with nitrogen.

The correlation between the refractive index value and the volume fraction of

Si3N4 in the layers formed into N+ implanted Si wafers was linear, as the n value

increased with the structure moving away from stoichiometric SiO2 (Figure 3).

Experimental support for the formation of SiOxNy layers by the applied tech-

nological processes was found from the IR transmission measurements. In Fig-

ure 4 the IR spectra of the layers grown during 10 min oxidation into implanted

Si wafers are presented. The IR spectra of the layers grown for longer time

(20 min) were very similar to that of a characteristic SiO2 spectrum and, there-

fore they are not considered herein. No bands connected to Si–H (2170 cm−1),
N–H (3350 cm−1) or O–H (3640 cm−1) bonds were detected in all the mea-

sured IR spectra. Taking in view this and the observation that the characteristics

vibration bands of Si-O and Si-N chemical bonds appear in the spectral range

below 1400 cm−2 [8], data in Figure 4 is given up to 2000 cm−1.

Emergence of the broad band in the wavenumber range of 650–1000 cm−1 is an

evidence of SiOxNy formation (Figure 4). This band is observed in all spectra

and is attributed to Si-N stretching modes. Band related to Si-N stretching bonds
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Figure 3. Correlation between the refractive index value and the volume fraction of Si3N4

in the layers formed into N+ implanted Si wafers.

overlapping into a broad band around 940 cm−1 has been reported [9]. Also,

Si-N related bands in complex spectra centered at 820 cm−1, 880 cm−1 and

915 cm−1 have been observed in buried Si3N4 films [10]. Moreover, a peak

observed at 960 cm−1 has been attributed to doubly bounded N atoms with two

Si atoms without affecting by oxygen atoms [11].

The broad and intense band centered around 1080 cm−1in the spectra (Figure 4)

is related to the asymmetric stretching mode of Si-O-Si group. Deconvolution

of this band revealed two Gaussian peaks (not shown here), one centered at

1060 cm−1 and connected with stretching modes of the Si–O–Si bonds in SiOx

and the other centered at 1096 cm−1 and attributed to the asymmetrical stretch-

ing of Si–O–Si bonds in stoichiometric SiO2 [12]. It should be noted that with
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Figure 4. IR spectra of SiOxNy layers grown during 10 min into p-Si(100) implanted

with different nitrogen fluences.
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increasing the N+ fluence the intensity of the 1060 cm−1 band increased at the

expense of the 1096 cm−1 band, most probably due to the increased implantation

damage and increased SiOx formation [12,13]. The band of Si-O-Si bending vi-

bration mode at 800 cm−1 overlaps the broad Si-N band. The rocking mode of

Si-O-Si bonds at 460 cm−1 is also present in the spectra and they are known

for not being influenced by structural changes [12]. The band at 614 cm−1 is

related to vibration mode of Si-Si bonds, an indication for the presence of Si-Si

inclusions in the oxide network.

After 20 min oxidation, when the whole N+ implanted Si region (< 50 nm

[7]) is fully oxidized, the IR spectra became unified, having strong characteris-

tic peaks of Si-O vibrational modes and very weak vibrational modes of Si-N

related bonds.

From these results the layers grown into the N+ implanted silicon can be char-

acterized as nanoscaled silicon-rich SiOxNy films with relatively low N con-

tent. This conclusion is supported by the results from the extended in the IR re-

gion ellipsometric measurements [7], which have registered a shoulder at about

1150 cm−1 in the Ψ(ν) spectra even for the layers grown during 20 min oxida-

tion, connected with Si-N bond vibration mode.

4 Conclusions

The results gained by means of spectroscopic ellipsometry and FTIR spectra

analysis reveal that under the conditions of our experiments the grown layers

can be characterized as silicon rich SiOxNy with relatively low N content.

The oxidation kinetics was considered using the Deal&Grove oxidation model

of Si, revealing that for oxidation of implanted Si the parabolic rate was substan-

tially higher and the linear rate smaller compared to that for oxidation of unim-

plated Si. The observed decrease of growing layer thickness with increasing

the implanted N+ fluence was explained with the retardation effect of nitrogen

atoms. The refractive index values was found to increase with increasing the N+

ion fluence due to increase of the volume fraction of Si3N4. For the highest N+

fluence of 1018 cm−2, the amount of Si3N4 was the maximum of ∼ 12 v.%.
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