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The micro-Raman spectroscopy and infrared (IR) spectroscopy have been performed for the study of the mi-

crostructure of amorphous hydrogenated oxidized silicon (a-SiOx:H) films prepared by Plasma Enhanced Chemical

Vapor Deposition technique. It is found that a-SiOx:H consists of two phases: an amorphous silicon-rich phase and an

oxygen-rich phase mainly comprised of HSi-SiO2 and HSi-O3. The Raman scattering results exhibit that the frequency

of TO-like mode of amorphous silicon red-shifts with decreasing size of silicon-rich region. This is related to the quantum

confinement effects, similar to the nanocrystalline silicon.

PACC: 7830; 6146

I. INTRODUCTION

The photoluminescence (PL) and the microstruc-

ture of nanocystalline silicon films have been exten-

sively studied since the discovery of strong PL from

porous silicon.[1] In recent years, renewed interest

has been stimulated to study the silicon-rich SiO2

(SiOx) fabricated by using ion implantation method[2]

and Plasma Enhanced Chemical Vapor Deposition

(PECVD) technique[3] because of the interesting op-

tical properties that could be applied in the field of

optoelectronics. Despite a large number of studies on

PL, the structural property is still a basic aspect to be

clarified. There have been three different models pro-

posed to elucidate the microstructures of suboxide sil-

icon films: (a) the random-bonding model[4] in which

Si-Si and Si-O bondings are statistically distributed

throughout SiOx; (b) the shell model[5] in which crys-

talline or amorphous silicon grains encompassed by

an inner shell consisting of SiOx and an outer shell of

SiO2; and (c) the phase-separated model[6] in which

the alloy is composed of silicon-rich and oxygen-rich

phases. Each of the models, to a great extent, cor-

rectly describes the structures of these films fabricated

under different preparation conditions, but it is impor-

tant to fully understand the local microstructures of

these kinds of films.

We have fabricated a series of a-SiOx:H films by

PECVD and observed strong photoluminescence, as

reported elsewhere[7]. In this paper, we investigate

the microstructure of these films by means of infrared

and microscopic Raman spectroscopies, as functions

of thermal annealing. It is found that the SiOx:H,

even for the film with high oxygen content, consists

of two phases: silicon-rich and oxygion-rich regions.

The silicon-rich region is encompassed by the oxygen-

rich region which is mainly composed of HSi-SiO2 and

HSi-O3. Heat treatment leads to a great change of

microstructure and nanocrystalline silicon embedded

in SiO2 is formed at high annealing temperature (Ta).

The Raman results show that the frequency of TO-like

mode of amorphous silicon redshifts with the decrease

of both Ta and silicon content. This is lated to the

quantum confinement effects.

II. EXPERIMENTAL

A set of a-SiOx:H specimens was deposited onto

crystalline (100) Si and fused quartz substrates by

rf (13.56MHz) PECVD, using a gas mixture of

VLSI grade pure SiH4,N2O and H2. The flow ratio

R=[SiH4]/([SiH4]+[N2O]) was varied from 0.31 to

0.35. The chamber pressure, rf power, total flow rate,

and substrate temperature were kept at 1.06×102 Pa,

0.1W/cm2, 35 sccm and 300 ◦C, respectively. On the

quartz substrates, these specimens changes from clear

to dark brown with increasing R under the natural

light, indicating an increase in absorption. All spec-

imens were cut into several pieces for different mea-

surements. Each piece was annealed in N2 at different

temperatures from 800 to 1170 ◦C for 30min.
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In this work, the Raman spectroscopy of the

films deposited on quartz substrates was recorded

at room temperature with a Renishaw System 1000

Raman Imaging Microscope (Renishaw PLC) and

a 5mW (632.8nm) He-Ne laser (model 127-25RP)

and a peltier-cooled CCD detector.A 50X objective

mounted on an Olympus BH-2 microscope was used to

focus the laser onto a spot of ∼ 1 µm in diameter, and

to collect the back-scattered light from the specimens.

The IR spectra of the films deposited on crystalline

Si substrates were measured with a Perkin-Elmer sys-

tem 2000 FTIR equipped with a liquid nitrogen cooled

MCT detector. The thickness of all the films used is

about 1µm.

III. RESULTS AND DISCUSSION

To investigate the microstructure of a-SiOx:H, we

have measured the micro-Raman spectra of the films

as-deposited on quartz substrates. Figure 1 shows

some typical Raman spectra of the measured speci-

mens. The TO and TA phonon modes[8] of amorphous

silicon, located at around 480 and 170 cm−1, respec-

tively, can be clearly seen. This means that there is

amorphous silicon phase existing even in high-oxygen-

content a-SiOx:H films. It is quite evident that as R

decreases from 0.53 to 0.31 the linewidth of TO mode

becomes large, and the frequency of TO mode shifts

from 484 to 474 cm−1. Meanwhile, the intensity of TA

mode[8] gradually increases but it becomes weak when

R=0.31 due to much less silicon contained in the film.

Fig.1. Some typical micro-Raman spectra of a-SiOx:H

films.

The samples were annealed at different temper-

atures in flowing nitrogen environment for 30min in

order to trace the changes in microstructure of SiOx:H

and further to investigate the microstructure of a-

SiOx:H. The evolution of the Raman spectra as a con-

sequence of the heat treatment for the sample with

R=0.36 is illustrated in Fig.2. The peaks at about

480, 170 and 320 cm−1 are assigned to TO, TA and

LA phonon modes of amorphous silicon[9], respec-

tively. It is found that with increasing Ta from 300

to 1000 ◦C the peak position of the TO mode shifts

from 479 to 490 cm−1, similar to the variation of R,

and the TO and TA modes are much enhanced due

to the precipitation of silicon from SiOx network, or

connection of the neighboring silicon clusters. In ad-

dition, the peak width of TO mode is narrowed with

increasing Ta; this indicates the modification in short-

range order. An analysis on Raman scattering indi-

cates that the TO peak width is sensitive to the short-

range structure order and is proportional to the bond

angle dispersiion[8], while the low-frequency Raman

scattering (170 cm−1) is determined by structural or-

der on a medium-range scale.[10] The gradually nar-

rowed width of TO mode presents the more ordered

structure of silicon grains. The more ordered structure

also can be indicated by the growing TA mode known

as the existence of the medium-range order. When

Ta = 1170 ◦C, however, an asymmetric peak sharply

arises at 519 cm−1 with a FWHM of 17.5 cm−1. The

spectrum exhibits a shift of the bulk Si optical mode

frequency of 522 cm−1 towards lower energy that is

accompanied by a broadening. This is indicative of

confinement effects in nanocrystalline silicon[11], that

is, the Raman shift of optical phonon mode depends

on the diameter of Si nanocrystallites. According to

the calculations[11], the Raman shift of 519 cm−1 cor-

responds to the nanocrystals with 6 nm in diameter.

Fig.2. The evolution of the Raman spectra as a conse-

quence of the heat treatment for the sample with R=0.36.

The Raman spectra of the as-deposited and ann-

ealed films demonstrate that a-SiOx:H contains amor-

phous silicon grains. As the annealing temperature
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increases, the Raman spectra demonstrate the solid

phase crystallization of amorphous silicon grains oc-

curs in the films, that is, the silicon grains precipitate

from SiOx network or neighboring silicon grains con-

nect together, eventually, the crystalline silicon grains

in nanometer scale are formed in SiO2 matrix as the

Ta is up to 1170 ◦C. This means that the diameter of

amorphous silicon grains in the sample with R=0.36

should be less than 6 nm. Many results[5,6] demon-

strate that the a-SiOx:H consists of two phases, a

silicon-rich phase and an oxygen-rich phase. In our

case, not only the existence of amorphous silicon is

verified, but also the Raman scattering presents a

small size effect. As shown in Fig.3, the frequency

of TO mode of the amorphous silicon grains shows a

blueshift as R and Ta increase, because when R and

Ta increase, the size of amorphous silicon grains would

be enlarged. This is probably due to the phonon con-

finement effect of amorphous silicon grains, similar to

the case of nanocrystalline silicon as mentioned above.

Fig.3. The dependence of the frequency of TO mode in

Raman spectra on both R and Ta.

The changes of local oxygen environment, how-

ever, can be traced by the infrared spectra. The

evolution of transmission spectra with different R is

shown in Fig.4. It is seen that several absorption fea-

tures appear around 1040, 870 and 2100 cm−1, which

are assigned[12] to SiO bond-stretching vibration,

Si-H bond-bending and stretching mode in the HSi-

Si3−nOn configurations, respectively. With decreasing

flow ratio R from 0.53 to 0.29 the double peaks rang-

ing from 2000 to 2300 cm−1 become weaker, indicating

that the hydrogen content in the films decreases with

increasing oxygen content. At the same time, the main

peak changes from 2140 to 2248 cm−1, the former of

which is attributed to Si-H stretching mode of HSi-

SiO2 and the latter to the HSi-O3 configuration.[12]

The Si-H bending mode at about 870 cm−1 also takes

on a redshift from 877 to 865 cm−1 with silicon con-

tent. An analysis of chemical-bonding effects on the

frequencies of SiH stretching vibrations predicts that

the presence of a strong electronegative atom, such as

oxygen, backbonded to one of the three positions avail-

able on the silicon atom of an SiH group would shift

the SiH stretching frequency to higher frequency. The

then establishes the reasons of the shift of stretching

and bending modes of SiH bonds.

Fig.4. The IR spectra of a-SiOx:H with different silicon

content.

Based on the above analysis, the presence of

amorphous silicon grains in a-SiOx:H is confirmed

by the prominent first-order TO-phonon mode, while

oxygen is mainly combined in the form of HSi-SiO2

and HSi-O3 configurations. Therefore, our results sup-

port the phase-separation model[6], namely, the alloy

is composed of silicon-rich and oxygen-rich phases.

According to this model, the carriers in silicon-rich

region are confined by the oxygen-rich regions which

have a larger bandgap due to stronger Si-O bonds.

This offers a possibility of fabrication of deep-well sil-

icon cluster or silicon quantum dot systems.

IV. CONCLUSION

In conclusion, we have investigated the mi-

crostructure of photoluminescent SiOx:H films by

means of infrared and micro-Raman spectra, and

found that the SiOx:H consists of two phases. The

silicon-rich phase is encompassed with oxygen-rich

phase which mainly composed of HSi-SiO2 and HSi-

O3 configurations. The Raman results exhibit that

the TO-like mode of amorphous silicon shifts to lower

frequency as decreasing both silicon content and an-

nealing temperature, that is, with decreasing size of

silicon-rich phase grain, the TO mode of amorphous

silicon redshifts as much as 10 cm−1. This is probably

related to the quantum confinement effects, similar to

the nanocrystalline silicon.
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