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a-Si:H/SiOg multilayers were prepared by alternatively changing plasma enhanced chemical vapour deposition of

a-Si:H layers and in situ plasma oxidation process. Subsequently, as-grown samples were annealed at temperatures from

350°C to 1100°C in No ambient with an increment of 100°C. The evolution of bonding configurations and structures with

annealing treatments was systematically investigated by Fourier-transform infrared spectroscopy. The peak position of
Si-O stretching vibration of SiOg layers shift to 1087cm~! after annealing at 1100°C, which demonstrates that the
SiO» films fabricated by plasma oxidation after high temperature annealing can have similar properties to the thermal

grown ones. A Si—O vibration from interfacial SiO, was identified: the value 2 was found to increase as increasing the

annealing temperature, which is ascribed to the cooperation of hydrogen effusion and reordering of the oxygen bond in

SiO; networks. The H-related bonds were observed in the form of H-Si—O3 and H-Si-Siz_, O, (n=1-2) configurations,

which are supposed to be present in SiO2 and interfacial SiO, layers, respectively. The H atoms bonded in different

bonding configurations effuse at different temperatures due to their different desorption energies.
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1. Introduction

The study of nanoporous Si and Si nanoparticles
has become very active since the observation of effi-
cient photoluminescence (PL) from porous Si.l Vari-
ous techniques have been used to fabricate many kinds
of Si nanostructures,!'=3] among which nanocrys-
talline Si (nc-Si) embedded in multilayered structures
are of wide interest because the so-formed nc-Si can be
well passivated and its size can be precisely controlled

in these structures.[4—¢

A notable issue is that high temperature ther-
mal treatments are involved in most of these fab-
rication methods: 1100°C annealing was used for
the formation of Si nanocrystals prepared by ion
implantation,!” and 1000-1100°C annealing was used
for nc-Si/SiOy and nc-Si/a-SiN,:H multilayers in or-

der to form nc-Si in the initial a-Si:H layers.[8:8] Since

SiO; thin film is stable and compatible with the op-
toelectronic industry, more effort has been devoted to
the Si/SiOg systems and their luminescence proper-
ties. However, it was demonstrated that the photolu-
minescence (PL) behaviour is quite different for sam-
ples after various treatment procedures. Lockwood et
al!®! observed PL from their a-Si/SiOq superlattices,
which was blue-shifted from 1.7eV to 2.3eV with de-
creasing the thickness of a-Si layers. In very recent
studies, Hanaizumi et all’® found a similar PL shift
in the blue-violet region in a-Si/SiOy superlattices
without thermal treatment. They attributed the visi-
ble PL to quantum confinement effect. On the other
hand, Tsybeskov et all'1] only observed infrared PL
(1.1 eV) in their nc-Si/SiOy multilayers obtained by
thermal annealing. Some other groups also reported
red-infrared PL in annealed samples.['2=14] They as-

cribed the PL to the defects or interface states asso-
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ciated with oxygen in the nc-Si/SiOy interfaces. The
change of PL properties must be related to various
film microstructures induced by the change of bond-
ing configurations and compositions. Therefore, it is
very interesting to trace change of the microstructure
of Si/SiOy multilayers from the original a-Si/SiO5 to
the final formation of nc-Si/SiOz in the course of an-

nealing treatment.

In this study, we try to follow the structural evo-
lution of a-Si:H/SiO5 multilayers step-by-step during
thermal annealing, being motivated by the idea men-

The bonds related to Si-O and Si-H

were monitored by Fourier-transform infrared (FTIR)

tioned above.

spectra and changes during the increasing of annealing
temperature from 350°C to 1100°C were investigated

systematically.

2.Experiment details

The samples of a-Si:H/SiO5 multilayers were fab-
ricated on the earthed electrode at the substrate tem-
perature of 250°C in a computer-controlled rf plasma-
enhanced chemical vapour deposition (PECVD) sys-
tem. The a-Si:H layers were deposited from gas mix-
ture of SiHy and Ar at the pressure of 260 mTorr.
Subsequently an in situ plasma oxidation was carried
out in pure oxygen at 280 mTorr. The rf power for
both processes was kept at 50W. The processes were
repeated alternately for 14 cycles. The thickness of
a-Si:H and SiO; sublayers was designed at 6 nm and

12 nm, respectively.

A series of thermal after-treatment was performed
using conventional furnace annealing (FA) in Ny at-
mosphere. The annealing temperature increased step
by step from 350 to 1100°C with the increment of
100°C. Every step lasts 30min and a subsequent FTIR
measurement was performed to monitor the bond con-
The

as-grown a-Si:H/a-SiOy multilayers were examined

figuration and microstructure of the samples.

by transmission electron microscopy (TEM), which
showed a clear, uniform periodic structures with every
sublayer thickness consistent with the pre-designed

values.

The FTIR spectra in the range of 400-4000cm !
were obtained using the Nexus 870 FTIR spectrometer
for sample deposited on double polished Si substrate.
The signals of substrate were subtracted from the
FTIR spectra. The microstructures of samples were
also verified by cross-section TEM on a JEM200CX

electron microscope working at 200kV.

3. Results and discussion

Figure 1 shows the FTIR spectrum of as-grown
a-Si:H/a-SiOy multilayers. There are two fuzzy ab-
sorption bands in the range of 1400-1800cm~! and
3500-4000cm ! due to the water molecules in atmo-
sphere. Vibrations of carbon dioxide are responsi-
ble for two weak but abrupt absorption peaks at 660
and 2350cm™1.

3350cm ™! are believed to be organic contamination on

Some peaks located between 3000-

sample surfaces, which seems to be easily removed by
thermal treatment because the absorption band only

appears for as-grown samples.
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Fig.1. Fourier transform infrared (FTIR) spectra of

as-grown a-Si:H/SiO2 multilayers.

As shown in Fig.1, the very intense absorption
band around 1058-1078cm~! corresponds to Si-O-—
Si stretching vibration, which was also observed by
Lucovsky'%! in amorphous Si:H:O alloys deposited by
PECVD method. The shoulder on left-hand side of
this vibration is due to the contribution of LO Si-O
vibration.['®] Other absorption bands related to Si—
O vibration modes can also be identified: an absorp-
tion band at 803—-807cm™! is ascribed to Si—O bending
vibration.'®] An absorption band at 440-460cm™" is
due to Si—O out-of-plane rocking vibration which per-
sists in our sample either before or after thermal treat-
ment, and no obvious change about this peak has ever
been observed. The absorption bands centred at 2260,
2160, 875 and 840cm~! can be ascribed to stretching
and bending vibrations of the Si-H monohydride!%! on
various Si and O background. Lucovsky et all'”) and
Tsu et all'®l demonstrated that the absorption peaks
at 2260, 2195 and 2090cm™! are relevant to stretch-
ing mode of monohydride Si—-H bonds with one, two,
and three oxygen atoms backboned to the silicon one.
The absorption bands at 875, 850 and 700cm ™! are
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due to the bending mode of these vibrations, respec-

tively. The typical bonding configurations associated

with Si—O and Si—H are summarized in Table 1.

Table 1. Vibration frequencies and proposed assignments of hydrogen and oxygen related

infrared modes in a-Si:H/SiO4 multilayers.

v/ecm™! Assignment of the infrared mode

460 Si—O out-of-plane rocking

700, 850, 875 Si—H bending in HSi-Si3_,Orn (n=1, 2 and 3, respectively)
810 Si—O bending

845-890 Doublet (wagging/bending) for (SiHz)n

880 Si—O-Si mode of a (SiO), ring configuration

965 Si—O-Si asymmetric stretching in an a-Si:H network

1055 Si—O stretching in SiO2 deposited by low-temperature PECVD system
1080 Si—O stretching in thermal grown SiO

2000 Single Si-H bond stretching in a-Si:H

2090, 2195, 2265 Si—H stretching in HSi-Siz_,,O, (n=1, 2 and 3, respectively)

The change of Si—O bond around 1058-1078cm !
in FTIR spectra for samples before and after step-by-
step thermal annealing is given in Fig.2. The slightly
asymmetric characteristic of the Si—-O-Si stretching vi-
bration in the lower wavenumber side can be found.
The spectra in this range can be well fitted by three
Gaussian peaks as shown in Fig.2. The band centred
at 1060cm ™! is related to Si—~O-Si vibration and the
band centred at 1130cm ! is due to LO Si-O vibra-
tion. The third band added to the above two bands
can be ascribed to the presence of Si—O bond stretch-
ing vibration in non-stoichiometric SiO, layers,!1®!
which should be related to the Si/SiO, interface.[!®]
It is found that the peak position of the third band
is shifted with the annealing temperature. Tsu et
al'%] studied this Si-O vibration in SiO, (z<2) film.
They suggested the following formula for estimating
the [O]/[Si] ratio z for the suboxides:

v = 965 + 50z(cm 1), (1)

where v is the peak frequency of Si—O stretching vi-
bration. Figure 3 shows the evolution of the peak
position of Si—O stretching vibration in SiO, and the
[O]/[Si] ratio with increasing annealing temperature.
It is found that this SiO, layer becomes more stoichio-
metric (z—2) as the annealing temperature increases.
Simultaneously, the same trend is observed for the
Si—O-Si stretching bond, which shifts from 1062 to
1085cm~! as also shown in Fig.3. Another remark-
able feature of Si-O vibration is presented in Fig.4,
the absorption peak about 810cm ™! of the Si—O bend-
ing vibration mode increases with increasing annealing

temperature. It was reported that this characteristic

Si—O absorption band could occur only when the Si
atoms are surrounded predominantly by four oxygen
atoms.'®! This suggests that the SiOy domains and
the stoichiometry of the films increases as the anneal-
ing temperature increases, which is consistent with the

results mentioned above.
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Fig.2. Deconvolution of FTIR characteristic absorp-
tion peak around 1075cm~! for samples annealed at
various temperature, the open circle is a result of
Gaussian fitting (dashed line).

Several absorption bands due to Si-H vibration
modes with various annealing temperature are pre-
sented in Fig.4. The peak at 875cm™! is a little com-
plicated because both the isolated SiH[219] and Si-O-
Si mode in the form of a (SiO),, ring configuration
have been found in this range.[?%] The former one can
be excluded since no SiH; signal is found in single
a-Si:H thin films fabricated in our system under the
same conditions, and no other SiHs signals are ob-

served in Fig.4. We cannot completely exclude the ex-
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istence of the latter one at the present stage. However,
an almost linear relationship between this absorption
band at 875cm™! and Si-H vibration at 2260cm™"! was
found as plotted in the inset of Fig.4. These results
convince us to ascribe absorption bands at 2260 and
875cm~! to Si-H stretching and bending vibration
of monohydride Si—-H bonds with three oxygen atoms
backboned to the silicon one (H-Si—-O3). These bands
become weak with increasing annealing temperature
and disappear after annealing at 750°C. The absorp-
tion bands at 2160 and 840cm ! are deviated from
the positions of H-Si-SiOy at 2195 and 850 cm ™! or
H-Si-SioO at 2090 and 700cm ™!, and they are elim-
inated after 550°C annealing. Tsu et all'®! revealed
that the Si—H vibration frequency can be affected not
only by changes in relative number of O and Si atoms
occupying the three nearest-neighbour sites of the SiH
group, but also by changes in [O]/[Si] ratio of the sub-
oxide matrix itself. In comparison with their results,
we ascribe these absorption bands to Si—-H vibration
in SiO, matrix with [O]/[Si] ratio = of 1.2-1.5, which
is in agreement with the value estimated from Si-O

vibration as given in Fig.3.
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Fig.3. Dependence of the SiO, peak and z= [O]/[Si]

ratio with the annealing temperature. Crosses and

closed circles correspond to peak positions of SiO2 and

SiOg, respectively.

An approximately stoichiometric SiOs layer is
confirmed by the IR absorption peak around 1062-
1087cm~! and the [O]/[Si] ratio in this layer is 1.94.
However, it is found that this absorption band is
shifted to the high-energy side steadily with increasing
annealing temperature. This shift can be explained as
a cooperation of hydrogen effusion and reordering of
the oxygen bond in SiO, networks.[?!] In the low tem-
perature range, the insertion of interstitial oxygen into

the bond vacancies created by the effusion of hydro-

gen leads to a shift of IR absorption peak.?'] Mean-
while, the SiO; matrix itself is also altered steadily
with the thermal treatments, even when hydrogen had
This

atom migration and phase separation process drives

already completely effused from our sample.

the Si—-O-Si absorption peak continuously to higher
wavenumber side in the high annealing temperature
range (say, 750°C annealing). After 1100°C anneal-
ing, the IR absorption peak finally reached 1087cm™?!.
This peak position is similar to the observed Si-O
vibration mode in high-temperature thermally grown
SiO, film,[?2! in which the bond angle at the O atom
site is larger than that deposited by low-temperature
PECVD technique.['® The bonded hydrogen in this
layer mainly exists in a configuration of H-Si—Os,
which shows absorption peaks at 2260 and 875cm ™! in
FTIR spectra. It was reported that these features can
only be observed in films with [O]/[Si] ratio greater
than about 1.9,[26 which is consistent with our exper-
imental results. The effusion of hydrogen from SiOq
layer with increasing annealing temperature results in

the decrease of these absorption peaks.
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Fig.4. IR absorption bands in the range 2300-

1950cm~! and 680-930cm~1.
absorbance at 875cm™! and 2260cm~! is shown in

A comparison of the

the inset, dashed line is linear regression analysis of
the data.

The existence of an interfacial SiO, layer is also
identified by FTIR measurements as shown in Fig.2.
It is found that the [O]/[Si] ratio of this layer is al-
tered from 1.3 to above 1.9 with increasing annealing
temperature. The absorption bands within the range
of 2100 and 2200cm~! indicate that the bonded hy-
drogen in the SiO, matrix is in the form of H-Si-
Siz_,, 0y, where n is between 1 and 2. An average

[O]/[Si] ratio of the suboxide matrix of unannealed
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sample is estimated to be 1.2-1.5 as mentioned be-
fore. A slight fluctuation of the estimation of [O]/[Si]
ratio indicates at the inhomogeneity of this interfacial
Si0,, layer, which may be due to a gradient in distri-
bution of ingredient. Hydrogen in this bonding config-
uration effuses at lower temperature than in H-Si-Oj3
(in the SiOg layer), which can be explained by the fact
that hydrogen is effusing from different H-Si-Si3_,,O,,
(n=1, 2, 3) with different desorption energies.!?!
FTIR absorption bands located around 2000 and
640cm ™!, which represent the stretching and bend-
ing vibrations of the Si—-H monohydride, respectively,
should be observed in a-Si:H sublayers as in the case
of bulk a-Si:H films. However, these absorption bands
are not present in our FTIR spectra, all of the Si-H
vibrations being in environments of oxygen. To ex-
plain this, some hypotheses are suggested here. The
first is the penetration of oxygen into a-Si:H layer dur-
ing the process of plasma oxidation which during the
deposition of a-SiH shifts the Si-H vibrations to the
higher wavenumber side as shown in our results. An-

other possible explanation is that the hydrogen atoms

are not uniformly distributed in the a-Si:H layer, they
collect near the interface of Si/SiOs, being affected by
oxygen in this area. Further works will be performed

to throw light on this question.
4. Conclusion

In summary, step-by-step thermal annealing

treatments were performed on a-Si:H/SiOs multilay-
ers fabricated by PECVD, and studied by FTIR mea-
surements. It was found that a SiO, layer exists in
the interface of a-Si:H/SiO4, which becomes more stoi-
chiometric and thicker with increasing annealing tem-
perature. The structure of PECVD fabricated SiOs
layer evolves to one similar to thermally grown SiOs
after annealing treatments. It was revealed that hy-
drogen exists as H-Si—O3 group in the SiO4 layer and
H-Si-Si3_,,0,, (n=1, 2) groups in the interfacial SiO,

layer, which effuses at different temperatures.
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