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Shifts of the Si 2p, O 1s and N 1s core-level spectra with the O and N content z for a-5i0, and
a-SiN, films were examined by means of the charge-transfer model (CTM) model, in which the average
partial charge on a given atom is expressed as a function of z, by using Sanderson’s electronegativity
results and the random-bonding model (RBM). The CTM model reveals that spacing of the Si 2p lines
due to five Si(Sis.,M,) (M = O or N ) bonding units based on the RBM decreases with increasing
n. Moreover, the CTM is also useful to derive the peak frequencies of the Si~H and Si—O stretching
absorption bands in a-SiO,:H films. Comparing the Si-H and Si-O bending absorption bands with
Si-H stretching absorption bands, it was found that the intensities of the 780, 840 and 880 cmm~! bands
are closely corrected with those of 2115, 2200 and 2260 cm™! bands, respectively. For a-SiO, films, the
anisotropic g factors due to Si dangling bond centers with -Si=SiO, and -Si=03 configurations were
determined by a curve-fitting analysis, and compared with results of a molecular orbital calculation.
From the behaviors of stress in a-SiO5 films, it was found there are close relationships among the stress,
the Si-O stretching absorption band, the buffered HF etch rate, the density of Si dangling bonds and
the deposition rate. Based on the compositional analysis of a-5i0;N,:H films, we found that very low
concentration of homobonds, such as S$i-Si, 0-O, NN, and of Si-H and O-H bonds are incorporated in
the films. The results of IR absorption measurements reveal that the chemical structure of a-Si0,N,:H
films is homogeneous.

Chapter 1. Introduction

Silicon-based amorphous dielectrics such as a-SiN,:H, a-510,:H and a-Si0O,N,:H films are widely
used in a varety of electronic devices as antireflective coating layers in solar cells, as gate insulators in
metal-insulator-semiconductor devices and as passivation layers. The electronic, optical and mechani-
cal properties of the films are often linked inextricably to the films structure, therefore, it is necessary
to understand the bonding configurations of films. Moreover, it is extremely important to explore
the origin and structure of the defects, and to understand the characteristics of mechanical stress in
the films. Although considerable progress has been made in accounting for the chemical structure
and electronic and optical properties of a-Si-based dielectrics, some of basic aspects remain relatively
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poor understood, such as partial charge on Si, O and N atoms for 2-5i0, and a-SiN, films, and the
local vibrational properties of a-SiO.:H films, etc. The purpose of this research is to make efforts to
understanding the microscopic structure of a-SiO;:H, a-SiN,:H and a-5iO,Ny:H films, prepared by
plasma-enhanced vapor deposition (PECVD) methods.

Chapter 2. Analysis of photoemission in amorphous SiO, and SiN; alloys
in terms of a charge-transfer model

In order to analyse the shift of Si 2p, O 1s and N 1s core-level spectra with the O and N content
z for a-Si0, and a-SiN_ films, we have considered an charge-transfer model (CTM). In the CTM, the
partial charge on a given atom, Pap(z) (M = Si, O or N), which dominates the X-ray photoelectron
spectra, were calculated by means of Sanderson’s electronegative results and random-bonding model
(RBM). Moreover, charge neutrality in a given atomic species was examined. Figure 1 shows effective
peak binding energy, Ep(Si 2p) of Si 2p as a function of the averaged partial charge, Ps;(z) on a 5i
atom per single bond in a-SiO,, a-SiN, and stoichiometric SiC, Si3N4 and SiO; films. The Eg(Si 2p)
for all kinds of samples are found to be linearly related to Psi(z) with a relation of

Eg(Si 2p)= 10.2P5(z) + 99.3. (1)

The Eq. (1) predicts that addition of a unit of positive charge onto a Si atom shifts Eg(Si 2p) towards
higher binding energy by 2.55 eV. In Fig. 1, the deviation L S R S B
of the data from the straight line for a-SiO, and a-SiN,

occurring at z above 1.2 and 0.7, respectively, is probably 104
due to a charging effect during the XPS measurement. 2
Furthermore, the CTM model showed that spacing of the
Si 2p line arising from each of five Si(Sig-nM,) (n =
0,1,..4; M = O or N) bonding units based on the RBM
decreases with increase n
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Chapter 3. Vibrational properties of Si-O
and Si-H in amorphous SiO,:H films

H and Si-O bonds in a-SiO,:H films were investigated
by means of infrared (IR) absorption measurements as a
function of O content z. Figure 2 shows the IR absorp-
tion profiles of the Si—H stretching mode and the result
of a curve fitting analysis over 1800-2500 cm™! range for
films with three different compositions of z = 0.16, 0.92
and 2.0. The observed profiles of the Si-H stretching
absorption can be decomposed into four components at
around 2000, 2115, 2200 and 2260 cm™!. On the basis
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Fig. 1. Effective peak binding energy, Eg(Si
2p), of the Si 2p as a function of the averaged
partial charge, Psi(z), on a Si atom per sin-
gle bond in a-Si0, (close circles), a-SiN, films
(open circles, triangles and squares), and those
for stoichiometric films, SiC 25-A-thick SizNy,
and Si0,, are shown for comparison.



of a modified random-bonding (MRB) model, incorpo-
ration of Si-H bonds into the films can be performed
by replacing one of Si nearest neighbors at the Si site in
Si(Sig—n0,) (n = 0-3) configurations by a H atom. Thus,
the 2000, 2115, 2200 and 2260 cm™! bands are assigned
with H-Si(Si3—»On) configurations for n = 0, 1, 2 and 3,
respectively. On the other hand, the peak frequencies of
the Si-H absorption bands, arising from H-Si(SizO) and
H-Si(Si0O3) bonds, were calculated using the CTM, and
found to be 2110 and 2194 cm™!. These results agree well
with those determined through a curve-fitting method.
The absorption spectra over the 600 to 900 cm™! 1ange
were also investigated by the curve-fitting method. Five
components at around 650, 780, 800, 840 and 880 cm™}
can be decomposed. These bands are associated with ei-
ther Si-H or S5i—O-5i bending modes. The absorption in-
tensities of the 780, 840 and 880 cm™! bands, for films ob-
tained as a function of z, display their respective good lin-
ear relationships with those of the Si~H stretching bands
at around 2115, 2200 and 2260 cm~!. This result in-
dicates that the origins for each group of the 780 and
2115 cm™! bands, the 840 and 2200 cm™! bands, and the
880 and 2260 cm™! bands are attributed to H-Si(Si;0),
H-Si(SiO3) and H-Si(O3) configurations, respectively.
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Fig. 2. Vibrational spectra over the 1800 to
2500 cm™! range for a-Si0,:H films with the z
values of 0.16, 0.92 and 2.0. The broken lines
are the results of a curve-fitting analysis.

Chapter 4. Electron spin resonance spectra of silicon dangling bonds with

oxygen back bonds in amorphous SiO, films

On order to explore the origin and structure of the defects in a-SiO, films, we have studied the
ESR spectra in 2-SiO, films as a function of z. For z < 1.5, a broad resonance line similar to the

spectrum for a-Si:H dominates the ESR spectra, and
which was attributed to Si dangling bond centers with
a -Si=Si; configuration. The narrow lines, which became
pronounced over the broad line for z > 1.5, were assigned
to the signal arising from Si dangling bond centers with
-8i=8i,0, -Si=Si03, and -Si=0j3 configurations.

Figure 3 shows typical results of simulated spectra on
experimental ones. In the simulated analysis, we took
into account the anisotropy of g factors for -Si=Si;_, 0,
(n = 1-3) centers, and used a powder pattern to describe
the resonance intensity for a given value g. We can see a
good agreement between the experimental and the fitted
lines. Furthermore, the values of g factors determined
by the curve-fitting analysis were found to be qualita-
tive agreement with results of a molecular orbital calcu-
lation. A decrease in broadening factor of ESR lines for
-5i=8i3-nO, with increasing n, suggests that the struc-
tural fluctuation in the vicinity of the Si dangling bonds
is reduced by the presence of an O back bond.

Chapter 5. Stress in amorphous SiO, films
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Fig. 3. Typical results of the fitting of the
siimulated spectra on experimental ones.

The dependence of stress on the O content z in a-SiO, films was investigated. For stoichiometric
a-5i03 films, changes in the stress and the bonding properties were investigated as functions of the
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deposition time, the total flow rate of the feed gas and deposition temperature T;. It was found that
the stress and elastic constant [Y/(1 — v)] for a-SiO, films strongly depend on z.

For a-Si0, films with Ty < 300°C, the siress is mainly caused by effects of the thermal expansion
mismatch. The stress for a-SiO; films with T; > 300°C is dominated by the intrinsic stress. Table I
shows the values of stress og and Y/(1—») for a-5i0; films having a deposition rate of 270-290 A /min
deposited at 100, 300 and 500°C and those for films having 560-600 A/min at 100 and 300°C. It is
found that the values of sg and Y/(1 — v) for T; < 300°C strongly depend on Ty, while that these
values for T; > 300°C are dominated by a change in the deposition rate rather than that in Ty. In
addition, it is found that there are close relationships among the stress, the Si-O stretching absorption
band, the buffered HF etch rate, the density of Si dangling bonds and the deposition rate.

Table I. Stress, 0g, observed for films deposited on the quartz substrates and
elastic constant, Y/{1 — ), for a-5i0; films.

Sample Total low Deposition rate Ty gQ Y/(1-v)
rate (sccm) (A/min) (°C) (108 N/m?) (10'° N/m?)
1A 2.7 290 100 -1.0 21
3A 2.8 270 300 0.33 8.4
5A 4.1 280 500 0.35 6.6
1B 4.1 600 100 -1.8 50
3B 4.8 560 300 -0.5 7.6

Chapter 6. Properties of “stoichiometric” silicon oxynitride films

The properties of amorphous silicon oxynitride (a-SiO.N,:H) films were investigated as. functions
of z and y. Figure 4 shows the dependence of z on y in 2-5i0,Ny:H films. The solid straight line in
Fig. 4 is a results of a least-squares fit on the experimental data, and a relationship of 2z + 2.8y = 4
is found. If the nearest neighbor of every Si site in the D S B A
film is either an O or a N atom, the relationship between
z and y should be expressed as 2z + 3y = 4, which is rep-
resented by a broken line in Fig. 4, because the coordina-
tion numbers of O, N and Si are 2, 3 and 4, respectively.
The reduction from 3.0 to 2.8 of the coefficient for the y
in the linear function of Fig. 4 would be due to incor-
poration of N-H bonds. Thus, it suggests the densities
of homobonds such as Si-Si, O-O and N-N, and of Si-H 0 L
and O-H bonds are sufficiently lower than those of Si-O 0 0.4
and Si-N bonds. . .

The properties of dangling bonds in a-SiO;N,:H films y (in a—SiONy:H)
and their origins were discussed. As a result, it was sug- Fig. 4. Dependence of the oxygen content z as
gested that creation of N-related dangling bonds would a function of the N content y in a-SiO.Ny:H.

be enhanced by increasing O content in nitride films. The solid line in the figure is the result of
a least-squares fit on the experimental data.
The broken line expresses the relationship of
2z 4+ 3y =4.

—
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Chapter 7. Concluding summary

1) The Si 2p binding energy was found to be linear related to the averaged partial charge.

2) It suggests that the Si 2p line arising from each of five Si(Siy—nMn) (n = 0,1,...4; M = O or N)
bonding units decreases with increasing =n.

3) The peak frequencies of the Si-H and Si-O stretching absorption bands in a-5i0,:H films were
calculated using the CTM. The calculated frequencies are in excellent agreement with the ex-

perimental results.
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4) The 780, 800, 840 and 880 cm™! bands are suggested to be related with H-8i(Si;0), Si(0y4),
H-Si(SiO3z) and H-Si(O3) configurations, respectively.

5) The anisotropic g factors for the -Si=Si;O and -Si=SiO, centers determined by a curve-fitting
analysis were found to be qualitative agreement with results of a molecular orbital calculation.

6) For a-SiO; films with deposition temperature Ty < 300°C, the stress is mainly caused by effects
of the thermal expansion mismatch. The stress for a-5iO3 films with T} > 300°C is dominated
by the intrinsic stress.

7) Amorphous SiO,N,:H films with very low concentration of homobonds such as Si-Si, 0-0,
N-N,and of Si-H and O-H bonds were obtained by PECVD methods under proper deposition
conditions.

FURXDEBEEREDNES

BFEEZRPRHURIOFELITV, SOCERSE2A 1 AOOERBERDOKE, FORELEKE 2
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FHRXTBMOEZD, 77X~ CVD BRI LD Si L, SiZ{LER XU Si BibEES, Wk
TUVARZICRBIT DS~ MRES, BRRESE EMRRETICRIABEGEREL LTRHESH
TW5. RRX T, HRERH GERLCHEBEERE) OBICHES, KB IUNSEN, B
PHEICR BT IMEN LB EMEDRL, BIUETORMBHEDOTLEBEMICHES, 20
RAZHALPZLTNS,

BRSNTERBERIT, ) FVFARUVF A U TEFAROY V¥ —Y L OBRREEIC L B8
FrEZ RO T, BEHOMAL S, O, N RF EOTEHMS BN BAEROBEKL LTRDBEZ LBTE S
ZEERLIc, EDORERIT, MMEIZEES, Si2p, 0 Is, N Is a7 EFOREL IV F—DESL,
ZRJHALE. d) SiBLEICBITS Si-HBLUSI-O AP DEFIRABNSE, SiFdL s
Y7 Ry FiEET S ESR 55, BIUOBEHRIEHOHMBIZ L 3EL 2T, MIEmBEEL L E
ST THRE Lz, i) ME#REREMR] %262 Si BILZBIZS>WT, ORBIUNEBOBIIZLEDH
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