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The mechanism of electroluminescence in hydrogenated amorphous silicon oxynitride was
investigated. The luminescence can be observed only in the samples with high nitrogen content and
annealed at high temperatures. It depends on the direction of the applied electric field, and its peak
photon energy decreases from 2.3 to 1.8 eV as the nitrogen content increases. From the
measurements of conduction current and Fourier transform infrared absorption spectroscopy, it was
found that the electrical conduction in the electric field region where the luminescence was observed
is governed by the Poole—Frenkel process at the defect centers induced by the high temperature
annealing. The electroluminescence is considered to be caused by electronic transition between the

1 SEPTEMBER 2001

Visible electroluminescence in hydrogenated amorphous silicon oxynitride

band-tail states, at least one of which is related to N or Si~-N bonds. © 2001 American Institute of

Physics. [DOI: 10.1063/1.1388864]

I. INTRODUCTION

Hydrogenated amorphous silicon oxynitride
(a-SiO,N, :H) is one of the most important insulating ma-
terials in microelectronics, and much research has been car-
ried out."* It has a possibility of realizing an excellent elec-
tronic property similar to silicon dioxide while keeping a
high permittivity value of silicon nitride by choosing a
proper composition of y/x.>~% Since its refractive index can
be controlled by changing the y/x ratio, it also has a possible
application to optical fibers® and waveguides.! Moreover,
luminescence of this material has been reported by several
authors,"" % which may open the door for its application to
all-Si-based optoelectronics technology. The present article
reports a visible electroluminescence (EL) of a-SiON, 'H.
The EL energy changes from red to yellow depending on the
nitrogen content, which is attractive for optoelectronics. The
EL mechanism is also discussed based on the results of con-
duction current measurement and Fourier transform infrared
(FTIR) absorption spectroscopy. ‘

JElectronic mail: 600c5050@mn.waseda.ac.jp
®'Research Fellow of the Japan Society for the Promotion of Science.
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il. EXPERIMENTAL PROCEDURES

The a-SiO,N, :H films were deposited on a p-type (100)
silicon monocrystal substrate by plasma enhanced chemical
vapor deposition (PECVD) using a mixture of SiH,, N,O,
and N, gases. The substrate temperature was 400 °C and the
plasma frequency was 13.56 MHz. By changing the flow rate
of SiHy, five types of films with different nitrogen contents
were prepared as shown in Table I. The elementary compo-
sitions of Si, O, and N were estimated through x-ray photo-
electron spectroscopy (JEOL JPS-90MX). The thickness and
refractive index measured by ellipsometry (ULVAC ESM-1)
are also shown in Table L.

For annealing, the samples were kept at a temperature
ranging from 500 to 900 °C in vacuum (3.0X 1072 Pa) with
a rapid thermal annealing apparatus for 10 min. The chemi-
cal change induced was examined by FTIR absorption spec-
troscopy (JEOL JIR-WINSPEC50). The electrical properties
were examined by measuring the conduction current using a
high resistance meter (Advantest R8340) and the
capacitance—voltage characteristics at | MHz using a HF
C-V meter (Sanwa Mega Bytek MI-494) for the sample hav-
ing evaporated gold electrodes with an effective area of 7.9
X 1073 cm?. In the EL measurements, a semitransparent
gold electrode with an effective area of 4.0X 10™! cm? and a

© 2001 American Institute of Physics
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TABLE L. Elementary composition, refractive index, and thickness of a-SiON, :H films tested.
at. %
Empirical Refractive Thickness
Sample Si -0 N N/O formula index (nm)
A 35 62 3.6 58x 1072 Si0, 4N 10 1.49 117
B 35 59 60 1.0x 107! Si0y+Ng 17 1.53 117
C 35 - 57 7.0 12x 107! Si0; No 20 1.57 117
D 37 56 77 14 x 1071 Si04:Ng 2¢ 1.62 114
E 38 53 9.6 1.8 X 19—‘ Si0; Ng a6 1.67 112

transmittance of about 30% was vacuum eévaporated as the
upper electrode. Photoluminescence (PL) was measured un-

der excitation by a KrF excimer laser (wavelength: 248 nm

=5.0 eV; pulse width: ~25 ns; pulse energy: ~300 ml/cm?,
Lambda Physik COMPEX205). These luminescence spectra
were measured at room temperature using a monochromator
(Jobin-Yvon HR320) equipped with an intensified charge

coupled device array (Princeton Instruments ICCD-576G/
RBT).

lll. RESULTS AND DISCUSSION

Figure 1 shows PL spectra observed in the unannealed
samples excited by the KrF excimer laser. As reported in our
previous paper,'* samples A and B have PL bands with their
peaks at 2.7 and 4.4 eV (not shown), originated from silicon
homobonds (Si-Si) in SiO;,'%!” while the PL observed in
samples C—E, which changes its peak energy from 2.8 to 2.3
eV with an increase in the nitrogen content is attributable to
radiative recombination of electron—hole pairs between lo-
calized states located below the conduction band and above

sl | Sample A]
2:;/\/\\':
1 4
, Sample B
0 M DT U SR T N U S S TS D T
3l Sampie C]
Ly 2:'
5 °f
s 1 ]
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3l Sample E]
of h
1l ]
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Photon Energy [eV]

FIG. 1. PL spectra observed in the unannealed samples A-E excited at
50eV.

the valence band, either or both of which being associated
with N or Si—N bonds. This attribution is based on the fol-
lowing facts. The PL is considered to be due to radiative
recombination between localized states in many materials
similar to the present sample such as a-Si:H,'®
a-SiN, :H,"%% and a-SiC,:H.?! Especially, the PL in
a-SiN, :H and the present PL are quite similar.'?

The present PL spectra are broad. The temperature de-
pendence of PL characteristics was measured from 10 to 300
K. The full width at half maximum of th¢ PL band is con-

stant at ~0.8 eV within the temperature region. This ex-

cludes the possibility that the broad PL is due to a thermal
effect. The broadness of PL spectra most likely suggests that
the localized states are distributed widely, resulting in a long-
lasting band edge. This is often observed in amorphous
materials.’® 2! The PL peak moves toward red with an in-
crease in the nitrogen content, as is clearly seen by compar-
ing PL spectra among samples C—E. This is probably be-
cause the forbidden gap energy becomes narrow.>"® The
peak energy further shifts by thermal annealing as will be
explained later. Therefore we call this PL the 2.2-2.9 eV PL
in the present article. Note that the 2.7 eV PL in samples A
and B and the 2.2-2.9 eV PL in samples C~E are totally
different PLs with significantly different decay constants.'?
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FIG. 2. EL spectra (denoted by open circles) and PL spectra (solid curves)
in samples C~E annealed at 900 °C.
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We tried to obtain similar EL spectra of the samples, but
no EL appeared. Then, the samples were thermally annealed,
and it was found that EL appeared only in the anncaled
samples C~E. Open circles in Fig. 2 show the EL spectra
observed in the samples annealed at 900 °C. The peak energy
decreases with an increase in the nitrogen content from 2.3
eV in sample C to 1.8 eV in sample E. The lowest annealing
temperature necessary to observe EL is different among the
samples, and is 800 °C in sample C, 700 °C in sample D, and
600 °C in sample E. . ' R

Solid curves in Fig. 2 show PL spectra in the samples
annealed at 900 °C. Similarly to the unannealed samples, the
2.2-2.9 eV PL is observed in samples C—E, and the shift of
its peak energy is also similar to the unarnnealed samples. In
the case of annealed samples C—E, the EL peak also shows a
similar shift. Figure 3 compares the peak shift among EL and
PL in the annealed samplés and the PL in the unannealed
samples, which clearly shows a similarity among the three
peak shifts, even though the peak positions are different. It is
considered that the peak shift is due to the decrease in the
band gap energy with an increase in the nitrogen content.
The fact that both the EL and the 2.2-2.9 eV PL are ob-
served in the same samples with a similar tendency of peak
shift suggests that the same radiation process is involved in
the two luminescence mechanisms.
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FIG. 4. The EL intensity (circles) and the conduction cuirent density (bro-

ken curve) in sample E annealed at 900 °C as a function of electric field
intensity.
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FIG. 5. Electric field dependence of conduction cutrent density obtained for
samples annealed at 900 °C. Dotted, broken, and solid lines are for samples
C-E, respectively.

The EL is observed only under the forward bias condi-
tion when the polarity of the p-type silicon is positive. Figure
4 shows the relationship between the applied electric field
and EL intensity of sample E annealed at 900 °C. The con-
duction current density measured under the same condition is
also shown. The EL intensity and the current density become
larger in quite similar manners with an increase in the ap-
plied electric field. This indicates that the conduction carriers
play an important role in EL. The electric field, where the EL
becomes observable, is about 6, 4, and 3 MV/cm in samples
C-E, respectively. The peak energy did not depend on the
electric field intensity. -

Figure 5 shows the relation betwéen the current density
and the electric field intensity observed in samples C-E an-
nealed at 900 °C. The tunneling effect, the Schottky effect,
and the Poole—~Frenkel (PF) effect are known to be typical
high-field conduction mechanisms.?*-26 Figure 6 shows the
PF plots drawn based on the data shown in Fig. 5. Here J and
E represent the current density and electric field intensity,
respectively. The PF plots give straight lines, while the other
two effects did not give straight lines. The permittivity is
calculated to be 4.6, 5.2, and 6.3 for samples C-E, respec-
tively, from the slopes of PF plots. These values are close to
the respective permittivity values, 3.9, 4.1, and 4.5 for the
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FIG. 6. Poole—Frenkel plots. The current density and electric field intensity
are denoted by J and E, respectively. Circles, triangles, and squares indicate
the data obtained for samples C—E annealed at 900 °C, respectively.
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annealed samples C-E, calculated from the capacitance val-
ues measured as a function of voltage. From these results it
is considered that the conduction is governed by the PF pro-
cess when the EL appéars. This is reasonable because it is
generally accepted that the high-field conduction is domi-
nated by the PF process in silicon nitride and silicon
oxynitride.26

For the EL observed in silicon oxide,””?® silicon
nitride,” and silicon oxynitride!*!® with a metal—insulator—
semiconductor structure, two models have been proposed.
One is the hot cartier model, where electrons and holes. are
assumed to be accelerated significantly so that they can run
close to the conduction and valence bands.”’ In the other
model, i.e., in the injection model, while electrons and holes
are assumed to be injected from electrodes, no further sig-
nificant acceleration is postulated.!*!>?%% If the carriers in
the present samples are generated by the PF effect and are
transported by a hopping process, it is difficult to assume that
they are accelerated so much. The carriers are thought to be
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FIG. 8. Relationship between the annealing temperature and the current

density measured at 6 MV/cm. Circles, triangles, and squares indicate the
data obtained for samples C—E, respectively. NA: not annealed.
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barely transported via the PF sites, holding the minimum
necessary energy. However, in the case of PL, electrons ex-
cited by UV photons to a level much higher than the bottomn
of the conduction band can contribute to the PL. Therefore
the energy of photons emitted in EL should coincide with the
lowest energy of photons emitted in PL. This is clearly dem-
onstrated if we compare the EL spectra and the PL spectra
shown in Fig. 2. Note that the PL in samples A and B origi-
nates from silicon homobonds as mentioned above and is out
of the present discussion. When the p-type silicon is posi-
tively biased, holes are easily injected into the a-SiO, N, :H
layer, while electrons can be injected from the gold elec-
trode. The injected electrons and holes are transported
through the localized PF sites to luminescence centers where
they recombine with each other, releasing the excess energy.
This is considered to be thie mechanism of EL.

Next, the effect of thermal annealing is discussed. The
IR spectroscopy measurements revealed that the present
samples have absorption peaks around 1000, 2200, and 3340
cm™!, which are attributable to the superposition of Si~O
and Si-N stretching, Si—H stretching, and N-H stretching,
respectively.* Figure 7 shows the change in the IR absorp-
tion intensities due to the N-H and Si—H modes observed in
samples C~E. These intensities decrease with an increase in
the annealing temperature. In the case of silicon nitride, it
has been reported that the Si—H and N—-H bonds are broken
at high temperatures and that H, molecules come out of the
material.'>*! It is considered that hydrogen is also released
from the present silicon oxynitride sample by the annealing.
If the hydrogen terminating imperfections such as dangling
bonds come out, many defect states will appear within the
forbidden gap.

Figure § shows the relation between the annealing tem-
perature and the current density for samples C~E measured
at 6 MV/cm. The current density increases with an increase
in the annealing temperature. Figure 9 shows the activation
energy estimated from the measurement temperature depen-
dence of current density as a function of the annealing tem-
perature obtained for samples C-E. The activation energy
decreases with an increase in the annealing temperature. If
the annealing beyond 500 °C induces hopping sites, the acti-
vation energy becomes smaller and the conduction current



2220 J. Appl. Phys., Vol. 90, No. 5, 1 September 2001

becomes larger. This helps electrons and holes reach the lu-
minescence centers and recombine there with each other.
Finally, we would add a few words about the lumines-
cence centers. There have been papers!™4 reporting that the
EL and the PL in silicon oxynitride are due to Si—Si or Si—H
bonds. However, as shown in Fig. 7, Si—H bonds disappear
when the EL appears. As mentioned above, we have already
discarded the possibility of the PL being due to Si~Si bonds,

mainly from a clear difference in the PL decay constant be- -

tween the two origins.!> The PL around 2.7 eV originated
from the Si~Si bonds has a decay constant as slow as 10 ms,
while the PL around 2.6-2.9 eV in silicon oxynitride has a
decay constant as fast as 3.7 ns.!2 Unfortunately, no such
clear judgment can be done for EL, since it is virtually im-
possible to measure its decay constant. However, the EL
peak energy is related to the nitrogen content as shown in
Fig. 3 and the EL was observed only in the samples for
which the 2.2-2.9 eV PL is the only PL at least in the energy
region around there. Therefore it is highly probable that the
EL luminescence center is associated with Si—N bonds.

IV. CONCLUSION

The a-SiO,N,:H films (1.4<x<1.6, 0.20<y<0.26)
deposited by PECVD exhibit EL around 1.8-2.3 eV after
they were thermally annealed. The EL is attributable to the
recombination between the localized states associated with
Si~N bonds located below the conduction band and above
the valence band. The annealing induces many carrier trans-
port centers that help electrons and holes reach the localized
states.
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A broad photoluminescence (PL) around 2.6-2.9 eV is known to appear in hydrogenated silicon
oxynitride. Although its origin was reported to be Si—N bonds, it is not so clear since the material
contains hydrogen. In the present research, we have confirmed that the same PL appears in silicon
oxynitride grown by nitriding of silicon dioxide. The depth profile of the PL intensity agrees with
that of the nitrogen concentration. Furthermore, the emission spectrum, excitation spectrum, and
decay constant of this PL agree with those of the PL observed in silicon nitride. Based on these
results and theoretical discussion, the origin of the 2.6-2.9 ¢V PL is estimated to be Si—N bonds.
© 2001 American Institute of Physics. [DOLI: 10.1063/1.1405806]

With the scale reduction of very-large-scale-integrated
(VLSI) circuits, a gate insulator with a high permittivity and
a high reliability is required. Amorphous-silicon-oxynitride
film obtained by thermal nitriding of silicon thermal oxide
filin is attracting much attention as a strong candidate for the
gate insulator. The film has been known to possess a superior
resistance to high electric field compared with the silicon
thermal oxide. On the other hand, hydrogenated amorphous-
silicon-oxynitride film is widely used in VLSI circuits as an
interlevel dielectric layer or as a passivation layer. Much
research has recently been done on these silicon-oxynitride
films in order to reveal the role of incorporated nitrogen by
x-ray photoelectron spectroscopy (XPS),!3 secondary ion
mass  spectroscopy,’  infrared absorption,® optical
absorption,” and defect analysis.® However, the knowledge is
not sufficient to understand the film structure.

We have shown that photoluminescence (PL) is powerful
to investigate the localized bonding states in silicon
oxide,” ! silicon nitride,'*'* and silicon oxynitride.'"* In hy-
drogenated amorphous-silicon-oxynitride film deposited
by plasma-enhanced chemical-vapor deposition  using
SiH;, N,O, and N, as monomer gases, PL appears at 2.7 eV
and around 2.6-2.9 eV. The PL at 2.7 eV is clearly due to
silicon homobonds, while the broad PL around 2.6-29 eV
has been attributed to Si—N bonds.!* However, in a strict
sense, this latter assignment has not been well proved since
the film consists of four elements, Si, O, N, and H. There-
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fore, we have prepared silicon oxynitride that consists only
Si, O, and N. If the PL mechanism becomes clear, it should
help clarify the structure of localized states in these oxyni-
trides, which in turn, helps improve their electrical properties
and reliability as a gate insulator.

The samples are silicon oxynitride grown by the follow-
ing dry process, and do not include hydrogen. A p-type sili-
con monocrystal wafer was oxidized in O, at 1000 °C for 40
s to obtain a silicon-oxide film with a thickness of 5.2 nm,
which was then nitrided in NO at 1050 °C for 60 s in a rapid
thermal annealing apparatus. The thickness of the grown
oxynitride film measured by ellipsometry was 5.8 nm by
assuming the refractive index of the film to be 1.46. The
concentrations of silicon, oxygen, and nitrogen were mea-
sured by Auger electron spectroscopy [(AES), ANELVA,
EMAS-II] with a depth resolution of 1.0 nm, while their
depth profiles were observed by etching the sample by Ar-
ion sputtering (5 kV and 10 mA). The binding energy of N 1s
electrons was obtained by XPS (JEOL JPS-90MX) with Mg
Ka x rays, and its depth profile was measured by Ar-ion
sputtering. The PL spectrum was measured at room tempera-
ture under excitation of a KrF excimer laser (wavelength:
248 nm=5 eV, pulse width: ~20 ns, Lambda Physik
LPX105i). The PL excitation (PLE) spectrum and the decay
profile were measured at 14 K using synchrotron radiation
(SR) at the BL7B line of the UVSOR Facility (Institute for
Molecular Science, Okazaki, Japan). The depth profile of the
PL intensity was obtained by chemically thinning the film in
a HF solution, and the accuracy of the etched thickness mea-
sured by ellipsometry was within 0.2 nm.

Figure 1 shows the concentration of nitrogen as a func-

© 2001 American Institute of Physics
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FIG. 1. Concentration of nitrogen as a function of the distance from the
sample surface obtained in the film before (a) and after (b) the nitriding.

tion of the distance from the surface obtained by AES in the
film before and after the NO nitriding. It is clear that nitro-
gen is not present in the film before the nitriding. Figure 2
shows the binding energy of N 1s electrons as a function of
the film thickness etched by Ar sputtering. The peak energy
decreases from 398.3 to 397.3 eV with an increase in the
etched thickness, excepting the value at the original surface.
The binding energy of 397.3 eV is observed in silicon nitride
with a refractive index of 2.00, while the one of 398.3 eV is
observed in silicon oxynitride with a refractive index of
1.61.1 In recent papers, the 397.3 eV peak is attributed to N
combined with three Si atoms, while the 398.3 eV peak is
considered to be due to N bonded with two Si atoms and
affected by the presence of 0. These results show that
rapid thermal NO nitriding introduces N atoms bonded to at
least two Si atoms throughout the film.

Figure 3(a) shows PL spectra observed in the silicon
oxide and the silicon oxynitride, that is, those observed in the
film before and after nitriding. While no PL band was ob-
served before the nitriding, a broad PL band around 2.6-2.9
eV appeared afterward. Note that this is a PL report on sili-
con oxynitride with a thickness as thin as 5.8 nm. The PLE
spectrum monitored at 2.8 eV for the PL observed in the
nitrided film shown in Fig. 3(b) indicates that the PL was
excited by photons with energies higher than 5.0 eV. The PL
showed an exponential decay with a lifetime of about 4.2 ns.
These properties of the PL are similar to those of the PL
observed in hydrogenated silicon nitride (PL peak: about 2.4
eV, PLE peak: >4.5 eV, lifetime 3.2 ns),'!* and those ob-
served in hydrogenated silicon oxynitride (PL peak: 2.6-2.9
eV, PLE peak: >4.0 eV, lifetime 3.7 ns).!* Therefore, PLs in
the three materials are considered to be due to the same
origin.
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FIG. 2. Binding energy of N 1s electrons as a function of the etched film
thickness.
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FIG. 3. PL spectra (a) before and after the nitriding and PLE spectrum (b)
monitored at 2.8 eV for the PL observed in the nitrided film.

In our previous paper,'* we reported the similarity be-
tween the PL in the hydrogenated silicon nitride and the one
in the hydrogenated silicon oxynitride and assumed that
Si~N bonds are the PL origin based on the results of XPS,
infrared absorption spectroscopy, and electron spin reso-
nance. Although this assignment was well proved experi-
mentally, one weak point is that the sample had a rather
complex structure, consisting of hydrogen in addition to the
basic elements, Si, O, and N, for silicon oxynitride.

The present film, silicon oxynitride grown with the dry
process, does not have hydrogen in its structure. This clearly
excludes the possibility of hydrogen being associated with
the PL origin. Furthermore, the fact that the PL does not
appear before the nitriding, as shown in Fig. 3(a), indicates
that the PL is due to the structure induced by the nitriding.
Figure 4 shows the PL intensity measured in the remaining
film after being etched and the calculated concentration of N
present using the data shown in Fig. 1. The two curves are
very similar, indicating that the origin of the PL is closely
related to N.

According to theoretical calculations,”!® Si-N bonds in
Si0, introduce localized states due to N 2p lone pair elec-
trons above the O 2p lone pair states at the top of the valence
band, which are active in hole trapping and transport. More-
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FIG. 4. PL intensity measured in the remaining film after being etched and
the integrated concentration of nitrogen present.
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over, the top of the valence band is formed by N 2p lone pair
states in SiO,N, with a high-Si~N concentration. This sup-
ports the assumption that the 2.6-2.9 eV PL is due to recom-
bination of holes and electrons in localized states associated
with Si—N bonds.

In summary, we have confirmed that PL at 2.6-2.9 eV is
observed in silicon oxide only after NO nitriding. Based on
the instrumental analyses by AES and XPS, theoretical cal-
culations, and the similarity of the properties between the
PLs observed in the present film and silicon nitride, it is

considered that the origin of the present 2.6-2.9 eV PL is
Si-N bonds.
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Refractive index change is shown to be induced by the irradiation of ultraviolet photons in
hydrogenated amorphous silicon oxynitride films prepared by plasma-enhanced chemical vapor
deposition. The mechanism of the index change and its dependence on the nitrogen content were
investigated by electron spin resonance and scanning electron microscopy. It is concluded that the
index change is due mainly to densification, and that the contribution of the formation of
paramagnetic defects is only slight. To demonstrate the versatility of this refractive index change, a

planar diffraction grating was fabricated. © 2002 American Institute of Physics.
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1. INTRODUCTION

The importance of hydrogenated amorphous silicon ox-
ynitride (a-SiO,N,,:H) films fabricated by plasma-enhanced
chemical vapor deposition (PECVD) is increasing for low-
cost highly integrated optical devices,'™® since the refractive
index of a-SiON, :H is changeable over a wide range from
1.45, the value of silicon dioxide, to 2.00, that of silicon
nitride, and since this allows considerable freedom in design-
ing the structure of integrated optical devices.”!® Because the
material is a compound of silicon, it is easily incorporated in
the present fiber optic and large scale integrated circuit tech-
nologies. Moreover, as a PECVD-synthesized film, it has
many advantages such as a low deposition temperature, large
deposition area, ease of composition control, and excellent
step coverage.”~l3

Several papers have been reported on the effects of el-
ementary composition or thermal annealing on the refractive
index of a—SiO,ch:H.3‘6 However, to the authors’ knowl-
edge, no papers have reported on the refractive index change
induced by UV photon irradiation, which potentially prom-
ises direct drawing of a waveguide!* and direct fabrication of
a waveguide with a buried periodic refractive index that can
be used as an optical grating."> The present paper describes

YResearch Fellow of the Japan Society for the Promotion of Science; elec-
tronic mail: 600c5050@nm.waseda.ac.jp
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experimental measurements of the refractive index change
induced in a-SiO;N; :H films by UV photon irradiation and
discusses its mechanism. Moreover, a diffraction grating was
fabricated using a phase lattice method to demonstrate the
versatility of a-SiO N, :H as a material for optical devices.

l. EXPERIMENTAL PROCEDURES

The a-SiO,N,:H films were deposited using a dual-
frequency PECVD system. A mixture of SiH,, N,O, and N,
gases was excited in a parallel-plate reactor where a RF
power of 13.56 MHz was applied with a maximum power of
0.54 kW. At the same time, to reduce the structural stress, a
low-frequency power of 400 kHz was also applied with a
maximum power of 0.38 kW. Five types of films with differ-
ent nitrogen contents were prepared by changing the flow
rate of SiH,, while the total pressure was kept constant
around 2.4X 10% Pa. The films were deposited onto a p-type
silicon monocrystal wafer (100) set on a stage whose tem-
perature was kept at 400 °C.

The elementary compositions of Si, O, and N were esti-
mated through x-ray photoelectron spectroscopy (XPS
JEOL-90MX). The refractive index and the thickness were
measured by ellipsometry (Ulvac ESM-1) at a wavelength of
632.8 nm. Note that the accuracy of measurements is *+0.005
for refractive index and 0.3 nm for thickness. A KrF exci-
mer laser (wavelength: 248 nm=35.0eV; pulse width: ~25
ns, Lambda Physik Compex 205) was used as the UV irra-

© 2002 American Institute of Physics
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TABLE L Gas flow rates, elemental composition, and thickness of
a-SiO.N, :H films studied.

Gas flow rate (scem) Composition at. %

Thickness

Sample  SiH, N,O N, Si O N (nm)
A 15X 107 94x10° 54%x10° 35 62 36 117.3
B 2.5X10% 94X10° 54x10° 35 59 6.0 1173
C  35x10* 94Xx10° 54xX10° 35 57 70 1174
D 45%X107 94x10° 54x10° 37 56 77 1119
E 55%X10% 94X10° 54x10° 38 53 96 1123

diation source. The electron spin resonance (ESR) spectra
were obtained by JEOL JES-FA 300 at the X-band frequency.
The density of paramagnetic centers was evaluated by
double numerical integration of first-derivative spectra and
comparison with the signal from diphenylpicrylhydrazyl (g
=2.0036) of a known weight. The accuracy of the standard
is believed to be +20%. All the measurements were done at
room temperature,

lll. RESULTS

Table I shows the gas flow rates, elemental composition,
and thicknesses of the a-SiO,N, :H films studied. With an
increase in the flow rate of SiH,, the nitrogen content in-
creases and the oxygen content decreases, while the atomic
composition deviates from the stoichiometric ratio. The de-
gree of deviation of the atomic composition from the sto-
ichiometric ratio can be judged by the stoichiometric factor
expressed by (1/2)x+(3/4)y, which becomes unity if the
sample is stoichiometric. Figure 1 shows the stoichiometric
factor and the refractive index of each sample.

Figures 2(a), (b), and (c) show the changes in the refrac-
tive index (An) and that of the thickness in samples C, D,
and E, respectively, induced by the irradiation of photons,
with an energy density of 300 m)/cm? per pulse and a pulse
frequency of 10 Hz, from the KiF excimer laser. For samples
A and B in which the nitrogen content is less than 6.0 at. %,
it was not possible to measure An by ellipsometry at least up
to the irradiation of 2.5X 10° pulses. The induced refractive
index An obtained for sample C is ~+ 1.5X 1072 with the
irradiation of 2.5X 10° pulses [shown in Fig. 2(a)], and the
one for D is ~+4.3X 1072 with the irradiation of 1.5X10*
pulses [Fig. 2(b)], while the one for E is ~ +6.2X 1072 with

0.95- °

0.9- o

Stoichiometric Factor
!
[e>]
Refractive Index

085t 1 g
A B C D E

FIG. 1. The refractive index and stoichiometric factor of each sample. Let-
ters below the abscissa are the sample names. The solid and open circles
indicate the stoichiometric factor and refractive index, respectively.
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FIG. 2. Changes in the refractive index and the thickness in samples C (a),
D (b), and E (c), induced by irradiation of photons from the KiF excimer
laser. The solid and open circles indicate the refractive index and the thick-
ness, respectively.

the irradiation of 1.8X 107 pulses [Fig. 2(c)]. At the same
time, the thickness decreases by 2.5, 5.3, and 5.6 nm in
samples C, D, and E, respectively.

Figure 3 shows the average index change induced by one
pulse of the KrF excimer laser, An/ pulse, as a function of
the nitrogen content. As the nitrogen content increases, the
value of An/pulse increases abruptly from 6.0X 1078 ob-
served in sample C to 3.4X 107° in sample E. This result
clearly indicates that the UV sensitivity of a-SiON, :H be-
comes higher with a larger nitrogen content.

The ESR measurements were carried out for the samples
irradiated by photons under the same conditions. Figures 4
and 5 show the ESR spectra and the densities of paramag-

_netic centers induced by the photon irradiation, respectively.

Note that the spectra shown in Fig. 4 are those obtained after
the photon irradiation of the aforementioned numbers of
pulses, i.e., 2.5X10% 1.5X10% and 1.8X10° pulses for

T 2l S S B R B
© 10} *
0 o, .. [
= 10 .
o
E 107"+ ® 4
<1 1081 .
1092 /Andetectable / 4
2 A A 1
0 2 4 6 8 10

Nitrogen Content [atomic %]

FIG. 3. Relation between the average refractive index change induced by
one pulse of the KiF excimer laser and the nitrogen content.
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FIG. 4. The ESR spectra obtained for samples C (a), D (b), and E (c),
induced by the photon irradiation of the KiF excimer laser.

samples C, D, and E, respectively, and that the densities
shown in Fig. 5 are the averaged densities of paramagnetic
defects induced by one pulse. The induced paramagnetic
centers are attributable to silicon dangling bonds (Si-DBs).
Fabrication of a diffraction grating was performed on
sample D using a phase mask made of a high quality fused
silica plate transparent to the KrF excimer laser. The phase
mask has a one-dimensional periodic surface-relief structure
with a square-shaped cross section. The photons to fabricate
the grating are from the KrF excimer laser and their energy
density, pulse frequency, and the irradiation time were 640
mJ/cm? per pulse, 10 Hz, and 1 h, respectively. Figure 6
shows the surface of the grating observed by a scanning elec-
tron microscopy (SEM). A clear square-toothed pattern with
periodicity of around 1 um can be observed. Furthermore, a
Fraunhofer diffraction pattern was successfully observed
when a He—Ne laser beam was injected to the surface of this
diffraction grating with an incidence angle of 75°. The peri-
odicity of the square-toothed pattern on the grating can be
estimated from the Fraunhofer diffraction pattern using the
equation, sin ¢=-sin +m\/d, where \ is the wavelength, d
the periodicity of the square pattern, 6 the incidence angle, ¢
the diffraction angle, and m the order of diffraction. The
estimated periodicity is around 1 um, which agrees with the
SEM image. This simply demonstrates that the present
a-SiON, :H can be processed by UV photon irradiation.

V. DISCUSSION

The induced refractive index change shown in Fig. 2 is
large enough to fabricate waveguides or gratings.!>816

21018 M T T T

a 17
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Nitrogen Content [atomic %]

A Average Defect Density / Pulse

FIG. 5. Average density of paramagnetic defects induced by one pulse of
the KrF excimer laser.
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FIG. 6. A SEM image of the surface of a diffraction grating fabricated by
the photon irradiation through a phase mask. A square-toothed pattern with
periodicity of around 1 um is seen. Each pattern consists of two bands with
a nearly similar width of 0.5 um. They are slightly different in color, and the
darker one is a dented region densified by the irradiation.

Moreover, as shown in Fig. 3, the photosensitivity of
a-SiO,N, :H can be easily controlled by the nitrogen content.
To search for the best fabrication condition, the generation
mechanism of the index change should be clarified. It is well
known that there are two origins of the index increase, i.e.,
the densification of the material'*!’~% and the paramagnetic
defects.?'>* As shown in Fig. 2, the thickness decreases in a
manner opposite to the refractive index, indicating that the
films are densified by the photon irradiation. The effect of
densification on the index change was estimated using the
Lorentz—Lorenz equation,?>%° by assuming that the compac-
tion occurred only in the direction of the thickness, since the
estimation of the compaction in the surface direction was
impossible. The contribution of the densification to the in-
duced index change turns out to be 98%, 87%, and 70% for
samples C, D, and E, respectively, as shown in Fig. 7. The
densification obviously plays a major role in the increase of
the refractive index.

Next, the effect of paramagnetic defects is discussed.
The refractive index change due to the absorption increase
can be in principle estimated using the Kramers—Kronig
relation.”! However, it is virtually impossible to obtain the
sample’s absorption spectrum in the UV region due to strong

“absorption by the silicon substrate. Therefore, we tried to use

the following Smakula formula,”’

100 |- Moo

80 [

40 -

Contribution [%]

20 - [

C D E

FIG. 7. Comparison of the contribution to the photo-induced refractive in-
dex increase between the densification {open bars) and the absorption due to
paramagnetic centers (solid bars). Letters below the abscissa are the sample
names.
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Nf=08Tnaw/(n*+2)?,

where n is the refractive index, « the absorption coefficient
in cm™! at the peak of the absorption band, w the full width
at half maximum (FWHM) in eV, N the defect density in
cm™>, and £ the oscillator strength. As mentioned above, it is
impossible to estimate the FWHM of the absorption due to
the paramagnetic defects. The observed paramagnetic defects
shown in Fig. 4 are solely Si-DBs. As a typical Si~DB, the
E’ center that has an absorption band at 5.8 eV is well-
known. If these Si—DBs are assumed to be E' centers, the
absorption coefficient induced in each sample by the para-
magnetic defects can be calculated, since the oscillator
strength and FWHM of the absorption at 5.8 ¢V are known.?
The value of refractive index change induced by the para-
magnetic defects can then be calculated using the Kramers—
Kronig relation. The contribution of the paramagnetic defects
to the index change was thus estimated to be 4.3% for
sample C, 7.4% for sample D, and 7.7% for sample E, as
shown in Fig. 7. The induced defects do not play a signifi-
cant role in the increase of the refractive index. The fact that
the sum of the two contributions is not equal to 100% is
likely to be simply due to the inaccuracies of the ellipsom-
etry and ESR measurements,

V. CONCLUSION

The photo-induced refractive index change in hydroge-
nated amorphous silicon oxynitride films with different nitro-
gen contents prepared by plasma-enhanced chemical' vapor
deposition was investigated. The index change induced by
one pulse of the KrF excimer laser increases abruptly as the
nitrogen content increases from 7.0 to 9.6 at. %, whereas the
observable index change is not induced in the films with
nitrogen contents less than 6.0 at. %. It is confirmed that the
photorefractivity is due mainly to the densification, and that
the role of the induced defects is small. It is also demon-
strated that the photorefractivity can be utilized for the fab-
rication of optical gratings.
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Abstract

In this study, defects induced by ion implantation were investigated by a photoluminescence (PL) microspectros-
copy. When H* or He?* with high energy (~MeV) were implanted into silica, two PL bands at 290 and 650 nm were
observed under 244 nm excitation. The PL bands at 290 and 650 nm were ascribed to oxygen deficient centers and
nonbridging oxygen hole centers, respectively. The PL depth profile analysis shows that these PL centers are distributed
throughout the tracks of ions, while they are quenched in the proximity of their projected ranges. Based on the ob-
servation on the PL profiles, the formation of the PL centers was ascribed to the energy deposition by electronic
stopping power. The role of nuclear stopping power on the defect formation is also discussed. © 2002 Elsevier Science

B.V. All rights reserved.

Keywords: Silica glass; Ion implantation; Photoluminescence; Microspectroscopy

1. Introduction

Silica glass is an important material widely used
in advanced technology fields such as optical fibers
and planar waveguides. Structural changes by ion
implantation include defect formations by elec-
tronic excitation along the track of ions, [1] and
refractive index changes at the projected ranges, R,
of ions associated with densification. [2] The ion
implantation is a choice of technique for the fab-
rication of optical elements on planar waveguides,

*Corresponding author. Tel.: +81-3-5476-2456; fax: +81-3-
5476-3068.

E-mail address: nishi@sic.shibaura-it.ac.jp (H. Nishikawa).

since it can provide the capability to control the R,
of ions. [3] The objective of this research is to
evaluate the distribution in radiation effects on
silica glass induced by MeV order implantation. In
this study, we performed a photoluminescence (PL)
mapping by a confocal microspectrometer equip-
ped with a 244 nm laser. The distribution of the
micron order gives new insights into the radiation
effects in silica by MeV-order ion implantation.

2. Experimental procedures

Substrates for ion implantation are high-purity
silica with different OH contents (EDC ([OH]<
1 ppm) and ES (JOH]:1200 ppm)). Protons or He**

0168-583X/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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were implanted at 1-5 MeV up to doses of 0.5-5 x
10" em™. Micro PL measurements were per-
formed using a spectrometer (JASCO, NS2100NK)
equipped with a confocal microscope. A frequen-
cy-doubled Ar laser of 244 nm was used as an
excitation light source. For comparison, visible ex-
citation at 514.5 or 488 nm was also used. Spatial

resolution is axially ~1.5 or 10 pum, and laterally is
~1 pm.

3. Results and discussion

Shown in Fig. 1 are the PL spectra of H* and
He?* implanted silica observed under excitation at
488 nm. The PL spectra exhibit a PL band at
650 nm which is ascribed to the NBOHC (=Si-0°,
The symbols “=" and “*” represent bondings with
three separate oxygens and an unpaired spin, re-
spectively) [4]. A PL band at 540 nm was observed
in He’ irradiated samples. The intensity of the
650 nm band increases with decreasing OH con-
tent. This indicates that the formation of
NBOHCs can be due to the intrinsic mechanism
from the normal Si-O-Si bond: [1]

=Si—0—Si= — =Si—0" + *Si=, (1)

====*H" (4MeV/5 x 15¢m %) /EDC

09 r =He?* (5MeV/1 x 15cm “2) /EDC

o
[--]
T

2

PL INTENSITY (ARB. UNITS)

500 550 600 650 700 750
WAVELENGTH (nm)

Fig. 1. The PL spectra of H* (4 MeV, 5 x 10" cm™2) and He?*
(5 MeV, 1 x 10" cm™?) implanted silica at room temperature

for low-OH sample EDC ([OH] < 1 ppm) under 488 nm exci-
tation.
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Fig. 2. PL spectra of H™ (4 MeV, 5 x 10" cm™2) and He** (5
MeV, 1 x 10" cm™) implanted silica (room temperature, 244
nm excitation) for low-OH sample EDC([OH]<1 ppm) and
high-OH sample ES(OH]:1200 ppm) in ultraviolet (a) and
visible (b) regions.

rather than the extrinsic mechanism associated
with the fission of Si—OH bonds: [5]

=Si—OH — =Si—0" + *H. 2)

Shown in Fig. 2(a) and (b) are PL spectra of H*
and He** implanted silica observed at room tem-
perature under excitation at 244 nm. In addition to
the 650 nm band, another PL band is observed at
290 nm. The 290 nm PL band is ascribed to oxy-
gen-deficient centers II (ODCs II, =Si-Si=), as-
sociated with the emission under excitation at B,o
band at 5.0 eV. [6] The 290 and 650 nm PL bands
before and after implantation are compared in Fig. 3.
The intensity of the 290 nm band for low-OH
sample EDC (JOH] < 1ppm) is larger than that for
high-OH sample ES ([OH]: 1200 ppm). Similar
trends are observed for the 650 nm band due to
NBOHC:s. The 290 nm band observed for the low-
OH sample EDC even before implantation is due
to ODCs II introduced during the manufacture.
The ODCs II and NBOHCs were less induced in
silica with higher OH content. Hydrogen-related
species such as H,, which are mobile and reactive
in silica, may be involved for the defect generation
in high-OH silica.

For further understanding of the formation
mechanisms of these PL centers, the distributions
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Fig. 3. Comparison of the PL intensities for unimplanted and
H* implanted silica (low-OH sample EDC and high-OH sample

ES, 4 MeV, 5 x 10" cm™2, room temperature, 244 or 514.5 nm
excitation).
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Fig. 4. Depth profiles of 290 nm band due to ODCs II for the
low-OH (EDC) silica sample implanted by H* (4 MeV, 5 x 10
cm~?) obtained at room temperature, under 244 nm excitation
(a) and calculated results of the energy losses due to electronic

excitation and nuclear stopping using SRIM98 code H*, 4
MeV) (b).

of these ODCs and NBOHCs were investigated
by mapping of their PL depth profiles for H*-
implanted silica, as shown in Fig. 4(a). The results
of SRIM98 simulation {7] for the case of 4 MeV,
H* implantation was performed and also shown
in Fig. 4(b). The implanted 4-MeV H* ions lose
most of their energies (99.99%) in silica by the
electronic stopping power (Eq..), while the rest by
nuclear stopping power (E,,). The profiles of E.
and E,,q show the maximum in the proximity
of R,. The E. also includes the energy loss from
the surface to R, of ~140 pm.

As shown in Fig. 4(a), the profiles of 290 and
650 nm bands show broad distributions with the
maxima at 40 and 60 pm, respectively. Taking into
account the energy loss profiles of Fig. 4(b), defect
formations should be attributed to the Ey.. whose
contribution is much larger than the E,, in the
region from the surface to the R,, as previously
reported. [1] We also note that the PL distributions
of both ODCs II and NBOHCs do not perfectly
agree with the distribution of E,.. Similar trends
were observed for He?* implantation. It should be
noted that the PL intensity diminishes at the
forefront of the R, or the maximum of the E,,
suggesting a possible role of the E,,q in suppress-
ing the formations of the ODCs II and NBOHCs.
Also, we cannot rule out another possibility of the
concentration quenching of PL, since the concen-
tration of the PL centers is expected to be espe-
cially high in the proximity of the projected range
where the electronic energy deposition also shows
maximum as shown in Fig. 4(b).

Next, we discuss the formation mechanisms of
the NBOHCs and ODCs II. Electronic excitation
can result in both the generation of NBOHCs
by Eq. (1) and ODCs II by the following reaction:
(1]

=Si—0—Si= — =Si—Si= + Ointerstitial~ (3)

While the mechanism of Eq. (1) involving the
breaking of Si—O—Si bond can be observed for a
conventional electronic excitation such as a multi-
photon excitation by UV lasers, the latter of Eq.
(3) involves the Frenkel defect pair formations due
to the dense electronic excitation, [1] which is in-
herent to the ion implantation.
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4. Summary

Defect formation mechanisms in ion implanted
silica were studied by means of depth-profile
analysis using an UV-excited microspectroscopy.
Since the energy loss due to E,.. is dominant in the
region from the surface to projected ranges where
the PL centers exist, the formation of ODC II and
NBOHC can be ascribed to the energy deposi-
tion by Ege.. On the other hand, the formations
of these defects are quenched in the proximity
of the R,, where the E,,q is localized. This sug-
gests the role of E,,4 in suppressing the forma-
tion of ODC II and NBOHC. In view of the
future application of the MeV-order ion implan-
tation to optical elements on silica glass, the in-
formation on the distribution of radiation effects

gained by the UV-excited PL microspectroscopy is
invaluable.
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Abstract

We investigate the mechanisms of defect formation and optical absorption induced by ion implantation, for fab-
rication of optical devices by radiation effects. High-purity silica implanted by H* or He?" was characterized using
vacuum-ultraviolet spectroscopy and electron-spin-resonance measurement. Defect formation is suppressed by OH
groups, possibly by the release of atomic hydrogen. The E’ center and nonbridging oxygen hole center were created
through pair generation from the normal Si—O—Si bond. The peroxy radical was generated through the reaction of the
E' center with interstitial oxygen, which is a Frenkel-defect pair with an oxygen vacancy. By the Kramers-Kronig
analysis on the MeV-ion implantation-induced defects, a refractive index increase of the order of 10~* was esti-

mated. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Silica glass; Ton implantation; Vacuum ultraviolet; Electron spin resonance

1. Introduction

Fabrication of optical devices such as optical
fiber gratings has been reported by our group us-
ing mega-electron-volt-order ion implantation on
silica-core optical fibers [1]. In order to extend this
technique for the fabrication of silica-based planar
optical devices, it is important to understand the
mechanisms by which changes in optical properties
such as refractive index are induced by the im-
planted ions. Attention is focused on the electronic

*Corrersponding author. Fax: +81-3-3204-]1258.
E-mail address: yohki@mn.waseda.ac.jp (Y. Ohki).

stopping energy loss, since it accounts for more
than 99% of the total loss and most defects are
induced through this process in the case of MeV-
order ion implantation.

2. Experimental procedures

Samples are two types of high-purity silica glas-
ses containing different OH contents, EDC (OH
content <l ppm) and ES (OH content = 1200
ppm). They are plates with an area of 100 mm? and a
thickness of 1 mm, and were implanted with H* and
He’" ions accelerated to energies of 4 and 5 MeV,

0168-583X/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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respectively. Ultraviolet (UV) and vacuum ultra-
violet (VUV) absorption spectra were measured
with spectrometers using synchrotron radiation as
a VUV photon source. Electron-spin resonance
(ESR) spectra were recorded at 77 K, while the
microwave power was changed between 1 mW and
1 uW to separate overlapping components.

3. Results and discussion

The insets of Fig. 1 show the absorption spec-
tra. Before ion implantation, the 7.6 eV absorption
band due to oxygen-deficient-center (ODC) 1 [2]
was observed only in the oxygen-deficient-type
EDC. The absorbance increases by implantation
of H* or He** ions by a smaller amount in ES
containing OH groups of 1200 ppm, as previously
observed for the case of y-irradiation [3]. This
suggests that atomic hydrogens released from the
OH groups terminate the defects created by the
bond cleavage induced by the electronic excitation

Fig. 1 are fitted with five Gaussian absorption
bands at 4.8, 5.02, 5.8, 7.15 and 7.6 eV, which are
respectively ascribed to nonbridging oxygen hole
center (NBOHC), ODC 11, E’ center, an unknown
defect, and ODC I [4,5]. Fig. 2 shows ESR spectra
recorded with a microwave of power of 1 mW.
Paramagnetic defects such as E' center, NBOHC
and peroxy radical (PR) are observed.

Fig. 3 shows the correlation between the con-
centration of E’ centers and that of NBOHCs in-
duced by ion implantation estimated from the
absorption spectra and ESR measurements. The
defect concentration was estimated from the ab-
sorption spectra using the Smakula formula [6]. It
was also estimated by doing double numerical in-
tegration of each spectrum after fitting the ESR
spectrum with component spectra [7]. An almost
one-to-one correlation between the E' center and
NBOHC is observed for both samples EDC and
ES, which indicates that pair generation of the
E' center and NBOHC through the breaking of
Si—0—Si bond:

[2,3]. The induced absorption spectra shown in =Si—0—Si= — =Si* *0—Si=, (1)
600 ¥ 1 v T 1 T T ¥ ‘ T

T st @EDC | :
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Fig. 1. lon-implantation-induced absorption spectra in units of absorption coefficients given by dividing the absorbance spectra by the
projected ranges 146 um for H* and 23 um for He*" ions for EDC and ES. Shown in the inset of Fig. 1 are spectra in units of ab-

sorbance.
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Fig. 2. ESR spectra observed after H* or He* implantation

for EDC and ES at a microwave power of 1mW.
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Fig. 3. Correlation between concentrations of E' center and
NBOHC induced by ion implantation. The solid squares and

the open circles are estimated by the UV spectra and the ESR
spectra, respectively.

where the symbol “*”” denotes an unpaired elec-
tron.

This defect formation mechanism is the same as
in the cases of excimer laser and y-ray irradiation
[3,8]. As shown in Fig. 4, the concentration of PRs
is independent of the OH content, but is dependent
on the ion implantation condition. In the case of the
stoichiometric ES, the concentration of ODCs 1
is nearly comparable to that of PRs. It is reported
that Frenkel defect formation and subsequent re-
actions are induced by electronic excitation [2,9]:

=Si—O—Si= — =Si—Si= + Oy, (2)

107 [__1PR 3
g M ODC I | |
=

Q

F gl

< 10‘E

2l o

}._

pd

Li)

g

o 10"}

o b

EDC/He? ES/H*
SAMPLE

EDC/H*

ES/He?*

Fig. 4. PR and ODC I induced by ion implantation.

205 — Oy, (3)

=Si* + 0, — =S5i—0—0". (4)

From reactions (2) to (4), the number of the
induced PRs should be half of that of ODCs I. In
the case of sample ES, there is a relatively good
agreement as to those numbers, which suggests for
ES that PRs and ODCs I are created as a result of
reactions (2)—(4). As for the oxygen-deficient EDC,
the ODCs I are over ten times as many as PRs.
The 7.6 eV absorption band due to ODC I clearly
appears before ion implantation, as shown in Fig.
1. The 5.02 eV band due to ODC II, the defect
which is considered to be in thermal equilibrium
with ODC 1, appears only in EDC. This fact and
the fact that the number of ODC I present in EDC
is more than the one in ES suggest that the oxygen
deficiency of EDC enhances the generation of the
two types of ODCs. The refractive index change
induced by the increase in absorption was esti-
mated by the Kramers-Kronig relation and is
approximately of the order of 107, as shown in
Table 1. This index change is considered to be
induced from the surface to the projected range of

Table 1

Refractive index changes estimated by the Kramers—Kronig
relation.

EDC/H?* EDC/He**  ES/H* ES/He**
An 119 x 107 854 x 107% 237 x 107> 1.53 x 104
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ions, where the defects responsible for the UV and
VUYV absorption bands were induced by the elec-
tronic stopping power. It should be noted that a
higher refractive index change of the order of 1073
is induced, due to the nuclear stopping power in
the region near the projected range [1].

4. Conclusion

The effects of electronic stopping energy loss in
H* and He?*-implanted silica glasses were studied
by means of UV to VUV absorption spectroscopy
and ESR. It was found that OH groups can sup-
press the defect generation. Pair generation of
E’ centers and NBOHCs through the breaking of
Si—O—Si bonds are suggested from the one-to-one
correlation in their concentrations. It is also sug-
gested for stoichiometric silica that PRs were cre-

ated by the reaction of E' centers with interstitial
oxygens, which were generated as Frenkel-defect
pairs with ODCs 1. On the other hand, oxygen de-
ficiency is considered to play a role in the enhanced
generation of ODCs I and II. A refractive index
change of the order of 107* is expected from these
defects induced by the MeV-ion implantation.
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Abstract

Radiation effects induced by ion microbeam were studied by a confocal microspectroscopy and an atomic force
microscopy (AFM). We investigate two significant radiation effects, defect generation and compaction, which were
ascribed to electronic (Eqe) and nuclear stopping powers (Enua), respectively. Photoluminescence mapping of non-
bridging oxygen hole centers at 650 nm reveals the defect formation along the tracks of ions. The surface deformation
measured by AFM depends on the width of irradiated by microbeam. Confinement effects from the interface of ir-
radiated and nonirradiated regions are taken into account for the understanding of the correlation between the surface
deformations and internal compactions. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Silica; Ion microbeam; Photoluminescence; Atomic force microscopy

1. Introduction

Much attention has been paid to the radiation
effects induced by high-energy particles and pho-
tons on silica over the past several decades, since
they have capabilities in modifying the proper-
ties of silica-based optical elements [1]. In this
study, radiation effects on silica by ion micro-
beam were investigated by means of a micro-PL
(photoluminescence, PL) spectroscopy and atomic
force microscopy (AFM). Correlation of surface

*Corresponding author. Fax: +81-3-5476-3068.
E-mail address: nishi@sic.shibaura-it.ac jp (H. Nishikawa).

deformation with radiation effects is also dis-
cussed.

2. Experimental procedures

Ions (H*, He™ or Si’") with energies in the
range of 2-18 MeV were implanted into high-
purity silica substrates with various OH contents
(<1-1200 ppm) using a microbeam line (TIARA,
JAERI Takasaki, beam diameter: ~1 pm). For
comparison, silica glasses implanted with macro-
beam of HY or He’* at energies of 1-5 MeV
were also studied. Micro-PL-Raman spectrome-
ters equipped with an Ar ion laser (488, 514.5 or
244 nm (SHG)) were used for the mapping of

0168-583X/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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the PL. Topographic images of the silica surface
were measured by AFM.

3. Results and discussion

Three PL bands at 290, 540 and 650 nm were
observed for ion-implanted silica. Since the 650 nm
PL due to nonbridging oxygen hole centers
(NBOHCs) (=Si-O, the symbols “=" and ““”
represent bondings with three separate oxygens
and an unpaired spin, respectively) [2] is relatively
intense, we used the PL as a probe to visualize the
radiation effects. Shown in Fig. 1 is a result of the
650-nm PL mapping for 3-um-line width area by
H* microbeam. The projected range R, is esti-
mated to be ~47 um by SRIM98 [3] for the 2.2
MeV H* implantation with a 7.5-pm-thick polyi-
mide film on the surface. The PL distribution can
be seen in the regions up to the depth of ~40 pm,
which is shallower than the R, as shown in Fig. 1.
It is therefore considered that the generation of
NBOHGC:s is due to the energy loss by Eg. rather
than that due to E, as previously reported [4].

Despite the Eq. maximum at R, from SRIM98
data, the PL intensity abruptly diminished around
~40 pm, which is shallower than the R, of ~47
pum. Similar quenching phenomena were also ob-
served for the 290-nm PL band associated with

Fig. 1. Cross-sectional distribution of the PL intensity at 650
nm observed for a rectangular shaped region (3 pm x 350 jun)
with microbeam (H*, 2.2 MeV, dose: 1 x 10%° jons/cm?).

oxygen deficient centers (ODC, =Si-Si=) for dif-

ferent conditions (H" or He®", 1-5 MeV). It is-
therefore suggested that the E,., suppresses the

formation of these defects. Based on these obser-

vations, the E,.q as well as the E,.., should be

taken into consideration to explain the radiation

effect associated with defect generations.

Fig. 2 present the AFM image (a) and the
profile (b) of the microbeam-irradiated silica (Si°*,
18 MeV, dose: 1.0 x 10" cm™2). The surface image
in Fig. 2(a) indicates the formation of grooves with
depths of up to ~90 nm. The depth of the grooves

(@)

R0 L Z20.000 pwidiv
Z 130,009 anddiv

(b)
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75
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Fig. 2. (a) The AFM image and (b) the profile of the micro-
beam-irradiated regions (S©°*, 18 MeV, dose: 1.0 x 10" jons/
cm?).
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depends on the ion species and the implanted
areas. The width of the groove is larger than the
irradiated area by a factor of 2-4, with the edges
being round shaped as shown in Fig. 2(b). For
mm-scale macrobeam irradiation on silica, the
surface deformation is reported to be a result of
internal compaction in the vicinity of R, of ions,
where the E, is localized [5]. The same mecha-
nism is expected to be in effect for the case of
microbeam. However, the microbeam-induced
deformation is dependent on the line width, while
for the case of macrobeam it is determined by
deposited energy by E,.4. Then, what determines
the surface deformation for microbeam? A major
difference is the scale of the irradiated region. For
um-scale irradiation by microbeam, effects from
the surrounding regions must be larger for a
smaller line width, where effects such as confine-
ments from both edges can modify the surface
deformation.

We, hereafter, refer to the interface bordering
the irradiated and nonirradiated regions as “radi-
ation interface”. For further investigation on the
radiation interface, we carried out an AFM mea-
surement across the radiation interface for mac-
robeam-irradiated silica, as shown in Fig. 3.
Similar to the round-shaped edges of the grooves
in Fig. 2, a slope across the interface can be seen in
Fig. 3. The right hand plateau in Fig. 3 can be

Nonirradiated Interface Irradiated
< —
25
20
15

DEPTH (nm)

X (um)

Fig. 3. Surface profile measured by AFM for macrobeam-ir-
radiated silica (He’", 1 MeV, dose: 1 x 10" jons/cm?) at the
border of nonirradiated/irradiated interface.
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regarded as a state of full deformation, which
reflects the internal compaction at the R,. The
radiation interface is now characterized as a
transition region with pm-scale width, gradually
relaxing toward a fully deformed state.

The PL mapping analysis on the macrobeam-
irradiated silica was further carried out to char-
acterize the radiation interface under the surface.
Figs. 4(a) and (b) show a typical PL mapping
image of the NBOHCs across the radiation inter-
face for H" -implanted silica with 2 MeV, and the
schematic illustration of the radiation interface,
respectively. The PL intensity shows a maximum
at the radiation interface and a plateau in irradi-
ated regions. Such a localization of intense PL
maximum at the radiation interface suggests the
enhanced generation of the NBOHCs by the in-
terfacial stress. As illustrated in Fig. 4(b), the PL

(a)

Irradiated region

Interface

25 1000

DEPTH (um) 00 g

Unirradiated Transition Relaxed
< ¢ P L
\—"“’—“““‘—“f‘l 1
4 Projected Range
/ #
PL Peak
Compacted Region

B

IFig. 4. The PL image at the border across the nonirradiated
and irradiated regions observed for macrobeam-irradiated silica
(H*, 2 MeV, dose: 1 x 10 ions/cm?) (a), and the schematic
illustration of the cross section including transition region of
radiation interfaces (b).
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maximum stretches from the surface to the R,,. The
enhanced PL at the interface was also observed for
other samples irradiated under different condi-
tions.

The surface deformation by ion microbeam in
Fig. 2 can be qualitatively understood in the fol-
lowing way. The grooves can be regarded as a
region confined by the two radiation interfaces,
where the stresses in opposite directions are ex-
changed. With increasing line width, the com-
pressive stress from compacted regions at R, will
be developed, while the tensile stress from non-
irradiated region stays constant. Therefore, the
surface deformation is determined by the distri-
bution and the degree of internal compaction,

which determine the stress distribution at the
radiation interface.

4. Summary

Radiation effects induced by ion microbeam
were investigated by a PL microspectroscopy and
AFM. The PL mapping is an effective method to
visualize the three dimensional distribution of PL
centers, which can be seen as an index of a radi-
ation effect by Eg... Surface deformation depends
on the irradiated line width. This can be explained

by the radiation interface between irradiated and
nonirradiated regions, where the structure of silica
is in transition from an unrelaxed to a fully relaxed
state. The stresses in the opposite directions are
exchanged at the radiation interface, thereby ex-
ercising a significant influence on the surface de-
formation of pum-scale line width.
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Photoluminescence (PL) mieasurements were performed on a series of hydrogenated amorphous
silicon oxyniiride and silicon nitride films with different nitrogen contents deposited by
plasma-enhanced chemical-vapor deposition. From the PL and PL excitation spectra, the Urbach
energy of the sample is found to be proportional to its PL half-maximum width, regardless of
whether the sample is silicon oxynitride or silicon nitride. Time-resolved PL. measurements showed
that PL peak energy varies with time after the excitation, showing a systematic dependence on the
chemical composition in the two materials. That the PLs observed in the two materials have very
similar characteristics regardless of the presence of oxygen strongly indicates that the PLs result
from the same chemical structure, more specifically Si-N bonds, and that the two materials have
similar band-tail states associated with the static disorder. In the two materials, it is found that the
electrons and holes photoexcited into such band-tail states recombine first through an excitonlike

recombination process and then through a radiative tunneling recombination process.

© 2003

American Institute of Physics. [DOL: 10.1063/1.1529292]

1. INTRODUCTION

Hydrogenated amorphous silicon oxynitride
(a~SiO,N, :H) and silicon nitride (a-SiN,:H) have been
receiving considerable attention not only as suitable isolators
for electronic devices such as very-large-scale integrated
circuits,l'4 but also as optical materials for waveguides,s’6
light emitting devices,” and solar cells.>® With the rapid and
continuing progress of technologies in electronics and pho-
tonics, the importance of these amorphous materials is con-
tinually increasing. Unfortunately, these films are known to
contain many defects and localized states that deteriorate the
device performance, especially when they are prepared by
plasma-enhanced chemical-vapor deposition (PECVD).
From this point of view, the authors have been studying the
defects and structural disorder in the two materials by ana-
lyzing their photoluminescence (PL) properties.'®'> We
have shown that a—SiO,N, :H and a-SiN, :H films exhibit
a broad PL with a peak energy around 2.2--2.9 eV.10-15 AL
though much work has been done for the PL in
a-SiN,:H,"*® little is known about the PL in

a-SiO;N, :H. While we have indicated that the PL in

a-SiO;N; :H is due to radiative recombination between lo-
calized band-tail states associated with Si—N bonds similar
to a—SiN, :H, 1015 jts detailed properties such as the decay

AResearch Fellow of the Japan Society for the Promotion of Science; elec-
tronic mail: hiromitsu_kato@asagi.waseda.jp

present address: Advanced Research Institute for Science and Engineering,
Waseda University, Shinjuku-ku 169-8555, Japan.

0021-8979/2003/93(1)/239/6/$20.00

process and the effect of chemical composition are unknown.
In the present article, the band-tail PL around 2.2-2.9 eV in
a-SiO,N,:H is examined by comparing its PL spectral
shape, width of band-tail states, and PL lifetime distribution
with those of the PL in a—SiN,:H.

Il. EXPERIMENTAL PROCEDURES

The a—SiO,N,:H films were deposited using a dual-
frequency PECVD system. A mixture of SiHy, N,O, and N,
gases was excited in a parallel-plate reactor where a rf power
of 13.56 MHz was supplied with a maximum power of 0.54
kW. At the same time, a lower-frequency power of 400 kHz
was also supplied with a maximum power of 0.38 kW to
reduce the structural stress of the deposited film. Three types
of films with different atomic ratios were prepared by chang-
ing the flow ratio of SiH, to the sum of the other two gases,
while the total pressure was kept constant around 2.4
X 10% Pa. The films were deposited onto a p-type (100) sili-
con monocrystal substrate set on a stage whose temperature
was kept constant at 400 °C. Three types of a—SiN, :H films
were similarly deposited using a mixture of SiHy, N,, and
NH;, gases. The elemental compositions of Si, O, and N were
estimated through x-ray photoelectron spectroscopy (XPS,
JEOL JPS-90MX). The refractive index was measured by
ellipsometry (ULVAC ESM-1) at a wavelength of 632.8 nm
with a He—Ne laser. '

In order to obtain PL spectra, two photon sources were
used. One is synchrotron radiation (SR) under multibunch
operation at the BL1B line of UVSOR Facility (Institute for

© 2003 American Institute of Physics
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TABLE 1. Elemental compositions, gas flow rates, abundance ratios of atoms other than silicon to silicon atoms, and refractive indices of a~SiO,N, :H, and

a-SiN, :H films.
Sample Gas flow ratio Atomic % Abundance ratio .
Refractive

Silicon oxynitride SiH, /(N,O+N,) Si O N {(1/2)0+(3/4)N}/si index
A 44 %1072 39 st 9.7 0.84 1.74

B 37X 1072 38 53 9.6 0.89 1.68

C 3.0x 1072 37 56 7.7 0.91 1.63

Silicon nitride SiH, /(NH;+Ny) Si N {(3/4)N}/Si

D 12x 107! 52 47 0.68 2.08

E 8.6 X 1072 50 49 0.73 1.99

F 5.1%x 1072 44 55 0.95 1.91

Molecular Science, Okazaki, Japan) and the other is a KrF
excimer laser (wavelength: 248 nm=5.0 eV, pulse width:
~25 ns, pulse energy: ~100 mJ/cm?, Lambda Physik Com-
pex 205). The spectra were measured using a monochro-
mator equipped with an intensified charge-coupled device
(ICCD) array. As for photoluminescence excitation (PLE)
spectra, the SR photons under multibunch were used. The
photon energy to be detected was fixed at the PL peak energy
using an interference filter (transmittance: ~40%, full width
at half maximum: ~15 nm) and the intensity of detected
photons was monitored by a photomultiplier (Hamamatsu
R955) as a function of the excitation SR photon energy.

Nanosecond-order PL. decay characteristics were mea-
sured using the SR photons under single-bunch operation
(time interval of SR pulses: 177.6 ns, apparent pulse width:
550 ps). The number of photons with energies around the PL
peak through the interference filter was counted by a
microchannel-plate photomultiplier (Hamamatsu R3809U-
52) with a time-correlated single-photon counting technique.
Time-resolved PL spectra were measured using the excimer
laser and a monochromator equipped with an intensified
charge-coupled device (ICCD) array. The ICCD array was
gated by a pulse generator connected to a delay circuit, and
the delay time between the laser pulse and the gate-on pulse
was monitored with an oscilloscope. The gate-on duration or
the PL observation period was adjusted from 50 ns to 4 us so
that clear PL spectra could be obtained.

lil. RESULTS

The elemental compositions of all the a—SiO,;N,,:H and
a-SiN, :H films have been determined by XPS as shown in
Table I. For a—SiO,N, :H films (samples A, B, and C), the
nitrogen and the silicon contents decrease with a decrease in
the gas flow ratio of SiHy to the sum of the other two gases
[SiH4/(N,O+N,)]. The silicon content decreases for
a-SiN,:H films (samples D, E, and F) with a similar de-
crease in the gas flow ratio of SiH, to the other two gases. If
the apparent chemical composition of a—SiO;N;:H is ex-
pressed by the relation, 1/2x(8i0,) + 1/4y(Si;Ny), the value
(1/2)x+(3/4)y becomes unity. The value becomes less than
unity if silicon is present in surplus as compared to the above
equation. Namely, the value can be regarded as an abundance
ratio of atoms other than silicon to silicon atoms. For the
sake of simplicity, the value is called the abundance ratio.
The ratio approaches unity in the order from sample A to C,

indicating that silicon is the most abundant in sample A and
the least abundant in sample C. For a-SiN,:H, the value
(3/4)z is the abundance ratio, which indicates that samples D
and F are the most and the least abundant in silicon, respec-
tively.

Figure 1 shows typical PL spectra in a—SiO,N, :H and
a-SiN,:H films observed at 10 K and their PLE spectra
monitored at respective PL peak energies. A Gaussian-
shaped broad PL band is observed in all the samples. The
following three systematic trends can be observed as the
abundance ratio increases regardless of whether the sample is
a-SiO,N, :H or a-SiN, :H.

(i) The PL spectrum shifts toward a-higher energy.

(ii) It becomes broader.

(iii) The PLE threshold energy shifts toward a higher

energy.
These trends are in agreement with the finding by other au-
thors for a—SiN_:H!®"!® and amorphous silicon carbide
(a-SiC, :H)_19,20 It is considered that the PLs shown in Fig.
1 are essentially identical and are due to radiative recombi-
nation within the localized states at the band tail. 11

The objective of the present research is to elucidate vari-
ous aspects of this band-tail PL. Appearance of similar PL
has been often reported for various amorphous materials
such as a—SiN,:H, a-SiC,:H, and amorphous silicon
(a-Si:H).1¢7%

If the PL is related to band-tail states, the Urbach edge
energy E.q,. and the Urbach energy Ey can be estimated
from the onset portion of the PLE spectrum. Generally, E g,
and Ey; are defined by the following equation:22

u.]

PL Intensity [a.

Photon Energy [eV]

FIG. 1. PL (open circles) and PLE (solid lines) spectrain a-SiON, :H (a)
and a-SiN, :H (b) films observed at 10 K. Broken vertical lines indicate the
detection limits.
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FIG. 2. The Urbach edge energy E g, (circles) and the Urbach energy Ey
(triangles) as a function of the abundance ratio. Closed and open symbols
are for a-SiO;N, :H and a-SiN, :H, respectively.

a(hV):aﬂ exp[(hV—Eedge)/EU]» 1

where a and h v are the absorption coefficient and the photon
energy, respectively. In PL excitation studies on a—-SiN,:H
alloys by W. A. Jackson ef al.!” and on a-Si:H and its alloys
by T. M. Searle and Jackson®! the PLE spectrum was used
instead of a(hv) on the assumption that the low-energy side
of an excitation spectrum is proportional to c. Therefore, the
PLE spectrum is also used instead of a(hv) in the present
band-tail analysis. Figure 2 shows thus calculated E4p and
Ey. As the silicon abundance becomes less, E 4 and Ey
increase monotonically in both cases of a~SiO;N; :H and
a-SiN, :H.

Figure 3 shows the normalized PL intensity as a function
of the measurement temperature in the range of 10-300 K
observed in samples B and E. The temperature dependence
of the PL peak energy and that of the full width at half
maximum (FWHM) of the PL band are shown in Fig. 4. The
PL intensity decreases by an order of magnitude with an
increase in the temperature, while the PL peak energy and
the PL FWHM are almost independent. We have confirmed
that almost the same dependence is observed in all the other
samples.

To analyze the recombination processes of the photoge-
nerated carriers, time-resolved PL measurements have been
performed at room temperature. Figure 5 shows typical time-
resolved PL spectra measured in samples B and F. Curve ()
is the spectrum obtained by measuring over the whole time
region of 0.1 s without any delay. Curves (ii)~(vi) corre-
spond to the spectra measured during given periods after the
laser excitation. Furthermore, curve (i*) is the spectrum ob-
tained by subtracting curve (ii) from curve (i). The PL peak
energies were determined by fitting the PL spectra to Gauss-
ian curves. A shift of the PL peak as a function of the delay
time was observed, i.e., first to red, then to blue, and back to

red again. Note that similar peak shifts were observed in all
the samples.
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FIG. 3. Temperature dependence of the normalized PL intensity in the range
of 10--300 K. Closed and open circles are for samples B and E, respectively.
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FIG. 4. Temperature dependence of the PL peak energy (triangles) and that
of the PL FWHM AEp, (circles) in the range of 10-300 K. Closed and open
symbols are for samples B and E, respectively.

Figure 6 shows the details of the shift as a function of
time after excitation. The ordinate is the difference in the
peak energy between each spectrum and the spectrum mea-
sured from 25 to 75 ns, e.g., curve (ii) in Fig. 5. The hori-
zontal bar at each data point corresponds to the gate-on du-
ration or the time interval used for the spectrum
measurement. In all the samples, the PL peak energy shifts to
a lower epergy in the time regions from ~107% to ~2
X 10775 and from ~7X 1076 to ~10~* s, while it shifts to
a higher energy in the middle region from ~2x1077 to
~7X107%s. The latter blueshift is more clearly seen in
sample B than in A and in sample F than in E.

The height of the time-resolved PL spectrum was di-
vided by the gate-on duration, and is shown as a function of
the delay time in Fig. 7(a). The PL decays are nonexponen-
tial, ranging from ~107% to 10™*s, which indicates that the
PL has a broad lifetime distribution. Hence, it is convenient
to analyze the PL decay by assuming a distribution function
G(7) of lifetime 7. The function G(7) is expressed by the
equation,

G(71)=const.I(dInl/d In 1), (2)

where [ is the PL intensity and 7 is the lifetime. Figure 7(b)
shows the product 7G( 1) drawn by choosing G(7) so as to
yield the best fits to the decays according to the procedure
suggested by Tsang and Street.”® The lifetime distribution
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FIG. 5. Typical time-resolved PL spectra excited by 5.0-eV photons, ob-
served in samples B (a) and F (b). Numerals following (i)-(vi) indicate
given observation periods.
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FIG. 6. Shift of the PL peak energy as a function of the time after excitation.
Numerals next to the sample names are their abundance ratios.

7G(7) has a component that stretches over a wide range
from 107% to 10™*s besides a steeply dropping component
around 1077 s.

In Fig. 7(b), a steep drop in 7G(7) is seen at ~107 s,
the same time range wherein the initial redshift in the time-
resolved spectra is observed. In order to study this further,
the PL decay at this early stage was investigated using SR.
Figure 8 shows typical nanosecond-order decay curves of PL
in samples B and E excited by SR photons with an energy of
5.0 eV at 10 K. The decay curves monitored at respective PL

emission peaks are nonexponential and can be expressed by
a stretched exponential function,

I'()y<(BI7) (7' 1) " Pexp[ — (1/7')P], 3)

where I’ is the PL intensity, ¢ the time, 7' the effective life-
time, and S a parameter that has a value between 0 and 1.
The curves in Fig. 8 are the results of the least-squares fit of
the decay profiles to Eq. (3). The data satisfy Eq. (3) well,
which is consistent with many reports indicating that the PL
decay is described by the above equation for many amor-
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FIG. 7. PL decays (a) and PL lifetime distribution (b) measured in
a—SiOXNy:H and a~SiN, :H films, excited by 5.0-eV photons at room
temperature. The lifetime distribution stretches over a time range from 1078
to 10™*s. Numerals next to the sample names are their abundance ratios.
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FIG. 8. Nanosecond-order decay at 10 K monitored at each PL peak in

samples B (a) and E (b). Excitation was done by photons with an energy of
5.0eV.

phous materials.!®1*1824-28 The Jifetime 7 is calculated to
be 8.3 ns for sample B and 14.5 ns for sample E, while 3 is
0.4 for the two samples.

The time at which 7G(7) shows the peak in Fig. 7(b)
changes as a function of the abundance ration as shown by
the circles in Fig. 9. Note that the PL intensity observed in
sample D was too weak for this analysis. The changes in the
effective lifetime 7’ calculated for all the samples are also
shown in Fig. 9 by the triangles. Both the two quantities
become longer with an increase in the abundance ratio for
both a-SiO,N, :H and a-SiN, :H.

IV. DISCUSSION

Appearance of band-tail PL has been reported in many
amorphous materials.!®~? Following explanations are ac-
cepted to understand typical features of the band-tail PLs in
a-SiN, :H'*"1® and a-SiC, :H.1»%? As the nitrogen or car-
bon content increases, the band-gap energy increases, which
leads to a blueshift of E.q,. This shifts the PL peak to a
higher energy. In addition, nitrogen or carbon alloying in-
duces the structural disorder, resulting in an increase in the
width of the localized states denoted by Ey;. This broadens
the FWHM of the PL band. These phenomena have been
called “antiparallel band-edge fluctuations,” which is long-
range disorder associated with spatial fluctuation of the el-
emental composition, 7182021

As shown in Figs. 1 and 2, the PL peak energy and
values of 4, and Ey increase monotonically as the abun-
dance ratio or the nitrogen content increases in the present
a-SiN, :H films. This confirms that the PL in the present
a~SiN, :H films is due to the band-tail recombination. Simi-

O P—
5 S
= 60 a ol ¢
8 a E
& 40t e 1073
o 2
2 -0 &° 2
a. 0 I 1 X O %
5 06 07 08 09 1 @
- Abundance Ratio w

FIG. 9. The time at which 7G(7) shows the peak (circles) and the effective
lifetime 7" (triangles) as a function of the abundance ratio. Closed and open
symbols are for a—SiO,N, :H and a~SiN, :H, respectively.



J. Appl. Phys., Vol. 93, No. 1, 1 January 2003

E 3 [ T T T ”'—
2.5 o ]
E of o ® 3
X -0 3
g 16 it g o g3
o 25 3 35 4 45
g Eeage [6V]

FIG. 10. Correlation between the Urbach edge energy E edge a0d the PL peak

energy. Closed and open circles are for a-S5iO;N, :H and a-SiN, :H, re-
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lar shifts were also observed in a-SiO,N, :H films. Figure
10 shows the relation between E 4 and the PL peak energy,
where a striking similarity between the two materials is il-
lustrated. This similarity strongly indicates that the PLs ob-
served in the present two kinds of samples are due to the
same mechanism (=band-tail recombination) at the same
chromophore. Using silicon oxynitride films prepared by
rapid thermal nitridation of silicon dioxide in a hydrogen-
free NO ambience, we have already clarified that the chro-
mophore is the Si~N bond and has no relation to hydrogen.!!
In this case, it could be considered that a-SiN, :H with a lot
more Si—N bonds than in a-SiO;N, :H should give a stron-
ger PL. However, this is not always the case in our results,
The PL intensity is a function of the number of luminescence
centers, the radiative recombination probability, and the non-
radiative recombination probability. Since different materials
would have different probabilities, the PL intensity is not
always in proportion to the number of Si~N bonds.

The bandwidth of PL induced by the band-tail recombi-
nation should depend positively on the width of the localized
states,m‘21 although the mechanism that determines the PL
bandwidth is still to be discussed in amorphous materials.
While the Stokes-shift model attributes the PL bandwidth to
a strong electron-phonon coupling,”2%* the static disorder
or zero-phonon model assigns it to the distribution of carriers
in either band tail resulting from structural disorder,!7:18.20.21

Since the two mechanisms can coexist, the FWHM of the PL
band, AEp;, is given by!820-22

(AEp)®=(¢Ey)*+(AE, ), 4)

where £ is a coefficient, Ey; the Urbach energy, and AE,
the increment in FWHM associated with the Stokes shift.
Figure 11 shows the relation between Ey and AEy , indicat-
ing that AEp is proportional to Ey in each material. That
each straight line passes the origin of the coordinate axes
indicates that the effect of E y. or that of structural disorder
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FIG. 11. Relation between the Urbach energy Ly and the FWHM of the PL
specttum AEp . Closed and open circles are for a-SiO,N, :H and
a-SiN, :H, respectively.
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is more predominant than that of the electron-phonon cou-
pling. Moreover, it has been known that Ey is composed of
thermal disorder due to thermally induced network vibration
and static disorder due to pure structural randomness.?? If £ U
is mainly due to the thermal disorder, the PL FWHM should
depend on the temperature. However, it is almost constant in
the range of 10-300 K as shown in Fig. 4, indicating that the
effect of the static disorder is dominant in both materials,

Next, we discuss how the photogenerated carriers re-
combine via such localized band-tail states. As shown in
Figs. 5 and 6, the PL peak shifts depending on the delay
time, first to red, then to blue, and back to red again. More-
over, the broad distribution of PL lifetime, ranging from
~107% to 107*s, is seen. This is another piece of evidence
supporting the view that the PL is due to the band-tail re-
combination in the present two materials."*1%3!-33 1t is as.
sumed that three different effects, namely, thermalization,
Coulombic interaction, and distribution of localized states,
influence the recombination process. The photogenerated
carriers lose their energy by thermalization at the band-tail
states, which induces the first redshift.!43%33 Assuming a tun-
neling process in the recombination, the PL lifetime becomes
longer because the recombination probability decreases if the
distance between the electron-hole pair is longer, while the
Coulombic energy loss decreases. Hence, the PL shifts to a
higher energy as the delay time increases.!“!%3233 The blue-
shift is more evident in sample B than in A and in sample F
than in E. Namely, it is clearer in samples with lower per-
mittivities (see the refractive indices listed in Table I). This
indicates that the blueshift results from the Coulombic inter-
action. The final redshift is attributable to the extent of local-
ization of carriers. Electrons and holes in the deeper states
are more localized, which leads to a longer lifetime of the
electron-hole pair in the frame of the radiative tunneling
mode] 14193233

As shown in Fig. 7(b), the PL has two decay compo-
nents. The fast decay component is known to be commonly
observed in a-SiC,:H" and a—-SiN, :H'? but is absent in
a—-Si:H. This means that excitonlike recombination of
electron-hole pairs is the radiative mechanism for the fast
component, since strong Coulombic force due to the pres-
ence of carbon or nitrogen atoms accelerates the radiative
recombination rate.!**! The electron-hole pairs that survived
the excitonlike recombination are then thermalized into lo-
calized states. It is considered that recombination through
radiative tunneling of these electron-hole pairs is responsible
for the slow decay component, as in the case of similar PL
decays reported in a—Si:H,**? amorphous silicon oxide
(a~Si0, :H),” a-SiC,:H," and a-SiN_ :H.!*

Finally, focusing on the width of the localized band-tail
states, the structural inhomogeneity is compared between
a-SiO,Ny:H and a-SiN,:H. The slopes of the straight
lines shown in Fig. 11 are ~6.1 and ~3.4 for a-SiO,N; :H
and a-SiN,:H, respectively. It might be considered that
these values should be similar in the two materials, since the
PL origins are identical. The reason for this is that
a-SiO,N; :H has a narrower band tail than a-SiN, :H as is
clearly indicated in Fig. 2 by its smaller values of E u- On
the other hand, if we compare PL lifetimes between the two
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materials with the same abundance ratio, the lifetime is
shorter in a-SiO,N, :H than in a—SiN, :H as shown in Fig.
9. In the case of the band-tail recombination, a broader band
tail brings a longer lifetime, since the photogenerated carriers
can be thermalized into deeper localized states. All these
results indicate that the degree of the structural disorder is
smaller in a—SiO,N, :H than in a~SiN,:H. It is natural to
-consider that Si—O bonds are more flexible than Si—-N bonds,
since oxygen takes twofold coordination, whereas nitrogen
takes threefold coordination. Therefore, the Si~O bonds can
relieve the internal stress, which makes the structural disor-
der in a~SiO,N, :H smaller.

V. CONCLUSION

Characterization of the PLs observed in a-SiO.N, :H
and a-SiN, :H films is carried out by investigating the PL
band shape and the recombination process of photogenerated
carriers. The PLs in the two materials have many similarities,
and are considered to be due to the recombination between
localized band-tail states associated with Si~N bonds. Fur-
ther analyses on the PL decay process indicate that the re-
combination consists of two processes, namely, an exciton-
like recombination process and a radiative tunneling
recombination process.

The PL peak energy becomes higher and the width of the
PL spectrum becomes wider if the abundance ratio of
(nitrogen+oxygen) or that of nitrogen increases. This is
caused by the increase in the band-gap energy and the in-
crease in the width of band-tail states induced by the pres-
ence of nitrogen and oxygen. The width of band-tail states or
the degree of structural inhomogeneity is smaller in
a-SiO,N, :H than in a—SiN,:H. It is considered that the
presence of oxygen atoms relieves the internal stress.
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