Visible light emission from thin films containing Si, O, N, and H
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We report the fabrication, chemical, optical, and photoluminescence characterization of amorphous
silicon-rich oxynitride (SiO,N,,:H) thin films by plasma-enhanced chemical-vapor deposition. The
film compositions were followed by changes in the refractive index. X-ray photoelectron and
Fourier transform infrared spectroscopy indicate that the chemical composition is dominated by
silicon suboxide bonding with N present as a significant impurity. A broad tunable
photoluminescence (PL) emission is visible at room temperature with a quantum efficiency of
0.011% at peak energies to 3.15 eV. The radiative lifetimes are less than 10 ns, and there is nearly
no temperature dependence of the PL intensity down to 80 K. Ex situ annealing at temperatures
above 850 °C results in an increase in PL efficiency by nearly three orders of magnitude, and the PL
intensity is independent of the annealing ambient. The PL results are remarkably similar to literature
results in oxidized porous silicon and oxidized nanocrystalline Si thin films, and suggest that the
radiative center is due to the defect structure in the silicon suboxide m01ety © 1995 American

Institute of Physics.

1. INTRODUCTION

Recently there has been considerable research effort in
the study of light emission from silicon-based materials. The
technological drive derives from the desire to integrate opto-
electronic devices with silicoti-based microelectronics tech-
nologies. Scientifically, there has been a desire to understand
the nature of light emission from an indirect-band-gap mate-
rial such as Si. Much of the early work focused on the con-
cept of ““band-structure engineering” through Brillouin zone-
folding effects using alternating multiple-quantum-well
(MQW) layers of Si and Ge.!? Another approach has been
through isoelectronic impurity doping of rare-earth ions such
as Er™® into the crystal silicon lattice.®> Both of these ap-
proaches lead to emission in the near-infrared spectral re-
gion, but to date have only met with limited success in terms
of high quantum efficiency at room temperature.

More recently however, the attention has shifted to elec-
trochemically etched crystalline silicon known as porous sili-
con (PSi),4 due to the intense room-temperature photolumi-
nescence (PL) in the visible spectral region, and the ease of
fabrication. This work has spawned research on silicon
nanoparticles,5 films of nanocrystalline silicon imbedded in
$i0,,% crystal silicon remnants in the SiO, glass-melt
reaction,’ recrystallization of amorphous silicon,® and Si*
ion implantation into fused silica,’ among many others. Each
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of these distinct preparation techniques has in common crys-
talline silicon in nanometer size scales and reports intense
visible room-temperature PL. Yet, another approach to
silicon-based emission is through thin films of hydrogenated
amorphous silicon (a-Si:H), and a-Si:H-based alloys such
as a-Si0, :H, a-SiN, :H, and a-SiC, :H.'"!* These materials
exhibit several important luminescent properties. The first is
that low-defect-density a-Si:H has nearly 30% quantum ef-
ficiency at 77 K.!® However, the PL intensity decreases by
nearly four orders of magnitude at room temperature. The
second is that the peak energy for a-Si:H PL is in the near-
infrared (NIR) spectral region at 1.3 eV. This emission can
be tuned into the visible spectral region in amorphous
silicon-based alloys by varying the composition of the alloys.
This tuning is due to the changing band gap with changing
chemical composition.!'"!* With all of these distinct ap-
proaches to light emission in silicon-based materials in the
literature, it is unclear how these materials and methods
compare to one another in terms of quantum efficiency and
technological significance. Also, there is continued disagree-
ment in the identification of the chemical moiety responsible
for the PL.

In order to address some of these issues, we have pre-
pared various amorphous silicon oxynitride (a-SiO,N, :H)
thin films by the plasma-enhanced chemical-vapor-
deposition (PECVD) technique. Prior to the presentation of
the PL results, we address materials characterization, so that
the luminescence results can be interpreted in terms of the
materials properties. We show that these materials exhibit
tunable visible PL of comparable intensity and energy to PSi
at room temperature after appropriate postdeposition anneal-
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TABLE L Serjes I and series II samples used in this study.

As deposited

Annealed in N, (1050 °C)

Deposition
Sample Thickness Thickness rate
number N,O:SiH, Refractive index (am) Refractive index (nm) {nm/min)
I-a 5.0 1.475—0.00i - 117.0 1.482—0.00i 120.2 24.63
I-b 4.0 1.509—-0.00i 121.3 1.516—-0.00: 117.8 16.73
Ic 3.0 1.590—0.00i 108.4 1.597-0.00i 102.6 9.86
Id 2.5 1.642—0.00i 106.6 1.649-0.00i 100.3 7.75
I-e 2.0 1.702—0.00i 106.1 1.710—0.00i 100.0 6.43
I-f 1.5 1.778—0.00i 102.7 1.784—0.00i 97.7 5.20
I-g 1.0 1.861-0.00: 91.7 1.885—0.00: 87.7 3.99.
II-a 5.0 1470 193.0
o-b 2.5 1.697 259.9
¢ 1.0 1.841 303.3
o-d 1.95 1.61 605

ing. The PL properties of peak energy and radiative lifetime
are similar to oxidized porous Si,'® and the materials charac-
terization helps to identify the chemical species that are im-~
portant for the photoluminescence properties of these mate-
rials.

il. EXPERIMENTAL CONDITIONS

We have prepared different compositions of a-SiO,N, :H
thin-film materials by PECVD through the reaction of SiH,
and N,O at elevated temperatures. Silicon-rich material is
obtained by increasing the SiH,:N,O ratio such that there is
excess SiH, in the reaction region.!” Changing compositions
are followed by observing changes in the refractive index of
the films, which can be modeled with an effective medium
approximation such as that described by Bruggemann.'®!® In
addition to Si—O bonding, N and H bonds are present in
these PECVD films, albeit in lower concentrations than for
Si~—0. Both the excess Si and the Si—N bond contribute to
a higher refractive index N in the films relative to stoichio-
metric Si0, (N=1.465—0.07). Materials characterization
includes single wavelength ellipsometry. (SWE), x-ray pho-
toelectron spectroscopy (XPS), Fourier transform infrared
spectroscopy (FTIR), optical-absorption spectroscopy, and
transmission electron microscopy (TEM).

We have performed two distinct series of experiments on
the silicon-rich oxides. In the first series of samples, labeled
I-a through I-g in Table I, the films were grown to near
one-half an ellipsometric period d,/,, as determined by the
following equation:

R 2 . —
duz:E (nF,—sin® ¢) 12,

where A is the HeNe laser wavelength of 632.8 nm, ngy, is
the real component of the refractive index of the film, and ¢
is the angle of incidence of the ellipsometer, which is 70.0°
for this study. The deposited films range in refractive index
from N=1.475—0.0i to N=1.885—0.0i as determined
by null ellipsometry. At half of an ellipsometric period, the
measurement is most sensitive to both the film index and
thickness. This series of films were grown to determine the
dependence of the PL peak energy on the silicon content as

monitored by ellipsometry. The second series of films, la-
beled II-a through II-d and also listed in Table I, consisted of
200-600-nm-thick films with refractive indices ranging from
N=~1.47-0.0i{ to 1.84—0.0{. These thicker films were
used to examine the PL behavior with different annealing
conditions, and to perform various spectroscopies.

All films were deposited in a standard parallel-plate ge-
ometry PECVD system operating at 13.56 MHz. The depo-
sition conditions were identical, except for SiH,:N,O flow
ratios and deposition times. Reaction conditions were as fol-
lows: forward plasma power was 35%3 W, pressure was
100.0 mTorr, SiH, flow rate was 20 sccm, and substrate tem-
perature was 300 °C. The gases were very large scale (VLSI)
grade 5% SiH, in He carrier gas, and VLSI grade 100% N,0.
The substrates were (100) p-type c¢-Si wafers, sapphire wa-
fers, or roughened quartz slides that had received a slightly
modified RCA cleaning.?® In addition, the Si wafers were
dipped in 49% HF for 10 s to remove any surface native
oxide, rinsed in de-ionized (DI) water (11 MQ cm) for 5 s,
dried in N,, and immediately placed under vacuum in the
deposition chamber.

The annealing studies consisted of ex situ thermal an-
nealing at atmospheric pressure in a fused-silica tube furnace
with flowing ambient gases. Annealing ambients consisted of
0,, forming gas (5% H,/95% N,), dry N,, and Ar. A rapid
thermal anneal (RTA) in vacuum was also performed. Anneal
temperatures were varied up to 1050 °C. All of the films
demonstrated an increase in refractive index and a decrease
in thickness upon annealing, indicating densification.

Time-independent photoluminescence measurements
were performed using a double-grating 0.85 m monochro-
mator instrument, predominantly with the 488.0 nm (2.54
eV) line from a continuous-wave (cw) Ar™ laser, and a GaAs
photomultiplier tube in the photon counting mode. PL was
also performed with other cw Ar”-ion laser lines, and with
the 442 nm (2.80 eV) and 325 nm (3.82 eV) lines from a'cw
HeCd laser. Low-temperature PL was performed in a Joule—
Thompson cryostat at 80 K. The quantum efficiency was
determined.- at room temperature by comparing the emission
from the thin films with the known quantum efficiency of a
25 um ruby sphere at the 488 nm excitation wavelength
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under identical collection conditions. Time-resolved PL was
performed using the 335 nm output from a pulsed N, laser
with a pulse-width of 400 ps and a 3 Hz repetition rate. The
N, laser then pumped a dye laser using Excelite dye with an
output wavelength of 376 nm. Detection was performed with
a fast GaAs photomultiplier tube and recorded on a transient
digitizer. The overall instrument response time is on the or-
der of 5~10 ns.

XPS was performed on samples I-a, I-c, I-e, and I-g. A
monochromatic x-ray source with a resolution of 1.2 eV full
width at half-maximum (FWHM) was used (AlKa;, hv
=1486.6 eV) to reduce the spectral broadening in the XPS
study. The sample plane was tilted 65° with respect to the
analyzer input, which yields an electron escape depth of
about 50 A, so the technique only probes the near surface of
the samples and not the bulk. Depth profiling was not per-
formed on any of the samples except for the most silicon-
rich sample (I-g after annealing) because large modifications
of the film composition are expected due to preferential sput-
tering effects.

FTIR was performed on samples TI-a—H-c which were
deposited on double-side-polished ¢-Si wafers to reduce op-
tical scatter. In addition to bonding information, optical-
absorption data were measured in the 190-900 nm wave-
length range using samples deposited on roughened fused
silica substrates to avoid optical interference effects. Samples
were deposited simultaneously so the thickness and index of
the FTIR and absorption samples are identical despite the
different substrates. Each spectroscopic technique was per-
tormed on samples both as deposited and after annealing.
Morphology was determined on selected samples by TEM.

. a-SiO,N, :H FILMS MATERIALS
CHARACTERIZATION

A. FTIR

Philipp has presented a random-bonding model to de-
scribe the optical properties of the amorphous SiO, system.*!
This mode! suggests that all compositions between Si and
Si0, are possible, and that the atoms are blended on an
atomic scale, i.e., SiO, does not necessarily consist of simple
mixtures of pure Si and Si0O,. The silicon bonding continues
to be tetrahedral and statistical, which can be described by
Si-(8i,0,_ ). While this model is not universally accepted, it
is used here to interpret the spectroscopic results on the
a-SiO,N;, :H films described below.

In both the XPS and FTIR spectroscopies, the primary
trend after postdeposition annealing is toward more SiO,-like
bonding in the films; however, it appears that annealing does
not simply continue to oxidize the silicon suboxide moieties
which are present in the as-deposited films. Figure 1{(a)
shows the FTIR results of the as-deposited films, and Fig.
1(b) shows the results after annealing in N, at 1050 °C for 30
min. The dominant feature in these spectra is the broad
Si—0-Si asymmetric stretching vibrational resonance, which
occurs at 866, 973, and 1050 cm ™! with decreasing refractive
index in the films from samples II-c—1I-a. This peak has been
reported” in suboxide materials to vary nearly linearly from
1075 cm”™' for stoichiometric thermal oxide (108 cm™!
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FIG. 1. Transmission Fourier transform infrared spectra of a-SiO,N, :H thin
films (500 scans at 8 cm™! resolution). (a) shows the samples as deposited
and (b) shows the same samplés after 2 30 min anneal in dry N, at 1050 °C.
The spectra are labeled by the sample numbers II-a—II-c. Vertical solid lines
indicate the vibrational asymmetric stretching frequency of stoichiometric
Si0, and Si;Nj at 1075 and 804 cm™!, respectively. The vertical dashed
lines indicate the vibrational frequencies of the O,Si—H and ==N—H bond-
ing at 2250 and 3340 cm "', respectively. Vertical arrows designate the peak
positions of the asymmetric vibrational mode in each sample.

FWHM), to 945 cm™! for pure a-Si with oxygen impurities
present. Stoichiometric SiO has a vibrational frequency of
985 cm™!.2 In sample II-a the dominant resonance is due to
Si—O bonding as evidenced by both the asymmetric stretch
at 1050 cm ™" and the separate lower-frequency absorption at
800 cm™! due to the rocking mode in bridging Si—O-—Si
bonds. The position of the stretching resonance in the other
two samples appears to be noticeably influenced by the pres-
ence of Si—N as well as suboxide bonding. The primary
Si—N stretching frequency is at 804 cm™', and has been
reported®* to monotonically shift and broaden in oxynitride
materials between the two extremes of stoichiometric Si;N,
and SiO,. Sample II-c contains a significant percentage of
Si—N bonding since the frequency of the peak is at 866
cm™!, which is lower than a-Si with O, impurities present at
945 cm™!. There is a small shoulder which develops at 804
cm™! in both samples II-b and II-c, compared to a separate
resonance for sample II-a. An additional feature of the Si—-O
or Si—N resonance is a broadening of the peak, which is
indicative of chemical disorder, strain, or different bonding
geometries at the atomic level. The FWHM of the peaks are

Augustine et al.

Downloaded 26 May 2004 to 152.2.6.27. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



240, 284, and 112 cm ™! for the as-deposited samples II-c,
II-b, and II-a, respectively. There are few dramatic changes
in the spectra after annealing. Each shows a trend toward
more stoichiometric SiO,-like bonding, but the changes in
frequency and width are subtle.

There are several other IR spectral features which are
present in these samples. There are weak absorptions due to
Si—H bonding which occur between 2220 and 2240 cm ™! as
deposited in samples II-b and II-c. This resonance has been
attributed a Si—H bond with three bridging oxygen atoms
back-bonded to the Si atom.® Estimating from the intensity
of these peaks, the amount of bonded O,;Si—H is less than 5
at. %, since the detection limit in FTIR is about 0.5 at. % for
Si—H. After annealing at 1050 °C in N,, sample II-b shows a
dramatic increase in bonded Si—H, but the other two samples
show little or no evidence of Si—H within the detection limit
of the technique. This behavior is puzzling because one
might expect the high-temperature anneal to drive out the
hydrogen, since it is well established that temperatures above
580 °C are sufficient to completely desorb H, from a
hydrogen-passivated silicon surface.? The low hydrogen
concentration as deposited is also puzzling considering that
PECVD processes are known to generate large Si—H bond-
ing concentrations; however, Pai, et al?’ have shown that
high He dilution decreases the number of Si—H bonds
present in PECVD SiO, deposition. With the flow rates of
N,O below 5 sccm and a 95% dilution of SiH, with He, the
deposition environment is heavily He diluted. This gives rise
to. the favorable condition of Si—O-Si linkages rather than
Si—H termination or Si—OH bonding.

Another broad resonance is observed in the as-deposited
films of samples II-b and II-c between 3200 and 3350 ¢m ™.
This peak is due to N—H bonds bridging the silicon
network.”® This peak disappears after annealing, which is
consistent with H, release from the Si—N--Si linkage at high
temperature. It should be noted that there is no IR evidence
of a broad resonance at frequencies of 3400~3700 cm ™! ei-
ther as deposited or after annealing which would be due to
O—H bonding as terminated Si~OH or H,O in the films. A
final spectral feature at 608 cm™! is an artifact due to the
‘silicon substrate.

B. X-ray photoelectron spectroscopy

XPS was used to examine the core-level bonding, par-
ticularly the Si2p region, in several of the samples which
spanned the range of refractive index from nearly stoichio-
metric SiO, in sample I-a, to the most silicon-rich sample,
I-g. The Si2p region occurs at binding energies from about
98 to 104 eV, -which is shown in Fig. 2 for each of the
samples as deposited and after annealing at 1050 °C in N,
for 30 min. With increasing O addition to the film, the oxi-
dation state of the-silicon gradually changes from Si°, for
pure amorphous silicon bonded to four nearest-neighbor sili-
con atoms, to Si** for fully oxidized amorphous SiO,, i.e., a
silicon atom bonded to four nearest-neighbor oxygen atoms.
The increasing electronegativity of the Si-——O bond relative
to the Si—Si bond results in a shift to higher binding energy
of the core-level electrons in the silicon.” The binding ener-
gies for this progression range from approximately 99.0 to
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FIG. 2. Si2p region from x-ray photoelectron spectroscopy of samples
I-(a,c,e,g) using a monochromatic x-ray source (Al Ker;, hv=1486.6 eV,
theoretical broadening 1.2 eV). The solid lines are the XPS signal after a 30
min anneal in dry N, at 1050 °C, and the broken lines are the signal as
deposited. No sputtering has been performed except for sample I-g after
annealing, which received an Ar* sputter for 1.5 min. The solid vertical
lines are literature values for the silicon oxidation states at 99.0, 99.6, 101.1,
102.2, and 103.5 eV for the Si% Si'*, Si**, Si**, and Si** oxidation states,
respectively. Peaks have been normalized, and charge corrected using the
adventitious C peak at 285 eV.

103.5 eV with increasing oxide character. We have used the
literature values of the binding energies assigned to the in-
termediate oxidation states by Rochet er al.” The Si'*, Si**,
Si*, and Si** oxidation states are represented in Fig. 2 as
vertical lines with binding energies equal to 99.6, 101.1,
102.2, and 103.5 eV, respectively.

Each of the samples showed sample charging. Hence,
the spectra in Fig. 2 were corrected for the charging effect by
using the literature value of the adventitious C peak at 285.0
eV, and adjusting each spectrum accordingly.”” Two trends
emerge with increasing refractive index in the films. The first
trend is a shift toward lower binding energy with increasing
refractive index, which suggests that a large fraction of the
silicon atoms in the higher-index films are present in subox-
ide oxidation states. For example, sample I-c (N=1.60
—0.0:) appears to have predominantly Si**-type bonding as
deposited, while the sample I-e (N=1.70—0.0i) peak has
shifted to lower binding energy, indicating a bonding type
between Si°* and Si?*. The second trend that emerges is an
increase in FWHM with increasing refractive index. Table II
shows the binding energy and width of each of the samples,
along with a stoichiometric thermal SiO, sample using the
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TABLE II. Summary of XPS results. Totals may not add up to 100% because of adventitious C which was

present but not listed.

As deposited

Annealed in N, (1050 °C)

Binding Binding
Sample energy FWHM energy FWHM
number (eV) (eV) %Si %N %O (V) (eV) %S %N %O
I-a 102.40 1.72 27.8 1.0 623 103.40 151 . 306 L5 54.4
I-c 102.05 1.84 297 113 505 102.55 1.64 29.3 106 498
I-e 101.60 1.91 31.2 20.0 36.7 102.15 1.82 31.3 17.9 419
I-g . 101.55 231 342 238 320 101.15 3.03 392 202 394
Thermal
Si0, 103.35 155 30.6 59.9

same instrument conditions. All of the samples, except the
annealed sample I-a, have a larger peak width than the ref-
erence thermal SiO, sample, indicating more than one oxi-
dation state present for the PECVD films. The theoretical
broadening due to the instrument is only 1.2 eV, while all the
peaks all have FWHM of greater than 1.5 eV. We did not
attempt to fit Gaussian components for each of the silicon
suboxide states, but use the literature binding energy values
only as a qualitative reference.

Upon annealing the samples two trends emerge: The
peak positions move toward higher binding energy and the
peak widths narrow. The first observation suggests that the
films are tending toward more stoichiometric SiO,-like char-
acter, which is concordant with the FTIR results notwith-
standing that XPS is only a near-surface probe. As alluded to
earlier, it was necessary to perform depth profiling on sample
I-g after annealing. This sample showed nearly stoichio-
metric SiO, bonding by XPS near the surface despite a high
bulk refractive index. Ar™ ion sputtering was performed for
1.5 min to yield the spectrum shown in Fig. 2 indicating that,
indeed, the near surface had oxidized while the bulk re-
mained in a lower oxidation state. Again, this procedure was
avoided to prevent preferential sputtering effects, but sug-
gests that, if anything, the reported binding energies in Fig. 2
are too high and underestimate the silicon suboxide bonding
contribution. The narrowing of the peaks suggests that the
films are becoming more ordered chemically. In fact, sample
I-a after annealing is nearly identical to the thermal oxide
sample, as the similarity in refractive index would suggest.

An important point to note is that we do not observe
phase separation into Si° and SiO, after annealing according
to the reaction

28i0—8i0, +Si°,

despite the fact that SiO, is predicted to be thermodynami-
cally unstable at temperatures of 1050 °C. Other reports fol-
low the phase separation reaction with XPS by observing a
peak at 103.5 eV due to SiO, and at 99.0 eV due to
g;0 17.23,30.31

An additional complication arises from the fact that the
material is not simply a-SiO, , as was demonstrated by FTIR
in Sec. III A. There is also a significant contribution due to
Si—N bonding present in the films, Table II lists the atomic
concentrations of the Si, O, and N present by comparing the
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peak intensities from the XPS, and using the instrumental
sensitivity factors for each element. One can see that N is
present as a significant component in each of the samples
except for sample I-a, with nitrogen contributions up to
25%=*5% in sample I-g. The binding energy of the Si—N
bond is at approximately 102.0 eV, which is consistent with
the idea that silicon bonded to the less electronegative nitro-
gen will have a lower binding-energy oxidation state in Si;N,
than SiO,. Unfortunately, XPS peaks due to silicon suboxide
and silicon nitride cannot be distinguished from one another,
so Fig. 2 shows a superposition of the oxidation states of
silicon due to both SiO, and SiN, bonding.

We believe that most of the nitrogen is present as an
interstitial in the SiO, from the plasma reaction, rather than
in the form of Si;N,, because the nitrogen concentration in
the film determined by XPS is not sufficient to account for
the magnitude of the refractive index. For example, sample
I-g after annealing has a refractive index of N=1.885
—0.0i. Using the Bruggeman effective medium
approximationlg’19 (BEMA) to model the volume fraction in
the film, one finds that a two-component mixture of stoichio-
metric SiO, (N=1.465-0.0i) and SiN:H (2.000—0.0:)
would yield components of 21% SiO, and 79% SiN:H. This
is clearly not the case from XPS, which suggests a volume
fraction of Si—N bonds of ~25%. The remainder of the
magnitude of the refractive index must be derived from sub-
oxide bonding in the silicon-rich oxide.

C. Optical-absorption spectroscopy

Optical-absorption spectroscopy was performed on
samples II-a—II-c deposited on roughened quartz siides in the
wavelength range of 190-900 nm. The commonly cited op-
tical gap determined by the Tauc method was not tound be-
cause the expression (@hv)"? vs kv did not yield a linear fit
over at least 1 decade. This has been observed in other amor-
phous dielectric materials,'* and as such we report the Ey,
optical gap, which is the energy at which the absorption co-
efficient « is equal to 10* cm ™. Since the samples are quite
thin, optical interference effects were evident despite the
roughened quartz substrate and, hence, the value of Eg, can
only be considered an estimate,

It was found that only sample II-c, with the highest re-
tractive index, had an E, gap in the visible spectral region at
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2.8 eV as deposited. Sample II-b had an E,, optical gap
greater than 5 eV, and sample IT-a had an optical gap greater
than the instrument range of 7 eV. Interestingly, the E, gap
displayed a large red shift of about 0.3 eV in sample II-c
after annealing at 950 °C for 30 min in N,. The lower index
samples exhibited smaller, but measurable, red shifts as well.
While these samples did not appear to have phase separated
based on the TEM and XPS measurements, the optical prop-
erties attributable to Si—Si bonding become more evident
after annealing. This is corroborated by the increase in re-
fractive index upon annealing. The value of the optical gap
enables comparison with Philipp’s work on amorphous SiO,
and SiN, materials,?*2 and suggests an approximate compo-
sition for these thin films. From this comparison, the high-
index films are close to SiO, which has an E, equal to ~2.5
eV, while the lower-index films have a composition, x>1.5,
and probably closer to 1.8 considering the large optical gap.

D. Morphology results

TEM was performed on samples I-a, I-c, and I-g.-High-
resolution cross-sectional TEM revealed no evidence for
crystallinity in the films either as deposited or after anneal-
ing. This observation confirmed the XPS results in Sec. III B
that the materials did not phase separate into nanocrystalline
Si(nc-Si) and SiO, after annealing, and remain an entirely
amorphous material. The possibility of nanocrystallites is not
entirely ruled out by TEM because the total sampling volume
in cross-sectional TEM is very small. However, if there are
nanocrystallites present, they must be smaller than 2 nm with
a small total volume fraction in the films, a possibility which
is unlikely considering the XPS results.

IV. PHOTOLUMINESCENCE RESULTS

All of the as-deposited films show weak room-
temperature (RT) PL in the visible spectral region, with a
peak at about 2.2 eV when excited by the 488 nm (2.54 eV)
line from an Ar*-ion laser, except for the stoichiometric ox-
ide sample which showed no PL within the detection limit of
the instrument. After postdeposition annealing at tempera-
tures >850 °C, the RT PL intensity increases by nearly three
orders of magnitude, and the peak position of the PL varies
with composition. To our knowledge, this is the first report of
the PL intensity continuing to improve with high-temperature
annealing in a-SiO,:H or a-SiN,:H materials. Others®*3*

have reported an initial increase of PL intensity up to 400—

500 °C, followed by a rapid falloff in intensity at higher tem-
peratures. This has been explained by an increase in the dan-
gling bond density, presumably by the release of H, from the
amorphous matrix at high temperatures.

The RT PL results for series I samples in Fig. 3 show the
effect of varying the refractive index on PL peak position
and intensity. All of these samples were annealed at 1050 °C
in a dry N, ambient for 30 min. The peak energy red shifts
from 2.30 eV to nearly 2.05 eV with increasing refractive
index. It is interesting to note, however, that the peak shift
saturates for the middie index samples at a refractive index
of N=1.60—0.0i, and then continues to blue shift as the
decreases in index approach stoichiometric oxide with
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FIG. 3. PL peak energy and intensity vs refractive index for a-SiO,N, :H
thin films. PL energy on the left-hand-side axis is indicated by the solid
circles, and PL intensity on the right-hand-side axis by the open triangles.
All data points were taken with a cw Ar*-ion laser at 488 nm (2.54 eV)
excitation wavelength at room temperature. Inset shows a representative
time-resolved PL from sample I-c with a characteristic decay time less than
10 ns. Room-temperature time-resolved PL was excited with a pulsed dye
laser at 376 nm (3.28 eV) and measured at 488 nm (2.54 eV) emission.

N=1.47-0.0i. In addition, Fig. 3 shows nearly a factor of
10 difference in intensity from the best sample, I-c, with an
index close to 1.60, and the extremes of the most silicon-rich
sample, I-g (highest index), and the one closest to stoichiom-
etry, I-a (lowest index). We believe that the lower intensity of
the emission from the lower-index films, and possibly the
saturation in the peak shift with index, is a result of the
excitation laser being too low in energy (2.54 eV) to provide
above-band-gap excitation (E,>5 eV) in all but the most
silicon-rich samples, which have an optical gap of ~2.5 eV.
Excitation at higher energy produces a blue shift in the PL
peak with peak emission up to 3.15 eV when excited by the
HeCd line at 3.82 eV. Lower-energy excitation causes the
peak to red shift. This dependence of the peak emission en-
ergy with excitation energy is shown in Fig. 4. This situation
was encountered by Carius ef al.'?> when studying the large-
band-gap SiO, materials with x>1.3. Excitation with the
3.82 eV HeCd laser results in a double-peak emission in
several samples. Each of the samples had a low-energy peak
at ~2.6 eV, but samples I-e and I-g also had a high-energy :
peak at greater than 3.0 eV. The low-index samples (I-a,I-c)
did not show this behavior. This is surprising considering
that the low-index samples have the largest optical band gap,
and of all of the samples should display the greatest blue-
shifted peaks. In addition to the changes in intensity and
peak position, the half-width at half-maximum (HWHM) for
these PL bands increases with increasing silicon content,
with the increase appearing predominantly on the high-
energy side of the PL band. Figure 5 shows that the PL
intensity is nearly unchanged from 80 to 300 K.
Time-resolved PL was performed on samples I-a, I-c,
I-e, and I-g at room temperature. In each case, the time re-
sponse of the PL was in the same order of magnitude as the
response time of the instrument, suggesting radiative life-
times below 10 ns. This response time was observed both at
the PL peak and on the sides of the PL band at energies
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FIG. 4. PL peak emission energy vs laser excitation energy. Excitation was
performed at room temperature with the excitation lines from a cw Ar*-ion
laser and a cw HeCd laser. Annealed samples I-(a,c.e,g) are indicated in the
legend. The solid lines connect the lower-energy data points, suggesting a
blue shift in the peak energy with increasing excitation energy. Excitation
with the 325 nm (3.82 eV) line from the HeCd laser resulted in an emission
with two distinct peaks for samples I-e and I-g. These are indicated by the
separate high-energy points in the top right-hand-side corner. The dashed
line connects to the lower energy of the two peaks, suggesting a tentative
identification for the 2.6 eV peaks.

greater than half-width (0.3 eV from peak). A representa-
tive transient response is shown in the inset to Fig. 3 for
sample I-c at the PL peak. Since the transient response was
less than the resolution of the instrument, we were unable to
determine the true radiative lifetime, although the decay did
not fit a simple single exponential function, and suggests a
multicomponent lifetime.

—— 80K H
-——- 300K n

PL Intensity (a.u.)

17 18 18 20 21 22 23 24 25
Energy (eV)

FIG. 5. PL intensity vs energy for sample I-c at room temperature (300 K)
and at liguid-N, temperature (80 K). The sample was measured after a 30
min anneal in dry N, at 1050 °C.
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FIG. 6. Isochronal annealing results in terms of PL intensity vs energy for
sample II-d fordifferent annealing temperatures. Samples were annealed for
30 min in a dry N, ambient, and the spectra were obtained at room tempera-
ture.

Sample II-d was used for an atmospheric pressure an-
nealing study to determine if the chemistry of the annealing
environment or the annealing conditions of time and tem-
perature affected the PL intensity and energy. Figure 6 dem-
onstrates that there is a dramatic increase in PL intensity with
increasing annealing temperature for samples annealed for
30 min in dry N,. There is also a 0.1 eV blue shift in the
peak position with increasing temperature up to saturation at
950 °C. Using identical temperature and time, but in O,,
forming gas, or Ar ambients, there was no difference in the
PL intensity or peak position from the samples annealed in a
N, annealing ambient. In addition, samples annealed in
vacuum (2X 10~7 Torr) also showed no difference in PL in-
tensity or energy when compared to the samples annealed at
atmospheric pressure. A study was then performed to deter-
mine the effect of annealing time on the PL intensity in a dry
N, environment. The results can be seen in Fig. 7. At 950
and 1050 °C the PL reaches a saturation value after a 30 min
anneal, whereas at 850 °C an 18 h anneal is required in order
to reach the saturation value.

There have been literally hundreds of reports of
“strong” or ‘“‘intense” visible PL, without quantification of
these adjectives, since the discovery of PL in porous Si.
Given the difficulty in defining the quantum efficiency of
photoluminescence in solid-state samples, we chose the R
emission lines from a ruby sphere as a standard with which
to compare the PL efficiency of our films. The quantum ef-
ficiency of ruby, defined as the ratio of the radiative recom-
bination rate to the sum of the radiative and nonradiative
recombination rates, has been measured to be QE=0.96 by
photothermal®® and photoacoustic®® methods. Using the
known optical-absorption coefficient of ruby at this
wavelength,” scaled to the Cr** concentration in the ruby
sphere, together with the measured optical absorption of the
film, the absolute quantum efficiency of the film at the 488
nm excitation wavelength was ‘calculated to be 1.12X107%
This figure is conservative, as the tail of the emission of the
film extended beyond the measurement region, and there is’
some uncertainty in the value of the optical absorption in the
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FIG. 7. PL intensity vs annealing time for sample II-d. Samples were an-
nealed in a dry N, ambient at the temperatures indicated. The data were
obtained with a cw Ar*-ion laser at 488 nm (2.54 eV) excitation wavelength
at room temperature.

films in the low-absorbing region below the optical band
&ap.

V. DISCUSSION

There are several issues which must be addressed con-
cerning the plasma-deposited oxynitride samples described
above in order to understand the optical properties. The most
striking feature is the improvement in photoluminescence in-
tensity upon high-temperature annealing. As alluded to ear-
lier, other repons33'34 suggest that there is an initial increase
in PL intensity with increasing annealing temperature, fol-
lowed by a rapid decrease in intensity at temperatures above
500 °C. One suggestion® for the decreasing PL is that the
high-temperature annealing produces H, evolution from the
a-SiN, :H network, which results in dangling bond states that
act as nonradiative recombination centers, and hence lower
the radiative efficiency for the annealed samples. This result
was compared with ¢-Si:H, by noting that this same effect is
observed at much lower annealing temperatures (~300 °C),
and in fact the luminescence is completely quenched at an-
nealing temperatures above 500 °C in @-Si:H. In the more
recent study,>* PL intensity is increased by nearly a factor of
5 with annealing at temperatures up to 500 °C in a-SiO, :H
materials with an accompanying increase in an IR-active ab-
sorption mode at 880 cm™'. Annealing temperatures above
500 °C cause a decrease in the PL intensity and a corre-
sponding decrease in the 880 cm ! IR absorption. This IR-
absorption mode is attributed to Si—O-Si vibrations in a
(Si0),, ring configuration, which they suggest is evidence of
aSig-ring structure responsible for the PL.*® Neither explana-
tion is satisfactory to explain the continued increase in PL
intensity at temperatures up to 1050 °C in the present study,
and strongly suggests that our material, while containing the
same atomic constituents, must have a different microstruc-
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ture. These temperatures should be more than sufficient to
release H, from the oxide network, generate dangling bonds,
and thus quench the luminescence through the resulting non-
radiative centers. The first study, by Fang et al.,*® differs
considerably from this result, in that the PL measurements
were performed at temperatures as low as 35 K, while in the
present study there is almost no temperature dependence on
the PL intensity as was shown in Fig. 5. In addition, there is
no clear evidence for the 880 cm™' IR absorption present in
either the as-deposited or annealed samples shown in Fig. 1.
Sample II-b does have a shoulder on the asymmetric stretch-
ing resonance at about 870 cm™!, but this is present both as
deposited and after annealing, and does not correlate with PL
intensity. This is not to say that for annealing at temperatures
less than 500 °C this resonance would not be present, but it
does suggest that the (SiO), chemical species identified by
Zacharias et al.>* is not responsible for the efficient lumines-
cence in our materials.

Another observed feature is the lack of phase separation
even in the high-refractive-index samples after annealing.
This is evident from the amorphous signature in the TEM
study, and the lack of two distinct peaks at ~99 and 103 eV
in the Si2p region in the XPS study. This behavior is sur-
prising considering that the silicon suboxide moiety is ther-
modynamically unstable at high temperatures, and other
studies on similar CVD materials'’?**%3! show separation
into nc-Si and SiO, after annealing at temperatures above
800 °C. The phase separation reaction can only occur, how-
ever, in materials in which the excess silicon is “clustered,”
or at Jeast atomically close as deposited. The diffusivity of
atomic Si in an SiO, matrix is small, with a reported value of
8.6X107 cm?/s at 1060 °C.*° This implies that phase sepa-
ration and recrystallization occur predominantly by nearest-
neighbor Si atoms and O diffusion, rather than long-range
diffusional rearrangement of silicon atoms in the suboxide
matrix in this annealing time scale. We speculate that the
presence of Si—N bonds in a relatively high concentration
(up to 30 at. %) results in a steric or topological hindrance to
the phase separation reaction. The threefold coordinated N
may thermodynamically stabilize the suboxide matrix and
prevent the phase separation. This process could occur at
relatively low excess Si concentrations, as is present here,
but we believe that as the volume fraction of silicon contin-
ues to increase, ultimately the Si will recrystallize into nc-Si
in a SiO,N, :H matrix. We are continuing to explore the more
silicon-rich phase region in this material.

Two important observations concerning the annealing
behavior of this material have been made. The first is that the
PL intensity is independent of the annealing ambient. This
suggests that the PL is an intrinsic property of the thin films
and not the result of new chemistry occurring during the
annealing process. This is especially important considering
that both O, and H, annealing ambients should be chemi-
cally reactive. The O, ambient should result in continued
oxidation of the suboxide lattice,” and H, annealing may
result in dangling bond or trap-state passivation, as is com-
mon from the microelectronics postmetallization anneal.*® In
both cases, there was no evidence for a change in either PL
intensity or peak energy. Interestingly, O, annealing did not
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appear to oxidize the suboxide lattice in the most silicon-rich
sample. This was evident from the lack of change in the
refractive index or thickness of sample I-g after a 1.75 h dry
oxidation at 950 °C. Si—N bonding is known to be a diffu-
sion barrier to prevent continued oxidation of either the sub-
oxide lattice or the silicon wafer surface.*!

The second observation is the time-dependent annealing
behavior of the films. Figure 7 shows that after only 30 min,
annealing at 950 and 1050 °C results in a saturation in PL
intensity, while annealing for longer than 10 h is required at
850 °C. There are two straightforward explanations for this
behavior. The first is that the process leading to the intense
PL is due to diffusion within the thin films, and the second is
that local chemistry is responsible for the PL. From the spec-
troscopic results of Sec. IIT, it is clear that there are not large
changes in the materials before and after annealing. There is
some evidence for changes in the bonded Si—H concentra-
tior, but overall the bulk properties of the materials seem
quite similar before and after annealing. The annealing does
not appear to introduce any new chemical bonding configu-
rations in the films which could be attributed to radiative
states as Zacharias ez al. reported.>* We conclude that the
primary result of annealing is the reduction in defect density.
As deposited from the plasma, the materials likely contain
high bond defect concentrations, which are ‘“healed” upon
annealing, allowing radiative recombination to dominate. We
have not shown PL results in the IR region, but have ob-
served PL at 0.9 eV which has been attributed to radiative
recombination at deep-level dangling bond states.”> We are
continuing to investigate this theory with electron paramag-
netic resonance (EPR), and to further examine the time-
dependent annealing behavior with a systematic rapid ther-
mal annealing study.

Since the discovery of intense PL for PSi, there have
been several reports of blue/green luminescence in the 2.3—
2.7 eV energy range in strongly oxidized porous silicon and
nanocrystalline-silicon-based materials.**~*" This has been
referred to as the “fast” luminescence band in porous silicon
because of the characteristic 1-10 ns lifetime compared to
10 us lifetime for the red luminescence band in as-anodized
porous silicon at room temperature. The transition from the
red to blue/green band is not characterized by a monotonic
change in the energy of the band, as one would expect from
the quantum confinement model of luminescence,* but rather
by two discrete energy regimes. In addition to blue/green PL
in PSi and nc-Si materials, green PL is reported in the a-Si
alloys a-SiO, :H,'>3* 4-SiN, :H," and a-SiC, :H,'* for a high
enough x. In most of these materials, the properties such as
PL energy, peak width, intensity, temperature dependence,
and radiative lifetime are similar, suggesting that the lumi-
nescent species is related. While the explanations given to
account for the blue/green PL in these materials do not nec-
essarily account for the PL observed in our material, it is
remarkable that many of the characteristics of the lumines-
cence behavior are similar despite different preparation con-
ditions.  Electrochemical oxidation, PECVD, spark
processing,”® and rapid thermal oxidation should result in
vastly different chemistry and morphology. Yet despite these
differences, the PL characteristics are unmistakably similar.
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The most obvious difference between our SiO,N, :H ma-
terials and other silicon-based materials is the presence of
Si—N bonding. It does not appear to be necessary to have N
present in the films in order to realize efficient luminescence.
However, as discussed above, the N appears to prevent phase
separation and further oxidation of the suboxide moiety thus
enabling the material to withstand the high-temperature pro-
cessing necessary to remove bond defects. In addition, the
intensity of the PL does not correlate with the concentration
of N present. Chemically, this leaves several similarities to
the other materials. Each has the presence of Si—Si, Si—H,
and Si—O bonding.

Tamura et al.*® have suggested that the blue/green PL is
due to the presence of silanol group Si—O-H adsorbed on
structural defects in the silica network. This explanation is
not applicable to our results, considering the high annealing
temperatures employed here, and the lack. of FTIR reso-
nances for the O—H bonding which should be present in
Fig. 1(b) in the 3400-3700 cm ! frequency range after an-
nealing. Annealing temperatures greater than 450 °C result in
a strong decrease in the silanol coverage, with complete de-
hydrogenation occurring at temperatures around 1000 °C.
Figure 6 shows virtually opposite results, with the PL inten-
sity after annealing at 450 °C being the weakest.

Another possible model is direct band-to-band recombi-
nation in silicon nanocrystals due to quantum confinement.*
Since we do not have crystalline domains of Si, we do not
discuss this model further. Also, Tsybeskov and co-workers*’
have shown that this model does not adequately describe the
blue emission behavior in oxidized PSi. This same reasoning
also excludes the ‘‘surface-states” model proposed by
Koch.!® Several other mechanistic possibilities exist, namely
emission from the oxide* and emission which is character-
istic of amorphous silicon-type materials.

It has been shown* that $iO, exhibits luminescence in a
similar energy region with excitation at 6.4 and 7.9 eV. This
is below the band gap in SiO,(~9 eV), yet the luminescence
has been attributed to direct excitation of the defect structure
in SiO,. While our excitation energy is far below the band
gap in stoichiometric SiO,, we have shown that the predomi-
nant bonding configuration in these thin films is due to SiO, .
Depending on the chemical composition in the films, the
band gap in the suboxide material is considerably smaller
than 9 eV, and the defect states may be accessible with
lower-energy 3—4 eV excitation. The fast transient response
in this material (sub-10 ns) suggests that the recombination is
due to geminate carriers. Directly accessed luminescent
states in SiO, would be highly localized due to the large
potential energy barrier. Statistically, excess carriers would
not be able to either demonstrate ‘““hopping” or tunneling to
other radiative or nonradiative centers. Since the electron and
hole are highly localized, the wave-function overlap would
remain strong and allow for radiative recombination. This
model also explains the lack of temperature dependence on
the PL intensity. The highly localized nature of SiO, defect
sites would prevent tunneling of either the electron or hole to
deep nonradiative dangling bond centers near midgap. The
highest index samples may exhibit lower radiative efficiency
because the defect density is higher and, hence, the probabil-
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ity for carriers tunneling to defect states is higher.

Finally, we consider the possibility that the luminescence
is the same as that reported for a-Si—based alloys.®® A pri-
mary characteristic of PL in a-Si alloy systems is a mono-
tonic blue shift in the peak position with increasing alloy
concentration. This has been attributed to an increasing band
gap, and several reports have correlated the change in the
optical gap with the change in PL peak energy.'>'**% This
is not the case with our materials. While the refractive index,
and, hence, the optical gap, is continuously varied from
nearly stoichiometric SiQO, to SiO, there appears to be a satu-
ration in the peak position of the PL. when irradiated by the
higher-energy excitation from the 3.82 eV HeCd laser. Even
more compelling is that the samples with the smallest optical
gap (highest index) all showed a high-energy PL emission at
3.1 eV, while the larger-band-gap materials did not have this
high-energy peak. In addition, the 3.1 eV emission is larger
than the bulk E,, optical gap for sample I-g. Again, this
suggests that the luminescence is not due to the band struc-
ture in the material, but rather to the defect structure in the
suboxide.

Although the results suggest emission due to the defect
structure in the silicon suboxide moiety, we have not pro-
posed any specific chemical species for the luminescence. A
suggestion posed by Veprek®'*? appears relevant, namely,
that there are hundreds of known organosilane chemical
compounds in the literature, most of which luminesce in the
blue/green spectral region, and any one of which could be
responsible for the luminescence. Most of these have radia-
tive lifetimes on the order of ns, have broad FWHM, and are
chemically stable. While we have not experimentally dem-
onstrated this hypothesis, it suggests that the defect structure
and/or the bonding at an atomic level introduces radiative
states in this material and is responsible for the luminescent
behavior in this class of silicon-based materials.

Vi. CONCLUSIONS

Since the discovery of light emission from porous Si in
1990 there have been hundreds of reports of intense visible
light emission from silicon-based materials. The possibility
of a silicon-based technology for optoelectronics has fueled
these studies. While many groups have identified the emis-
sion, the mechanism is still unclear. Further clouding the
issue is the relationship between the emission mechanisms in
the different materials; oxidized porous silicon versus silicon
nanocrystallites versus amorphous silicon alloys. Yet, the PL
energies, peak width, and radiative lifetimes are remarkably
similar in each of these distinct materials.

We report the first observation of increasing PL effi-
ciency with increasing annealing temperature in a-Si:H alloy
materials. It appears that N is not the radiative center in the
SiO. N, matrix, but that it may both play a role in providing
thermal stability and act as a diffusion barrier enabling the
high radiative efficiency after annealing. We have not iden-
tified any specific chemical species responsible for the lumi-
nescence, but our combined results strongly suggest that the
silicon suboxide bonding provides a defect structure which
enables visible luminescence.
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