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Optical Transmission and Photoluminescence of Silicon Nitride
Thin Films Implanted with Si Ions
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The measurements of optical transmission, photoluminescence �PL�, and PL excitation �PLE� of Si-implanted silicon nitride thin
films annealed at various temperatures have been conducted. A red PL band at �680 nm is largely enhanced by the Si implan-
tation followed by thermal annealing. The excitation of the red PL band is attributed to the transitions between the Si-bond-related
states of � and �*, while the emission of the red PL band is believed to be from the radiative recombination associated with defect
states which are largely increased by the Si ion implantation. Another excitation transition contributing to the red PL band, which
is evidenced by the PLE peak at 425 nm, emerges after the annealing at 1100°C, and it is attributed to the formation of stable Si
nanoclusters.
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Manuscript submitted September 29, 2008; revised manuscript received November 10, 2008. Published December 4, 2008.

1099-0062/2008/12�2�/H38/3/$23.00 © The Electrochemical Society
Recently, intensive research activities have been focused on the
Si-rich silicon nitride �SRN� materials, which have not only lower
injection barriers for electrons and holes compared with silicon ox-
ide, but also the possibility to emit strong photons at the short wave-
lengths such as violet light.1-4 The SRN could be a promising can-
didate for Si-based full-color light-emitting devices. Strong
photoluminescence �PL� tunable from red to violet has been demon-
strated in the SRN materials.2,3 However, the emission mechanism
still remains controversial. The observed PL from the SRN materials
was attributed to either the recombination at defect centers or the
quantum confinement of silicon nanoparticles.2-4 Many techniques
have been used to fabricate the SRN, such as chemical vapor
deposition,1-3 reactive evaporation,4 and sputtering.5 To the best of
our knowledge, Si ion implantation, which has been successfully
employed in fabrication of luminescent Si nanoparticles embedded
in the silicon oxide matrix,6,7 was seldom used to synthesize the
SRN.8,9 In addition, the optical properties of the SRN prepared by
this technique have not been fully investigated. In this work, the PL,
PL excitation �PLE�, and optical transmission of silicon nitride thin
films implanted with Si ions have been studied, and the annealing
effect is examined also.

Silicon nitride films with a thickness of 120 nm were deposited
by low-pressure chemical vapor deposition on either a quartz sub-
strate or a 30 nm thick SiO2 thin film thermally grown on Si�100�
wafers. Si ions were implanted into the silicon nitride films at an
energy of 30 keV at a dose of 3.5 � 1016 atoms/cm2 at room tem-
perature. The maximum volume fraction of the implanted Si is
�21% at a depth of 33 nm, as determined by the stopping and range
of ion in matter �SRIM� calculation.10 Subsequently, the implanted
films were thermally annealed in N2 ambient at temperatures rang-
ing from 800 to 1100°C for 1 h. PL spectra were taken with a com-
mercial ACCENT RPM2000 PL system using an excitation laser of
325 nm line with a power of 1 mW. PLE measurements were car-
ried out on a fluorescence spectrophotometer �Fluorolog-3, Jobin
Yvon�. UV-visible transmissions were measured in the wavelength
range from 200 to 800 nm using a double-channel spectrophotom-
eter �MPC-2200, Shimadzu�. All spectral measurements were per-
formed at room temperature.

Figure 1 shows the optical transmissions of the Si-implanted sili-
con nitride films grown on a quartz substrate and annealed at differ-
ent temperatures. As shown in the figure, the Si ion implantation
causes a reduction in the transmission as compared to the pure sili-
con nitride film, which could be attributed to the implantation-
induced damages to the silicon nitride atom networks and the intro-
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duction of excess Si ions. As can be seen in Fig. 1, thermal
annealing leads to a partial recovery in the transmission, suggesting
a partial recovery in the silicon nitride matrix or the defect passiva-
tion by the annealing.11 The optical transmission spectra for the
samples annealed below 1100°C are nearly identical, while the an-
nealing at 1100°C yields a lower transmission compared with other
annealing at lower temperatures, as presented in the inset of Fig. 1.
These results suggest that the structure of the sample annealed at
1100°C is distinct from those of the samples annealed at lower
temperatures and the difference might be due to the formation of
stable Si nanoclusters in the 1100°C annealing.8 However, the evo-
lution of the film structure with implantation and annealing should
be reflected in the light emission properties, as discussed below.

The PL spectrum of the Si-implanted sample annealed at 1100°C
is shown in Fig. 2. The PL from the control sample �i.e., without the
Si ion implantation� is also included in the figure for comparison.
Two emission bands located at �435 nm �2.8 eV, the blue PL band�
and �680 nm �1.8 eV, the red PL band�, respectively, can be ob-
served for both samples, but the red light emission from the pure
silicon nitride is much weaker as compared to that from the Si-

Figure 1. �Color online� Optical transmission spectra of the Si-implanted
silicon nitride thin films grown on a quartz substrate and annealed at various
temperatures. The optical transmission spectra of the quartz substrate and
pure silicon nitride film grown on a quartz substrate are also included for
comparison. The inset shows the scaled-up optical transmission spectra in the
short-wavelength range.
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implanted sample. The blue PL band could be attributed to the ra-
diative transition between the defect states related to the nitrogen
dangling bonds.12 Although this blue emission is believed to origi-
nate from the silicon nitride host matrix, it is also affected by the Si
ion implantation. As shown in Fig. 2, the intensity of the blue PL
band from the Si-implanted sample is obviously reduced with a
broadened and redshifted peak as compared with that from the pure
silicon nitride. This is similar to the situation of Ar+ ion implanta-
tion into silicon nitride.13,14

Unlike the blue PL band, the red PL band is enhanced by the Si
ion implantation. As can be seen in Fig. 2, the light emission at
around 680 nm becomes much stronger due to the Si implantation.
Although this red light emission has been observed from SRN ma-
terials in several studies,2-4,15,16 its origin is still controversial. It is
often attributed to the recombination via the defect states,3,12,17 such
as the Si–Si defects in the silicon nitride matrix,12,17 but some re-
searchers also argued that it resulted from the quantum confinement
of the Si nanoparticles in the host matrix.2,4,9,15,16

As shown in Fig. 3, the red PL band cannot be observed in the
as-implanted sample but it emerges after a thermal annealing. The
nonradiative defect centers introduced by the ion implantation in the
as-implanted sample can explain the absence of the red PL band.
The elimination of these nonradiative defect centers by annealing,
which is suggested by the optical transmission measurement, facili-
tates the light emission of the red and blue PL bands. When the
annealing temperature is higher than 800°C, the light emissions of
the two bands are quenched gradually in general, as summarized in
the inset of Fig. 3. The quenching in PL is consistent with the ob-
servation reported in Ref. 3 that the PL from the SRN was weakened
when the annealing temperature was increased from 700°C to a
higher temperature. The evolution of the PL intensity with annealing

Figure 2. PL spectra of the Si-implanted silicon nitride and the pure silicon
nitride thin film �i.e., the control sample�, both annealed at 1100°C.
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temperature, which can also be observed from the control samples,
can be interpreted in terms of the nonradiative defects due to the
hydrogen desorption.13 Interestingly, when the annealing tempera-
ture is increased from 800 to 1100°C, the quenching of the red PL
band is slower than that of the blue PL band. For the 1100°C an-
nealing, the red PL band has intensity as strong as the blue PL band,
as shown in Fig. 2. Indeed, from the annealed sample with a thinner
Si-implanted silicon nitride film, the red PL band is the major light
emission, because the blue PL band originates from the silicon ni-
tride host matrix as discussed above. There is no significant shift in
the red PL band for different annealing temperatures, which is a
characteristic of the defect-related PL.18

To further understand the red light emission, PLE measurements
were conducted for all the samples. Figure 4 shows the PLE spectra
monitored at 680 nm for the as-implanted and the annealed Si-
implanted samples as well as the pure silicon nitride. To avoid the
harmonic effect, the PLE signals at around 340 nm were not mea-
sured. There is no particular feature existing in the PLE spectra of
the as-implanted sample and the control sample, being consistent
with the observation of weak red PL bands in these samples. As can
be seen in Fig. 4a, a broad PLE peak at around 290 nm can be
observed for all the annealed samples. The onset wavelength of this
PLE peak is �310 nm �4 eV�, which is close to the Tauc bandgaps
�4.1 eV� of the annealed Si-implanted samples derived from the
optical transmissions shown in Fig. 1. This PLE peak suggests that
the major contribution for the red-band emission is the excitation

Figure 3. PL spectra of the Si-implanted silicon nitride thin films annealed at
different temperatures. The inset shows the evolution of the PL intensity with
the annealing temperature for the blue �435 nm� and red �680 nm� PL bands.

Figure 4. PLE spectra monitored at
680 nm of the Si-implanted samples an-
nealed at different temperatures. The indi-
vidual PLE spectrum is shifted along the
vertical direction for a clear comparison.
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transition between the Si-bond-related states of � and �* which are
positioned near the valence and conduction band edges of silicon
nitride, respectively.12,19

The annealing at 1100°C gives rise to a remarkable PLE peak at
around 425 nm �2.9 eV� which cannot be observed in other Si-
implanted samples annealed at lower temperatures, as shown in Fig.
4b. The additional PLE peak indicates that the annealing at 1100°C
introduces one more excitation transition for the red PL band.18 For
the annealing at 1100°C, the emergence of the PLE peak at 425 nm
coincides with the decrease in the optical transmission which has
been attributed to the formation of stable Si nanoclusters. Therefore,
the PLE peak at 425 nm could originate from the formation of stable
Si nanoclusters also. Figure 5 shows the PLE spectra at various
monitored wavelengths of the red PL band for the annealing at
1100°C. As can be seen in the figure, the PLE peak at �425 nm is
independent of the monitored wavelength. This is in contrast to the
situation in which the PLE peak shifts toward a lower energy as the
monitored wavelength is increased for the transitions associated
with the quantum confinement effect.20-22 Therefore, one may con-
clude that the quantum confinement effect does not play a dominant
role in the red PL band in the present study. Comparing with the red
PL band �at 680 nm�, large Stokes shifts are observed for the two
PLE peaks �i.e., at 290 and 425 nm, respectively�. This implies that
the PL primarily occurs via the relaxed radiative recombination
states.23 As the red PL band is strongly influenced by the Si implan-
tation as shown in Fig. 2 and cannot be observed from the Ge-
implanted silicon nitride films,14 it is reasonable to argue that the
emission of the red PL band originates from the radiative recombi-
nation associated with the Si-related defect states, which are largely
increased by the Si ion implantation.

In summary, PL from the silicon nitride films implanted with Si

Figure 5. PLE spectra monitored at different wavelengths for the Si-
implanted sample annealed at 1100°C. The individual PLE spectrum is
shifted along the vertical direction for a clear comparison.
ions has been studied. The effects of the Si implantation and the
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postimplant thermal annealing on the PL were examined. A red PL
band at around 680 nm is enhanced by both the Si implantation and
the subsequent thermal annealing, and the blue PL band originating
from the silicon nitride host is also influenced by the implantation.
Based on the results of PLE and optical transmission, the major
excitation process for the red PL band is related to the transitions
between the Si-bond-related states close to the silicon nitride band-
edges. After the thermal annealing at 1100°C, one more excitation
transition, which is evidenced by the PLE peak at 425 nm and is
related to the formation of stable Si nanoclusters, contributes to the
red PL band also. Both the PL and PLE results suggest that the
emission of the red PL band originates from the radiative recombi-
nation associated with the Si-related defect states.
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