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Photoluminescence spectroscopy of sputtering Er-doped silicon-rich
silicon nitride films∗
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Abstract: Er-doped silicon-rich silicon nitride (SRN) films were deposited on silicon substrate by an RF magnetron
reaction sputtering system. After high temperature annealing, the films show intense photoluminescence in both the
visible and infrared regions. Besides broad-band luminescence centered at 780 nm which originates from silicon
nanocrystals, resolved peaks due to transitions from all high energy levels up to 2H11/2 to the ground state of Er3+

are observed. Raman spectra and HRTEM measurements have been performed to investigate the structure of the
films, and possible excitation processes are discussed.
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1. Introduction

Since the pioneering work of Canham et al. in the
1990s[1], several scientific and technological breakthroughs
have opened new exciting routes to turn Si into an efficient
light emission material. In particular, Er-doped silicon-based
materials have attracted considerable interest due to their
promising future in the development of light-emitting diodes
and lasers operating at a wavelength of 1.54 µm, which co-
incides with the absorption minimum of silica optical fibers.
Among these materials, Er-doped silicon-rich silicon oxide
(SRO) is considered to be the most promising for photonics
application. Strong silicon nanocrystal (NC-Si) mediated Er3+

luminescence has been proved in SRO films[2−4], which leads
to enhancement of the luminescence efficiency of Er3+. Light-
emitting devices with high efficiency based on Er-doped SRO
materials have also been fabricated[5, 6]. However, in these de-
vices, electron injection is difficult due to the wide band gap of
the silicon oxide matrix and consequently very high biases are
needed, which make the devices unstable. Therefore, in recent
years, silicon nitride with a much smaller band gap has been
extensively explored and efficient photoluminescence (PL) has
been reported in both the visible and infrared regions in Er-
doped SRN films[7−9]. Despite these achievements, the mech-
anism of the PL is still unclear and under discussion.

The present contribution reports strong PL in both the
visible and infrared regions from sputtering Er-doped SRN
films. After high temperature annealing, all radiative transi-
tions of Er3+ with wavelengths longer than 500 nm have been

observed.

2. Experiment

Er-doped SRN films of 1.5 µm thickness were deposited
on (100) silicon wafers by an RF magnetron reaction sput-
tering system. A silicon disc (99.999% purity, 8.0 cm in di-
ameter) partially covered by several small Er platelets on the
surface was used as the target and nitrogen was used as the
reactant gas. The area ratio of Er platelets was about 1% and
the gas flow rates of argon and nitrogen were 100 sccm and
10 sccm, respectively. The temperature of the substrates and
the RF power were kept constant at 300 ◦C and 300 W. After
deposition, the samples were then cut into pieces and annealed
at different temperatures under N2 ambient for 1 h. The same
films were also deposited on quartz substrates for Raman scat-
tering inspection. Raman and visible photoluminescence spec-
tra measurements were carried out using an HR 800 micro-
Raman spectrometer, and a 488 nm Ar+ laser was employed as
the excitation light source. The excitation power was fixed at
about 5 mW. Infrared photoluminescence was measured using
another micro-spectra system equipped with a liquid-nitrogen-
cooled Ge detector and the excitation light source was a 514
nm Ar+ laser. All these measurements were carried out at room
temperature. The linear optical absorption property of the as-
deposited films was measured with a Unico UV-2800H spec-
trometer, and therefore the optical band gap Eg of the samples
is estimated to be 1.58 eV, indicating the films are silicon-rich.
Rutherford backscattering spectrometry (RBS) inspection
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Fig. 1. (a) Raman spectra of samples before and after annealing at 1100 ◦C; (b) HRTEM image of 1100 ◦C annealed films. The circle illustrates
a typical silicon nanocrystal.

Fig. 2. (a) Visible PL from the Er-doped SRN films annealed at different temperatures for 1h; (b) An example of the decomposition of the PL
spectra.

confirmed that the Si concentration is 55 at.% and the Er con-
centration is 3.5 at.%.

3. Results and analysis

Figure 1(a) shows the Raman spectra of the sputtering
films. Before annealing, the Raman spectra show a broad peak
at 474 nm which is due to amorphous silicon clusters[10],
indicating that the SRN films already contain small silicon
nanostructures even without high temperature annealing. After
1100 ◦C annealing, the sharp 516 cm−1 peak of the transverse
optical mode of crystalline silicon arises due to phase separa-
tion of silicon and silicon nitride, and crystallization of the sil-
icon nanoclusters. HRTEM measurements confirmed the exis-
tence of silicon nanocrystals after the annealing process. For
samples annealed at 1100 ◦C, silicon nanocrystals with diam-
eter of 5 nm can be obviously observed in the TEM image,
which is shown in Fig. 1(b). However, only a few small silicon
nanocrystals with diameters of about 1 nm can be seen after
annealing at 1000 ◦C, and silicon nanocrystals are completely
absent in the TEM images for samples annealed below
1000 ◦C.

Visible PL from the deposited films is prominent only
when the annealing temperature is higher than 900 ◦C, and the
PL intensity is enhanced as the annealing temperature is in-
creased. Typical PL spectra, which are very complicated, are
shown in Fig. 2(a). In order to find the origination of the PL,

the spectra were mainly decomposed into two curves: a broad
Gaussian band located at about 780 nm which is supposed to
be the contribution of NC-Si, and a resolved six-peak spectrum
ascribed to Er3+ luminescence. Figure 2(b) is an example of
the decomposition of the PL spectra. The peaks of Er3+ lumi-
nescence are marked with Er1–Er6, and are due to transitions
of high energy levels to the ground state and the 4S3/2 →4I13/2

transition of Er3+ ions. All these transitions and corresponding
references are summarized in Table 1. The photoluminescence
intensities from Er3+ and NC-Si are both sensitive to the an-
nealing temperature. With rising annealing temperature, phase
separation of silicon and silicon nitride matrix causes precip-
itation of NC-Si, resulting in enhancement of the broad band
luminescence peak at 780 nm. Meanwhile, the bonding of er-
bium and nitrogen atoms at high temperature optically acti-
vates the Er3+ ions and consequently causes the improvement
of Er3+ PL. However, since the PL intensities of NC-Si and
Er3+ are both proportional to the annealing temperature, no
optimum temperature was found due to the limitation of our
furnace.

Another characteristic of the PL spectra is an oscillation
feature ranging from 650 to 900 nm, especially when the an-
nealing temperature is below 1000 ◦C. For higher annealing
temperatures such as 1200 ◦C, after Gaussian band subtrac-
tion, the oscillation feature can also be observed. According to
Negro[9, 11], the PL from NC-Si embedded silicon nitride films
has a complicated shape with several peaks, which may be due
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Table 1. Transitions responsible for the Er3+ luminescence peaks.

Peak label Peak position Transition responsible for the peak Reference

Er1 525 nm 2H11/2 →4I15/2 Refs.[12, 13]
Er2 550 nm 4S3/2 →4I15/2 Refs.[12, 13]
Er3 ∼ 660 nm 4F9/2 →4I15/2 Refs.[12, 13]
Er4 ∼ 800 nm 4I9/2 →4I15/2 Refs.[14, 15]
Er5 855 nm 4S3/2 →4I13/2 Refs.[14, 15]
Er6 980 nm 4I11/2 →4I15/2 Refs.[13, 14, 15]

Fig. 3. Infrared PL spectrum from Er-doped SRN films annealed at
1100 ◦C for 1 h.

to the combination of the luminescence from NC-Si and the
surface states. These multiple mechanisms could be responsi-
ble for the complicated PL features in our case. However, as
the Er ion luminescence begins, it is hard to clarify the mecha-
nisms. In general, it is suggested that the PL from Er-doped
SRN films could be a combination of NC-Si luminescence
modified by surface states and Er3+ ion luminescence.

A strong infrared PL spectrum from the annealed Er-
doped SRN films has been obtained, and is shown in Fig. 3.
The peak position is around 1.54 µm, which is well known as
the 4I13/2 to 4I15/2 transition of Er3+ ions. The peak at 1.55 µm
is due to crystalline field splitting of the ground state 4I15/2

of Er3+ ions. Infrared PL is again prominent only when the
annealing temperature is higher than 900 ◦C, indicating that
bonding of Er and N atoms is critical for the activation of Er3+.

However, the excitation mechanism is still unclear. Usu-
ally, NC-Si is an efficient sensitizer of Er3+ luminescence[3].
Since the energy levels of 2H11/2 and 4S3/2 of Er3+ ions can not
be activated by energy transfer from NC-Si, it is more likely
that the Er3+ ions are stimulated from direct absorption of the
excitation source. Though the up conversion concept has gen-
erally been recognized in Er-doped materials[16, 17], the up con-
version process is inefficient compared to direct excitation of
the pump laser. Figure 4 shows a schematic illustration of the
excitation and transitions of Er3+; the corresponding PL peaks
are denoted in the figure while the energy splitting due to the
crystalline field of the SiNx matrix is not mentioned. Another
excitation routine is through absorption by the SiNx matrix and

Fig. 4. Energy-level diagram of Er3+ ions. Transitions and corre-
sponding PL peaks are denoted in the figure.

energy transfer from SiNx to Er3+[19], which is possible for the
present work. The energy transfer between NC-Si and Er3+ is
also obscure. More evidence is required to verify these mech-
anisms.

4. Conclusion

In conclusion, Er-doped SRN films were prepared by
the RF magnetron reaction sputtering technique. After high
temperature annealing, resolved photoluminescence of Er3+

ranging from 500 nm to 1.6 µm was observed, due to transi-
tions between different energy levels of Er3+. Also, broad band
photoluminescence originating from NC-Si has been proved.
HRTEM and Raman measurements were performed to verify
the structure of the films and the formation of NC-Si has been
confirmed. It is suggested that the strong PL from Er-doped
SRN films is a combination of NC-Si luminescence modified
by surface states and Er3+ ion luminescence.
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