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Origin of strong white electroluminescence from
dense Si nanodots embedded in silicon nitride
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Strong white electroluminescence (EL) from SiN-based devices containing Si nanodots with a density of more than
4.6 x 1012 /cm? was investigated. The white EL illustrates enhanced light emission with increasing applied voltage
and can be divided into two components, a dominant peak at ~710 nm and weak one at ~550 nm, which are close to
those of the PL spectra optically pumped by the 325 and 488 nm lines, respectively. Based on the PL characteristics,
we propose that the dominant EL band arises from the band-to-band recombination in the dense Si nanodots where
quantum confinement plays a decisive role in the light emission, whereas the weak EL band originates from the

radiative Si dangling bond (K°) centers in the silicon nitride matrix.

OCIS codes: 160.4236, 230.3670, 260.3800.

Silicon nanomaterials have been studied extensively for
potential applications in efficient Si-based light sources
to realize monolithic optoelectronic integrated circuits
[1-4]. Since electron-hole interactions can be accentu-
ated in low-dimensional structures, much effort has been
made to fabricate dense Si nanostructures with good sur-
face passivation so as to accomplish efficient lumines-
cence [56-7]. Although some progress has been made,
the efficiency of electroluminescence (EL) from this sys-
tem is still quite low [2,8-11]. Photoluminescence (PL) is
an instant excitation and recombination process,
whereas EL involves radiative recombination of electri-
cally excited carriers and passage of injected electrons
and holes through the host matrix. Hence, the host ma-
trix is crucial to the EL efficiency. In recent years, silicon
nitride has been proposed to be an alternative host ma-
trix to achieve effective EL at a low driving voltage be-
cause of its relatively low barrier to electrons and holes
compared to silicon oxide [12-15]. However, silicon ni-
tride generally contains various defect centers such as
Si and N dangling bonds, which can act as radiative EL
centers to give rise to light emission in the yellow to vio-
let region [15,16]. This complicates the EL properties of
the silicon nanostructure/silicon nitride systems and
more importantly, the luminescence properties of the
Si nanostructures can degrade since these defects have
radiative lifetimes on the order of nanoseconds and they
are much shorter than those of Si nanostructures [2,17].
Although recent studies have explored efficient EL from
the silicon nitride system, the progress so far is slow
[12-16,18]. In particular, studies on EL from dense Si
nanostructures have been relatively rare [9,12] and the
mechanism responsible for the EL origin is still unclear.

In this Letter, we report bright white EL from SiN-
based devices that contain Si nanodots with a density
of over 4.6 x 102 /cm?. The white EL consists of two
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components with the dominant peak at ~710 nm and
the weaker one at ~550 nm. By examining the PL char-
acteristics, we propose that the dominant EL band arises
from the band-to-band recombination in the dense Si na-
nodots and the weak EL band originates from radiative Si
dangling bond (K°) centers in the silicon nitride matrix.
Amorphous SiN,. (a-SiN,.) film containing Si nanodots
was deposited on indium tin oxide (50 Q/[]) on glass
and used as a luminescent active layer in the current
light-emitting device. The luminescent active layer with
a thickness of 30 nm was prepared from silane diluted
with ammonia and hydrogen in a conventional parallel
plate radiofrequency (40.68 MHz) glow discharge system.
The flow rates of SiH,, NHs, and H, were 10, 50 and
90 scem, respectively. A power density of 0.6 W/cm? was
used in the experiments and the process was conducted
at a relatively low temperature of 250 °C. The pressure in
the chamber was kept at 60 Pa. To fabricate the light-
emitting device, an Al thin film was evaporated onto
the surface as the cathode. The current density-voltage
(J-V) characteristics of the device were measured under
forward-biasing conditions at room temperature using a
KEITHEY-2611A source meter. The PL measurements
were carried out at room temperature using an Ar* laser
(488 nm) or He-Cd laser (325 nm) as the excitation
source. The EL spectra were acquired on a Fluorolog-
3 fluorescence spectrophotometer and the structure of
the Si nanodots was determined by transmission electron
microscopy (TEM) on the JEM-4000EX microscope.
Figure 1(a) shows the EL emission from the device op-
erated at different electrically excited levels under for-
ward biasing. The EL emission peak at ~740 nm can be
detected when the forward bias (Vi) is only at 4 V. The
EL spectrum shows enhanced light emission from red to
white with increasing applied voltages due to the in-
crease of the high-energy luminescence. At a Vs of
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11.5 'V, the strong uniform white emission has a linewidth
of ~280 nm and is visible under room light, as shown in
the inset of Fig. 1(b). The broad EL band can be divided
into two Gaussian profiles. The one on the low energy
side corresponds to the dominant EL band at ~710 nm,
whereas the other one on the higher energy side is re-
lated to the weak EL band at ~550 nm, as shown in
Fig. 1(b). The dominant EL emission is different from that
observed by Chen et al. who observed that the dominant
EL peak was at 443 nm (2.8 eV) [12]. To determine the
origin of the strong white EL, the microstructure of the
SiN luminescent active layer was characterized by TEM.
The cross-sectional TEM image [Fig. 1(c)] reveals the
presence of Si nanodots as well-separated dark spots on
a bright background homogeneously distributed through-
out the SiN,, active layer. The dot density is estimated to
be ~4.6x 10'2/cm?. The dot size ranges from 1.2 to
6.0 nm exhibiting a Lorentzian-like distribution as indi-
cated in Fig. 1(d). The mean size is about 2.4 nm. The
Raman peak at ~480 cm™! [inset in Fig. 1(d)] resembles
the typical feature of a-Si vibration mode. According to
Fig. 1(c), the high density of a-Si nanodots appears to be
responsible for the strong white emission.

The origins of the white EL emission are further inves-
tigated by comparing the EL and PL spectra of the devices.
Figures 2(a) and 2(b) show the PL spectra acquired from
the luminescent active layer sample at different excitation
wavelengths and temperature. When excited by the
325 nm line, a PL peak at ~5650 nm emerges, but when ex-
cited by the 488 nm line, a red emission band centered at
650-685 nm can be observed. The positions of the two
emission peaks taken under the 325 and 488 nm lines
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Fig. 1. (Color online) (a) Room temperature EL spectra of the
device measured under the following biases with current den-
sities: (1) 4.0 V and 12 mA/cm?, (2) 6.8 V and 58 mA/cm?,
(3) 86 V and 130 mA/cm?, (4) 10 V and 264 mA/cm?,
(5) 11.5 V and 452 mA /cm?. (b) White EL band can be devo-
luted into two Gaussian profiles at ~550 and ~710 nm, respec-
tively. The inset shows the photograph of the emitted light.
(c) Bright-field cross-sectional TEM image of the Si nanodots
in the SiN, sample. (d) Size distribution as extracted from
the TEM image for Si nanodots. The inset shows the Raman
spectrum obtained from the sample.
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Fig. 2. PL spectra at different temperatures excited by the
(a) 325 nm line and the (b) 488 nm line.

are very close to those of the decomposed EL spectrum
[Fig. 1(b)]. This results indicate that both the PL emission
excited by the 488 nm line and dominant EL emission have
the same origin and the PL emission excited by the 325 nm
line corresponds to the weak EL emission on the high-
energy side. As shown in Fig. 2(a), one can also see that
the position of the PL peak excited by the 325 nm line is
independent of the temperature. This indicates that the
550 nm PL emission may be due to radiative recombina-
tion via interface states or luminescent centers existing in
the a-SiN,, host matrix instead of band-to-band recombi-
nation in the Si nanodots. With regard to the a-Si nanodots
embedded in the SiN,. matrix, since the V atoms bonded to
the surface of Si nanodot would result in a broad near-IR
emission [5], it can be inferred that the 550 nm PL
emission is not from the surface state of radiative recom-
bination but rather the SiN, matrix. According to Robert-
son and Powell [19], it is believed that the 550 nm PL
emission arises from radiative recombination at Si dan-
gling bonds (K”). Concerning the red light emission ex-
cited by the 488 nm line, if the quantum confinement
mechanism governs the PL process, the energy gap (E)
of a-Si quantum dots can be expressed as E(eV) = 1.56 +
2.4/d? according to the effective mass theory [5], where d
is the quantum dot size. Accordingly, the energy gap of
nanodots with a mean size of 2.4 nm is estimated to be
1.97 eV, which is close to the red light emission (1.91 eV)
observed from the corresponding samples, indicating
that the red light emission arises from band-to-band
recombination in the a-Si nanodots. Therefore, it can
be understood that the slight PL redshift with de-
creasing temperature is due to the enhanced radiative
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Fig. 3. PLE spectra monitored at 550 and 650 nm. The inset
shows the energy level schematic diagrams of the excitation,
transfer, and recombination processes of electrons.
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Fig. 4. Current density-voltage (J-V) characteristics of the de-
vices under forward biasing with the experimental data fitted by
J = C,V exp(B,V'/2)) for PF emission (solid), J = C,V™ for
SCLC (dash), and J = C3V? exp(-B,/V) for FN tunneling
(dot) [13-14]. The inset shows the plots of the integrated EL
intensity as a function of injection current for the device.

recombination probability of electron—hole pairs in larger
Si nanodots at low temperatures [20]. To explore the
photoexcited process of carriers, the PLE spectra moni-
tored at 550 and 650 nm are shown in Fig. 3. The resonance
excitation peak at around 320 nm in both the PLE spectra
is clearly observed. In addition, a 550 nm PLE peak can be
found when monitored at 650 nm, suggesting that the Si
dangling bond (K°) center is related to the excitation pro-
cess. Based on the resonance electron transfer mechan-
ism [21], a possible PL process is that photogeneration
of carriers takes place in the Si dangling bond (K*), while
radiative recombination occurs in the quantum confined
Si nanodots. Thus, resonant electron transfer from the Si
K? center to conduction band of the quantum confined Si
nanodots can contribute to the red light emission. Conse-
quently, it can be inferred that the dominant EL band
stems from band-to-band radiative recombination in the
Si nanodots where quantum confinement effect plays a
crucial role in the light emission.

Figure 4 shows the J-V curve obtained from the
corresponding device. To explain the charge transport
behavior, different conduction models, such as Fowler—
Nordheim tunneling (FN), Poole-Frenkel emission (PF),
and space charge-limited conduction (SCLC), are usually
adopted for Si-based materials [13-14]. In this case,
all the experimental data can be fitted well by J =
CE exp {-qlyp - (qE/7€)*?]/xT}, where C, yp, and €
are the system-specific constant barrier height for elec-
trons to escape from the traps and dielectric constant
of the film, respectively. This relationship is well known
as the PF emission [14], indicating that the carrier trans-
port process is governed by PF emission. The inset in
Fig. 3 reveals a linear relationship between the integrated
EL intensity and injected current, implying that the white
EL arises mainly from bipolar recombination of electron—
hole pairs at the luminescent centers in which the a-Si
nanodots are responsible for the red light emission while
the radiative Si dangling bond (K°) centers in the silicon
nitride contribute to the 550 nm yellow emission.

In summary, strong white EL is observed at a low op-
erating voltage from SiN-based devices containing Si
nanodots with a density of over 4.6 x 1012/cm?. The

white EL can be decomposed into two components, a
strong red one and a weak yellow one. According to the
PL characteristics, the red emission can be attributed to
bipolar recombination of electron-hole pairs in the dense
Si nanodots where quantum confinement plays a decisive
role in the light emission. The weak yellow emission
arises from the radiative Si dangling bond (K°) center
in the silicon nitride matrix.
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