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We present a electroluminescence (EL) study of the Si-rich silicon oxide (SRSO) LEDs with and without
Er3* ions under different polarization schemes: direct current (DC) and pulsed voltage (PV). The power
efficiency of the devices and their main optical limitations are presented. We show that under PV polar-
ization scheme, the devices achieve one order of magnitude superior performance in comparison with

DC. Time-resolved measurements have shown that this enhancement is met only for active layers in

Keywords:

Silicon nanocrystals (Si-ncs)
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Pulsed voltage
Electroluminescence

been extracted.

which annealing temperature is high enough (>1000 °C) for Si nanocrystal formation. Modeling of the
system with rate equations has been done and excitation cross sections for both Si-nc and Er3* ions have

© 2011 Published by Elsevier B.V.

1. Introduction

Silicon based light sources have been widely investigated
for their implementation in integrated photonic circuits [1-8].
Complementary metal-oxide-semiconductor (CMOS) compati-
bility would allow for cheap mass-fabrication and for elec-
tronic-photonic function integration in the same chip. In particular,
the fabrication of an efficient electrically pumped source working
in the near infrared would be of a great interest due to its appli-
cations in telecommunications [9]. With such an idea, Er3* doped
materials were fabricated and embedded in MOS devices to develop
Si-based sources emitting at 1.54 um [10,11]. It was demonstrated
later that the inclusion of silicon nanocrystals (Si-ncs) in Er3* doped
silica resulted in efficient room-temperature Er3* luminescence
under optical pumping [12-15]. The much larger effective absorp-
tion cross-section of Si-ncs with regard to Er3* ions and the efficient
coupling between them was an attractive perspective for the near
future. Moreover, higher excitation cross-sections were measured
in both species under electrical pumping [16,17], giving a room for
improvement in these devices. However, the role of Si-ncs in Er3*
doped silica under electrical pumping is not fully resolved yet, as

* Corresponding author. Tel.: +34 934039175.
E-mail address: jmramirez@el.ub.es (J.M. Ramirez).

0921-5107/$ - see front matter © 2011 Published by Elsevier B.V.
doi:10.1016/j.mseb.2011.12.023

the excitation mechanisms and the physics involved are different
from the optical pumping.

In order to shed light on this issue, Si-based light emitting
devices (LEDs) with undoped Si-ncs (emitting in the visible) or
doped with Er3* jons (emitting in the near infrared) have been
fabricated. The contribution of Si-ncs to the electro-optical prop-
erties and the influence of the annealing treatment for visible and
infrared devices are reported, as well as the main excitation mech-
anisms involved in the electroluminescence. Moreover, PV studies
have allowed us to investigate the EL response with the driving
frequency, determining an optimized frequency of operation to
maximize the EL of Si-ncs in more than one order of magnitude
with respect to the electroluminescence under DC excitation.

2. Experimental

Three different MOS capacitors were fabricated on P-type sil-
icon wafers doped at 1 x 10'° at/cm?. The oxide was replaced by
an optically active layer. A SRSO layer 50 nm thick was deposited
by Low Pressure Chemical Vapor Deposition (LPCVD) with two dif-
ferent silicon excess (9% and 16%). Layers were annealed for 1 h at
900°C (D1 and D3) or at 1100°C (D2) to induce the phase separa-
tion of the SRSO in Si and SiO,. An Er3* implantation was performed
in one sample (D3), with a fluence of 1 x 10! at/cm? and 25 keV of
energy. Er3* jons were activated by a post implantation anneal-
ing performed at 800 °C for 6 h. The implantation profile and the Si
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Table 1
Fabrication parameters of the devices under study.

Device Si (%) Ann. temp. (1h) Er3* implant. (25 keV) Post-ann. temp. (6 h)
D1 9 900°C - -

D2 16 1100°C - -

D3 9 900°C 1015 at/cm? 800°C (6h)

excess were further confirmed by Secondary lon Mass Spectroscopy
(SIMS) and X-ray Photoelectron Spectroscopy (XPS). Details on the
procedure and results can be found in Ref. [18]. Finally, a highly
n-type doped (1 x 102° at/cm3) polysilicon layer 100 nm thick was
deposited and used as a semitransparent gate electrode. The area
of devices is 0.09 mm2. The details of each of the three layers are
resumed in Table 1.

EL measurements were performed at room temperature. LEDs
were biased under forward condition, i.e. negative voltages over
the gate, with a probe station (Cascade Microtech Summit 1100)
driven either by a semiconductor device analyzer (Agilent B1500A)
for DC measurements, or by a square pulse generator for pulsed
excitation (Agilent 8114A).

EL was collected either with a photomultiplier tube (PMT) or
with a cryogenically cooled charged coupled device (CCD), placed
behind an Acton 2300i grating spectrometer for spectra recording.
A digital oscilloscope was used for time resolved measurements.
All the spectra were corrected from the spectral response.

3. Results
3.1. Power efficiency

The electro-optical characterization of the devices was done by
polarizing them from low voltages until breakdown, collecting at
the same time the leakage current through the gate and the emitted
EL. High electric fields of around 10 MV/cm at the maximum were
reached.

Fig. 1 shows the comparison of the power efficiency (1) between
visible (a) and infrared (b) emitting LEDs as a function of the DC
voltage (forward condition). It is defined as the ratio between the
collected optical power and the applied input power:

Opt. power (w)

~ Elect. power (w) x 100 (M

n

obtaining a maximum of npy =4 x 10~4%in the visible range and
np3 =10"2%in the infrared. A decrease of the power efficiency takes

place in both devices when the voltage is increased. Nonetheless,
this latter fact can be controlled for visible LEDs (see Fig. 1a) by
decreasing both the amount of Si excess in the matrix and the
annealing temperature, achieving a wide range of voltages (from
17V to 35V) where the power efficiency remains almost constant,
but at lower values. This suggests the existence of a compromise
between the power efficiency and its non-dependence on the volt-
age in such systems.

The threshold voltage of electroluminescence (Vry) can be
extracted from the insets of Fig. 1a (16V for D1 and 21V for D2)
and Fig. 1b (26V for D3), where the EL has been represented as
a function of the applied DC voltage in arbitrary units. For vis-
ible emitting LEDs, the threshold of the EL is directly correlated
with the annealing temperature, as smaller Vry are obtained when
the annealed temperature is lower. However, no substantial differ-
ence was observed in devices with the same annealing treatment
but different Si excess (9% and 16%). Regarding the Si-nc size,
although TEM measurements were not accomplished in the sam-
ples annealed at 900°C and at 1100 °C, similar EL spectral shapes
centered at the same wavelength were obtained for devices D1
and D2, suggesting similar mean Si-nc diameters in both sam-
ples regardless of the applied annealing temperature (900°C or
1100°C). Moreover, the size of the Si-nc was roughly estimated con-
sidering the theoretical results of Delerue et al., where the emitted
\ is correlated with the Si-nc diameter as follows [19]:

E=1.12+ Zi% (2)
where E is the emission energy and d the diameter of the Si-nc. A
mean value of (4.7 £ 0.3) nm was found for the sample annealed at
900°C, and (4.5 +0.3) nm for the one annealed at 1100 °C. Although
these results seem to be contradictory with the well establish belief
that the Si-nc growth is expected to increase with the temperature,
itis important to remark that at the lowest temperature, i.e. 900 °C,
there is no significant crystallization of Si nanoparticles [20] and
hence they grow as amorphous Si clusters. This assumption is rein-
forced when considering the quantum confinement of e-h pairs
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Fig. 1. Power efficiency as a function of the voltage for visible LEDs (a) annealed at 900°C (black squares) or at 1100°C (red circles) and for infrared LEDs (b) annealed at
Q4 900°C with a post implantation annealing (black squares). The inset shows the EL in arbitrary units as a function of the voltage for both visible (inset a) and infrared LEDs
(inset b). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (Left) visible EL transitions of erbium ions at different input currents. The inset shows the EL emission at 550 nm as a function of the EL at 980 nm. (Right) the diagram
shows (i) an upconversion process where one excited Er** promotes another one in the same excited state 4111/2 (dotted arrow) to higher energy levels (453,2) with the
following emission at 550 nm; (i) Er>* emission at 1550 nm from the first excited level (*I;5;) to the ground state (*I;52).

inside these nanocomposites [21], since the comparison of the EL
spectra for D1 and D2 under the same current density (10 mA/cm?)
provides higher EL intensity (5 times) in the sample annealed at
1100°C.

In addition, the comparison between D1 (visible) and D3
(infrared) with an extra annealing treatment at 800°C for 6h
shows a clear shift in the Vry of about 10V, suggesting that the
erbium implantation and the post-implantation annealing treat-
ment remarkably affect the EL-V characteristics.

By other side, the saturation of the EL at high electric fields
(above 8 MV/cm) in both devices is ascribed to a saturation of
the number of excited luminescent centers and/or quenching of
the additional excitation by the increasing amount of current. The
quantification of the inverted fraction of excited luminescent cen-
ters was done for the infrared (D3), obtaining values around 20%
for this sample, equally than Ref. [14].

3.2. Limiting factors of Er3* ions

Focusing on infrared emitting LEDs (D3), we observed that one
of the main limiting mechanisms involved in the emission of the
first excited level of Er3* when pumping at high current densities
(above 100 mA/cm?2) was the cooperative up-conversion. The exci-
tation of an Er3* ion from one transition state to another one with
higher energy as a consequence of the interaction with a neigh-
boring erbium becomes critical at high fluxes [22]. This effect was
experimentally proved in our devices by collecting the visible spec-
trum when the polarization current applied is increased, as can be
observed in Fig. 2. At low input currents, the EL of every transition
level increases linearly with respect to the other ones. However,
at a certain current, the excited level 4S; 12 becomes overpopulated
by the ;1 level, enhancing the EL of the transition 4S5, — 41155
and diminishing the decay times involved in the first excited tran-
sition. Therefore, a sudden slope change occurs when the EL at
550 nm (4S3, — 4l15p2) is plotted as a function of the EL at 980 nm
(4[11/2 — 4115/2). as observed in the inset of Fig. 2. Moreover, the
emission at 1.55 pum saturates at these high fluxes, whereas the
emission at 550 nm becomes quadratic with the current until the
breakdown of the device.

On the other hand, the existence of a threshold voltage (26 V) to
obtain simultaneously the infrared EL in addition with the visible EL
peaks attributed to higher Er3* transitions points out that carriers
have energies ranged from 0.8 eV (EL at 1550 nm) to 2.5eV (EL at
488 nm) from the very beginning of the EL [10]. Then, considering
the EL spectra of the Er3* doped SiO, free of Si-ncs [23] and taking
into account that the energy transfer rates occurs at lower energy

values [24], we ascribe the Er3* excitation to the direct impact of
hot carriers highly accelerated. This idea was further corroborated
by studying the transport mechanisms prevailing inside layers with
two well known models [25]; (i) Poole-Frenkel conduction of ther-
mally activated carriers; (ii) Fowler-Nordheim tunneling of hot
carriers through a triangular barrier height. Therefore, the fit of
these models over the I(V) curves of visible and infrared LEDs deter-
mined that at low-moderate voltages, in which the EL does not
show up, the main transport occurs through trap assisted centers
(Poole-Frenkel), whereas at high voltages the Fowler-Nordheim
mechanism would be the responsible of the conduction, coinciding
with the EL emission [26].

3.3. Pulsed voltage excitation and time-resolved measurements

In order to study the excitation and de-excitation properties
involved in the EL, LEDs were polarized under a negative square
pulsed voltage (from 0 to —30V). The driving frequency was swept
from 10Hz to 1 MHz. Results for visible emitting LEDs (D1 and
D2) are shown in Fig. 3a. Each point corresponds to an integrated
EL spectrum. The comparison between the frequency evolution of
the EL in D1 (black squares) and D2 (red circles) under a negative
square pulse with the same voltage than the one applied in the DC
EL (black and red dotted lines) reveals a clear difference between
them. Whereas the emission of the D1 does not show an improve-
ment with regard to the DC value, the EL of D2 becomes increased
above the DC value of about one order of magnitude at 20 kHz. Note
that the inverse of this value coincides with the experimental life-
time obtained from Si-ncs (50 ws) [27]. This EL improvement was
quantified by diminishing the input voltage in order to obtain com-
parable EL values with the ones provided by the DC polarization,
determining a diminution of 5V in the input AC voltage (from O to
—25V, blue triangles in Fig. 3a) with regard to the same EL in DC (at
-30V).

In addition, time-resolved measurements were carried outin D1
and D2 so as to understand the frequency evolution of the visible EL
under PV excitation. Looking at the device D2, a transient EL over-
shoot is observed when the polarization is switched off (Fig. 3b).
On the contrary, no EL overshoot arises when biasing D1 under
the same polarization conditions. Therefore, the enhancement of
the EL intensity under PV excitation observed in device D2 (Fig. 3a,
red empty circles) is attributed to sum of this EL overshoot with
the DC value of the EL (shown in Fig. 3b). We associate the pres-
ence of the overshoot in sample D2 with the thermal treatment
of the sample. If an adequate annealing temperature is performed,
the crystallization of Si-ncs occurs and hence the created excitons
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Fig. 3. (a) Integrated PV electroluminescence as a function of the driving frequency for visible LEDs (D1 and D2) with 30V of peak-to-peak voltage (black squares and red
circles). Blue triangles represents the EL(freq) of D2 for an input switch on voltage of —25V. The EL in DC is also represented in both D1 and D2 by a black dotted line and a
red dashed line. The inset of (a) shows a typical spectrum at a frequency of 10 kHz. (b) Time-resolved measurements for D1 (bottom panel) and D2 (middle panel) under the
square voltage function from 0 to —35 V represented in the top panel in absolute units. The arbitrary units of the bottom and middle panel can be compared. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

remain inside the Si-ncs even after the voltage switch off. At this
moment, the wave function overlap of each confined e-h pair is
maximized and consequently the probability of radiative recom-
bination is increased [28]. Furthermore no Auger processes due
to injected hot carriers would be involved during the off voltage
state [29], obtaining an EL enhancement of one order of magnitude
compared to the DC level of the EL. On the contrary, applying an
insufficient annealing temperature no Si crystallization takes place,
providing a weak excitonic confinement inside them and stimu-
lating the exciton migration out of the Si-nc. This hypothesis was
further supported by comparing the lifetimes in samples D1 and
D2 [30]. A difference of 10 times was detected between the sample
D1 (~3 ps) and sample D2 (~30 s). Thus, these results strengthen
the importance of the annealing temperature in these LEDs.

For infrared LEDs (D3), no improvement of the EL at 1.55 um
was detected under AC compared with the DC excitation. The evo-
lution of the integrated EL as a function of the driving frequency
and time resolved measurements were similar than D1, without EL
overshoot. However, in this case, the lack of improvement of the
infrared signal cannot be related to the non-crystallization of Si-
ncs, as we have shown that they act just as conduction centers for

O Decay time

O Rise time

Time (us)

27 28 29 30 3 32
Voltage (V)

hot carriers and not as sensitizers. In our layers, Er3* ions would be
directly excited with hot electrons. This suggests that Auger pro-
cesses above mentioned occurring in the Si-ncs are not affecting
the Er3* ions significantly.

From Fig. 3, the absorption cross-section was estimated in vis-
ible (D1) and infrared (D3) LEDs taking into account a nearly two
level system, which has been used by many authors before [31,32].
Starting from the dynamic rate equation

dN, N,

N _ d Ny —
dar Ue(Ntotal N) Taecay (3)
with
1 1 N 1 4)

Tdecay - Trad Thon-rad
where o is the effective absorption cross-section, j is the incident
current density, e the single electron charge, Tgecay is the total life-
time (radiative (7,5q) and non-radiative (T,op-rad)), and Nigeay and
N, the total implanted and the excited Er3* ions in the first energy

14 O Decay time -

O Rise time

Time (ms)

Voltage (V)

Fig. 4. Experimental decay and rise times as a function of the applied voltage for visible (a) and infrared (b) LEDs. Fitted lines are guides to the eye.
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level, respectively. Also, knowing that EL o N3 /Tgecay, the following
relation can be obtained [31];
1 1 j
+lo (5)

Trise Tdecay e

being o the absorption cross-section of the luminescent centers. A
single exponential was used to fit the decay in the Er3* doped sam-
ple. For Si-ncs, a stretched exponential decay is typically reported
in the literature [33],

t

B
EL(t) = ELy exp —( ) with g <1 (6)

Tdecay

Fig. 4 shows the decay lifetime (7gecay, black squares) and the
rise time (7, red circles) as a function of the applied voltage,
under a negative square pulsed polarization at very low frequencies
(10Hz). Notice that both lifetimes decrease with the voltage bias,
regardless of the emission range of the devices (visible or infrared
emitting LEDs). Also, the rise time observed is higher than the
decay time at low voltages (below 30V), which has been ascribed
to charge transport among Si-ncs, suggesting that the absorption
cross-section cannot be calculated as a nearly two level system in
this range (see Eq. (5)). Nonetheless, Eq. (5) has been used to esti-
mate the absorption cross sections from 30V and above, where
Tdecay > Trise ODtaining a o ps=4 x 10713 cm? with a $=0.8 for Si-
ncs and 0,4, =5 x 10714 cm? for Er3* ions. Therefore, the absorption
cross-section of Si-ncs is 8 times higher than the one of erbium
ions, in agreement with previous works [32], which have reported
a difference of 5 times between them.

4. Conclusions

We have studied the EL properties of LPCVD SiOy layers doped
or not with Er3* ions, under DC and pulsed polarization. Under DC
excitation, we show that annealing temperature affects both power
efficiency and its dependence with voltage. In addition, the anneal-
ing treatment has been demonstrated to be an important parameter
to enhance the EL properties under pulsed polarization. In the vis-
ible, an increase of the EL-frequency characteristics is observed for
the layers having well crystallized Si nanoclusters. This results in
a well defined EL overshoot appearing when the pulsed voltage is
in off state and attributed to the suppression of Auger effect in the
Si-nc and to the e-h wave function overlap, allowing the radiative
recombination of the remaining excitons. However, no improve-
ment was observed for Er3* doped layers, for which the excitation
of Er3* is mainly ascribed to direct impact excitation.
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