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Abstract

This work relates the electrical, luminescent and morphological characteristics of two light emitting capacitors composed by
multilayers of Silicon Rich Oxide (SRO). Multilayers alternate four conductive SRO layers (silicon excess of 12 or 14 at %) with
three emitting SRO layers (silicon excess of 6 at %). Transmission electron microscopy reveals that multilayers present well-
defined layers. Furthermore, it was found that layers with high silicon content induce growing of Si-nanocristals size on layers
with lower silicon excess. After the first current versus voltage measurement, electroforming produces arrays of trajectories with
high silicon content. These conductive paths allow that the LEC achieves higher currents with lower voltages, preserving the
emitting characteristics of SRO layers. Consequently, the electroluminescence intensity is improved as well as the blue emission
depending on the conductive SRO layers.
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1. Introduction

Currently, silicon photonics is undergone an intense development in order to achieve all-silicon optoelectronic
circuits. Recently, in [1] was reported the integration of a Si light source with other electro-optical devices.
However, performance of the light emitter still needs to be improved. One material used to fabricate silicon light
source is Silicon Rich Oxide (SRO). This material is fully compatible with silicon technology and varying the silicon
excess is possible to obtain either electrical and emission properties [2, 3]. Specially, SRO deposited by Low
Pressure Chemical Vapor Deposition (LPCVD) and annealed at 1100 °C during 3 hours in N, ambient has proved to
have high emission. The most luminescent SRO has a silicon excess between 5 and 7 at %. Whether silicon excess is
higher than 7 %, emission is quenched and more conductive films are achieved [2]. In the opposite, if silicon excess
is less than 5 %, the material tends to be stoichiometric silicon oxide and lost its emission properties [3]. The silicon
excess is controlled by the ratio, Ry, of the reactant gases defined as Ry = [ Pn2o] /[ Psna] » Where Proo and Pgpg are the
partial pressures of nitrous oxide and silane. The first approach to build SRO-based Light Emitting Capacitors
(LECs) was to use singles layers [4]; however, electric problems affect drastically this kind of device. The main
limitation is the dielectric breakdown and once it takes place the LEC is damaged, resulting not only in low
reliability but also on deficient functionality. In order to avoid these problems, silicon light sources using multilayers
has demonstrated to be better option, as is reported in [5, 6]. Moreover, in [7], it is shown that alternating layers with
different silicon excess produces structures with superposition of properties, including better luminescence and
conductivity properties. In this sense, it is mandatory to understand the influence of the morphological characteristics
on the opto-electrical behavior of SRO-based light sources.

In this work, we describe the fabrication of SRO multilayers of SiO,/SiO, with high conduction and light
emission, besides to avoid the damage to the device. Also, a statistical analysis of TEM images is addressed in order
to determine sizes and densities of the silicon nanocristals (Si-NCs) embedded in each layer. These results are
related with the electrical and electroluminescent characteristics of the LEC. Depending on the conductive layer used
in the ML, the main emission peak is centered in the blue or in the red region. It is shown that emission is mainly
due to defects, and Si-NCs have a significant impact on the LEC conductivity.

2. Experimental procedure

For all samples, a silicon p-type (100) and 2.5-4 Q-cm were used as substrates. They were cleaned in
trichloroethylene, acetone, and deionized water in an ultrasonic bath. After that, the native oxide was removed from
all samples using a buffer solution. Finally, all samples were rinsed with deionized water and spin-dried. Two types
of multilayers (MLs) were deposited by LPCVD at 736 °C. The first structure alternates four conductive layers of
Ro=5 (SROs) with three emitting layers of R;=25 (SROy), named L-5/25. The second structure combines the same
number of layers, but uses conductive layers of R;=10 (SROy) instead of SROs, named L-10/25. Further, an extra
sample of SRO,5 was deposited to compare between mono- and multilayer. Once all samples were deposited, they
were annealed at 1100 °C during 180 min in N, ambient. To complete the LEC structure, a polysilicon layer with
250 nm in thickness was deposited in the top of the multilayer. Subsequently, spin on dopant (SOD) was used to N-
doped the polysilicon gate, and using photolithography steps a square gate of 4.056+0.017x102 cm? was formed.

A JOEL JEM 2200 transmission electron microscope was utilized to study the content of Si-NCs of the samples.
Current versus voltage (I-V) curves were measured with a Keithley Source-Meter model 2400. Electroluminescence
(EL) spectra were obtained using the same Source-Meter and a Horiba Jobin Yvon spectrometer model Fluoro-
Max3.

3. Results and discussions

Fig. 1(a) shows an HRTEM image of the L-5/25. As can be seen, well-defined nanoscale layers are observed.
The darkness regions correspond to SRO;5 and the surrounding regions to SRO,s. Likewise, inset in Fig. 1(a) exhibits
the high content of Si-NCs. Two aspects have to be highlighted. First, SRO,5 (with 6% of silicon excess) layers have
presences of Si-NCs around 1.5 nm, However Si-NCs are normally not observed in monolayers with low silicon
excess, and if they are present they are small and so are their densities [8]. The second point is the high densities of
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Si-NCs (1x10% cm) found in conductive SRO layers (SROs or SRO4,), which influence the average size of Si-NCs
in the emitting layers (SRO,s). Fig. 1(b) displays a comparative graph of the Si-NCs size in different samples.
Clearly, a linear relationship is observed on the average size of Si-NCs on SROy layers as function of the
conductive SRO layers. Table 1 summarizes the average size and densities of Si-NCs, besides the average thickness,
obtained by TEM for all samples.
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Fig. 1. (a) TEM image of a light emitting capacitor with a SRO multilayer alternating SROs with SRO.s; (b) Average size of Si-NC embedded in
SROs layers as function of different surrounding layers; (c) Current vs voltage curves for L-5/25 and L-10/25, as can be seen very similar curves
are obtained for either devices.

Table 1. Average thickness, size and densities of Si-NCs in each SRO layer.

Sample Average size of Si-NCs [nm] Average thickness [nm] Densities of Si-NCs [cm?]

SROs SROyo SROs SROs SROqo SROs SROs SROqo SROs
L-5/25 401+£153 - 215+035 | 145+51 - 25.7+17 | 1.06x10" 5.79x10™
L-10/25 | --- 361148 186+051 | - 118+21 260+09 | -- 1.30x10*?  7.43x10"
SROs 1.60+0.06 | -- 331+04 | - ~10"

Fig. 1(c) shows the I-V curve for both devices. In fresh samples, the devices have a Low Conduction State (LCS),
which is lost once the devices are tested, achieving a High Conduction State (HCS). This behavior is reproduced in
the subsequent measurements. This effect was reported in [9], where trajectories with high silicon content are
formed due to an electrical treatment (electroforming). Therefore, we assume that electroforming phenomena take
place in the multilayers due to a wide range of Si-NCs sizes and their high densities (see Table 1). The size and the
density propitiate that electrical conductivity increases through the multilayer. In [7], it is explained these
phenomena by the space charge limited and trap-assisted tunneling mechanisms, thereby carriers can overcome a
barrier height or tunneling from one trap to another.

Fig. 2 exhibits the normalized EL spectra for both LECs. Devices were forward biased (inversion mode). As can
be observed, for low electric field one peak centered in the red region is observed; however as the electric field is
increased two emission peaks are defined, finding that L-5/25 has higher emission in the blue region and L-10/25 in
the red region. Neutral oxygen defects (NOVs) and non-bringing oxygen hole centers (NBOHCs) are associated to
the emission in the blue and red regions, respectively [7]. Both defects have been found into emitting SRO layers
[3]. Then, in the L-5/25 more conductive layers (SROs) produce that electrons obtain enough energy to reach high
energy blue emissive center in the SRO,5 layers. For ML 10/25, in order to stimulate blue centers higher fields are
required; however, too high fields applied to the ML could damage the device.
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Fig. 2. Normalized EL spectra for (a) L-5/25 and (b) L-10/25. Different emission peaks are observed depending on the SRO conductive layer.
4. Conclusions

Two light emitting capacitors based on multilayer of SRO (5/25 and 10/25) were fabricated and studied. It was
found that SRO with 6 % of silicon excess (SROys) presents Si-NCs from 1.6 to 2.1 nm, and this value depends on
the surrounding material. In case of SROs and SRO,, average size of 4.01 nm and 3.61 nm were determined.
Likewise, average densities of Si-NCs in the order of 10™ and 10*? cm™ were found on emitting and conductive
SRO layers, respectively. Both LECs presents an electrical behavior labeled as HCS. EL spectra shows two
emission peaks, but blue emission dominates in L-5/25 and red emission in L-10/25. These results are related to the
conductive SRO layers; thereby SRO; allows exciting more blue centers in the SRO5 than SRO;j,.
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