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ABSTRACT: 

Electro-optical properties of a multilayer structure composed by silicon-rich silicon oxide (SiOX), 
silicon oxide (SiO2) and silicon-rich silicon nitride (SiNX) are studied on this work. A 12% Si excess 
has been introduced by means of ion implantation in both SiOX and SiNX layers. The electrical 
characterization allowed us to identify as Poole-Frenkel the main electrical transport mechanism 
which governs these structures. In addition, remarkable enhancement to the electroluminescence 
emission was provided by increasing the accelerator layer thickness (intermediated SiO2). The 
results open new routes toward the design and development of integrated Si-based light emitters. 
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RESUMEN: 

En este trabajo se reportan las propiedades electro-ópticas de estructuras multicapas compuestas 
por óxido de silicio rico en silico (SiOX), óxido de silicio (SiO2) y nitruro de silicio rico en silicio (SiNX). 
Tanto en el SiOX como en el SiNX se ha introducido un exceso de Si del 12 % mediante la técnica de 
implantación iónica. La caracterización eléctrica nos ha permitido identificar que el mecanismo 
principal de transporte que gobierna la conducción eléctrica, en las estructuras estudiadas, es de tipo 
Poole-Frenkel. Además, se ha demostrado que el hecho de incorporar una capa intermedia de SiO2 
entre el SiOX y el SiNX, hace que los electrones adquieran una energía cinética adicional, lo cual 
influye en una mejora de la emisión electroluminiscente. Estos resultados abren nuevas rutas hacia el 
diseño y desarrollo de un dispositivo integrado emisor de luz basado en tecnología de silicio. 

Palabras clave: Propiedades Electro-Ópticas, Electroluminiscencia, Diseño de Multicapas, 
Nanoagregados de Silicio. 
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1. Introduction 

During the last decades, many investigations 

have been devoted to the development of an 

efficient silicon-based optically active material 

that would allow the integration of photonics 

and electronics in the same chip [1-4]. Silicon-

rich silicon nitride (SiNX) and silicon-rich silicon 

oxide (SiOX) based-materials have been mostly 

studied thanks to their good emission properties 

and compatibility with the mainstream 

complementary metal oxide semiconductor 

technology [2]. In addition, its emission spectra 

can be widely tuned by adding other 

luminescent species such as Er3+, Tb3+ or Ce3+ 

among others [5,6]. However, essential 

parameters such as the power efficiency, charge-

to-breakdown or device lifetime are still not 

competitive if compared with other materials 

commonly used in optoelectronics (III-V 

compounds or luminescent organic polymers, 

for example). Fortunately, there is still room for 

improvement as superior optoelectronic 

properties can be obtained if performing an 

adequate design of the device.  

In this work the electrical and 

electroluminescent study of metal - SiNX - SiO2 - 

SiOX - semiconductor structures are presented. 

We demonstrate that the electro-optical 

properties can be easily improved if an adequate 

layer design is performed. Also, the role of an 

intermediate thin SiO2 layer is assessed. 

Electrons are accelerated into the SiO2 and 

injected in the luminescent layer (SiNX), 

producing much higher electroluminescence and 

power efficiency values than a single SiNX layer. 

 

2. Experimental details 

Three different fabricated devices with the same 

gate stack structure have been studied on this 

work. All nominal layer thicknesses and gate 

stacks are summarized on Table I. 

The silicon dioxide (SiO2) layer has been 

deposited following a thermal dry oxidation 

process over a highly n-doped <100> Si wafer. 

The other layer of silicon nitride (Si3N4) has also 

been deposited by low pressure chemical vapor 

 

Table I 
Different layer thicknesses for each device. 

Device SiOX SiO2 SiNX 
C1 20 nm 20 nm 20 nm 
C2 20 nm 20 nm 30 nm 
C3 20 nm 40 nm 30 nm 

http://dx.doi.org/10.1364/OE.18.002230
http://dx.doi.org/10.1063/1.1935766
http://dx.doi.org/10.1364/OE.19.00A234
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Fig. 1. Cross section view of the gate stack structure and 
polarization scheme. 

 

deposition (LPCVD) at 800ºC over the SiO2 layer. 

A 12% Si excess at both SiO2 and Si3N4 layers has 

been introduced by means of ion implantation, 

whose energy was 20 KeV and 45 KeV using a Si 

dose of 3.4×1016 and 4.5×1016 atoms/cm2, 

respectively. Likewise, an implantation energy 

value of 35 KeV with a Si dose of 5.5×1016 

atoms/cm2 has been used on device C3, which 

presents the thicker SiO2 layer. A post-annealing 

treatment is performed at 950ºC to recover the 

dielectric matrix after implantation procedure. 

The upper electrical contact of devices consist of 

a semitransparent polysilicon of 100 nm thick 

deposited by low pressure chemical vapor 

deposition (LPCVD) at 630ºC and highly doped 

with phosphoryl chloride (POCl3) at 900ºC. The 

rear contact is an aluminum layer of 500 nm 

firstly deposited and subsequently annealed at 

450ºC in forming gas. In order to isolate different 

devices on the same wafer, a 400 nm-thick 

thermal oxide has also been deposited in both 

sides of the structure. The effective emission 

area of the studied devices is 3.6×10-5 cm2. The 

final structure of the studied devices is 

composed by three well-defined layers as 

follows: Substrate – SiOX - SiO2 – SiNX – 

Polysilicon. Cross section view of the final 

structure and preferred polarization scheme are 

observed on Fig. 1. Under forward bias (positive 

voltage applied to the gate electrode), electrons 

flow from the substrate to the polysilicon gate, 

crossing the injector (SiOX) and accelerator 

(SiO2) layers up to attain the active layer (SiNX). 

In particular, this gate stack structure was 

conceived to increase the amount of energetic 

electrons according to the following 

considerations. Electrons are injected into the 

SiO2 layer via Fowler-Nordheim (FN) tunneling.  

The electron barrier height for this mechanism is 

modulated by the SiOX layer, which makes of 

electron injector layer. Whereas, the SiO2 layer 

increases the kinetic energy of electrons by two 

different mechanisms: (i) the acceleration 

produced by the electric field at the SiO2 and (ii) 

the potential energy step (1.2 eV) at the 

SiO2/SiNX interface, which is generated by the 

affinity difference between both materials. Once 

these energetic electrons arrive to the active 

layer (SiNX) they impact with the Si-related 

defects, thus producing EL. 

The electrical measurements were 

performed using a semiconductor device 

analyzer (Agilent B1500) and a probe station 

(Cascade Microtech Summit 11000) with a 

thermal chuck system and a Faraday cage 

(microchamber). The light coming from the 

polysilicon electrode of devices is collected by a 

Seiwa 888L microscope coupled to a probe 

station and conducted using an internal system 

of lens to the sensitive area of the detector. Using 

a cryogenically cooled Princeton Instruments 

Spec-10-100B/LN charge-coupled device and an 

Acton 2300i grating spectrometer EL spectra 

were recorded. 

 

3. Results and discussion 

3.1. Electrical characterization 

Figure 2(a) shows the      dependency for all 

devices. Although, the three curves present the 

same trend, they do not show similar 

conductivity. The difference between C1 and C2 

is the thickness of SiNX. As expected, thinner 

devices show higher conductivity values. 

Although electrons are injected into the SiOX 

layer by tunneling process, the electrical con-

duction is bulk-limited following a Poole-Frenkel 

(PF)-type dependency: 
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Fig. 2. (a) Experimental data of      curve for all devices. (b) 
    vs V1/2 with a Poole-Frenkel fitting dependency for all 
devices. 

where    is the trap concentration in the 

dielectric,    is the carrier mobility,   is the 

applied voltage,    the energy trap depth in eV, 

  is the gate stack thickness,    the Boltzmann 

constant,    and    the vacuum and relative 

dielectric permittivity and   is a factor that 

accounts for deviations of the 1D Coulombic field 

and dispersion of the distance between traps. PF 

mechanism [7,8] takes into account the mobility 

of electrons through the conduction band (CB) of 

the dielectric and the movement of the carriers 

between the shallow traps. As can be seen on 

Fig. 2(b), a linear dependency between     vs 

     is observed for all devices. The relative 

permittivity values can be obtained from the 

slope of this experimental fitting. Typically, the 

obtained values are listed on Table II. 

The accepted value of    is 7.5 [7]. The 

obtained results (shown in Table II) are in 

concordance with this latter value according to 

the following circumstances: (i) we have 

considered the same voltage drop in each layer, 

despite it depends on the material, and (ii) we 

have assumed    , whereas this factor can 

vary between 1 and 2. 

Table II 

Obtained values for the relative permittivity of SiNX. To 
obtain this value, a voltage equally distributed in all 

layers was assumed. 

Wafer Relative permittivity      

C1 6.1 

C2 9.9 

C3 8.0 

 

3.2. Electroluminescence properties 

The line-shape of the collected EL spectra is 

shown on Fig. 3 when a constant driving current 

of 100 µA have been applied to all devices. In all 

cases, the spectrum is composed by a singular 

broad emission peak with a maximum centered 

at 710 nm. Two slight contributions located at 

426 nm and 830 nm have also been identified. As 

has been aforementioned, the main emission 

peak (710 nm) is produced by the impact 

ionization of trapped electrons on the Si-related 

traps located at the SiNX active layer [10-12]. 

The small band located at 426 nm is related with 

the electronic transition between the dangling 

bonds of Si (defect state Si0) and the valence 

band at the SiNX matrix [9]. Whereas, the other 

one at 830 nm is produced by the excitonic 

recombination into the Si nanocrystals 

embedded in the injector layer (SiOX) [10-12]. 

However, the intensity of this emission band 

remains constant in all cases since all devices 

have been fabricated with the same SiOX 

thickness and Si excess. The slight differences in 

the spectra line-shape are associated to 

absorption and interference effects [13]. 

However, the observed variations of the main 

peak at full width at half maximum (FWHM) are 

lesser than an error of 5%, which is physically 

acceptable. Furthermore, the emitted 

electroluminescence spectrum is modulated by 

the transmittance of the gate electrode. 

The obtained results of EL as a function of the 

applied current are shown on Fig. 4. A linear 

power law dependency between the injected 

current and the integrated EL is observed. This 

linear dependency means that there is a direct 

correlation with the injected carriers and the 

excited ones, as has been previously reported  
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Fig. 3. Normalized EL spectra for all devices. 

 

 

Fig. 4. Driving current dependency of the electro-
luminescence for each device. 

 

[9]. The most relevant result of this work is the 

EL enhancement as a function of the SiO2 

thickness. This behavior validates our initial 

assumption about the fraction of hot electrons 

enhancement. The intensity of the main emission 

peak is strongly dependent to the kinetic energy 

of electrons since minimal ionization energy is 

needed to produce electroluminescence. The 

thicker the silicon dioxide is the higher the EL 

value becomes, since electrons are much 

energetic. Nevertheless, the SiO2 layer, 

irrespective of the good quality, presents deep 

electron traps in the bulk, which are gradually 

filled as current passes across the device. Thus, 

both the operation lifetime and the driving 

current that can support the devices, before 

breakdown, inversely scale with the SiO2 

thickness. Therefore, it is important to achieve 

the optimal SiO2 thickness in order to obtain the 

best trade-off between the EL improvement and 

the electrical stability. 

 

4. Conclusion 

In summary, the electro-optical properties of a 

SiNX, SiO2 and SiOX multilayer gate stack 

structure have been studied. Varying the SiO2 

and SiNX thicknesses the electrical and EL 

properties are modulated and improved, 

respectively.  

Electrical transport of these devices was bulk 

limited by the SiNX following a PF conduction 

model. Obtained values for the relative 

permittivity of each device were reported and 

compared with accepted ones. 

The EL spectra were also studied for all 

devices. Different peaks located at 426 nm, 710 

nm and 830 nm were identified and related with 

its luminescent specie. We have also 

demonstrated that both EL intensity and power 

efficiency of the devices are improved by 

increasing the effective SiO2 layer thickness. 

However, an optimal SiO2 thickness is needed in 

order to obtain the best trade-off between the 

electrical stability and EL emission. 
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