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Abstract: Nowadays, the use of plasmonic metal layers to improve the photonic emission
characteristics of several semiconductor quantum dots is a booming tool. In this work, we report
the use of silicon quantum dots (SiQDs) embedded in a silicon nitride thin film coupled with an
ultra-thin gold film (AulNPs) to fabricate light emitting devices. We used the remote plasma enhanced
chemical vapor deposition technique (RPECVD) in order to grow two types of silicon nitride thin
films. One with an almost stoichiometric composition, acting as non-radiative spacer; the other one,
with a silicon excess in its chemical composition, which causes the formation of silicon quantum
dots imbibed in the silicon nitride thin film. The ultra-thin gold film was deposited by the direct
current (DC)-sputtering technique, and an aluminum doped zinc oxide thin film (AZO) which was
deposited by means of ultrasonic spray pyrolysis, plays the role of the ohmic metal-like electrode.
We found that there is a maximum electroluminescence (EL) enhancement when the appropriate
AuNPs-spacer-SiQDs configuration is used. This EL is achieved at a moderate turn-on voltage of 11V,
and the EL enhancement is around four times bigger than the photoluminescence (PL) enhancement
of the same AuNPs-spacer-5iQDs configuration. From our experimental results, we surmise that EL
enhancement may indeed be due to a plasmonic coupling. This kind of silicon-based LEDs has the
potential for technology transfer.

Keywords: silicon quantum dots; localized surface plasmon resonances; light emitting devices;
gold nanoparticles; electroluminescence enhancement

1. Introduction

Since the first reports of luminescence and electroluminescence, originated by quantum size
effects, from highly confined silicon materials (superlattices, quantum dots, and quantum wires) [1-3],
there has been a growing interest in the development of monolithic silicon photonics as the optical
analogue of silicon microelectronics [4-7]. In order to meet this goal, arduous work has been done over
the years to fabricate light emitters and electroluminescent devices based mainly on crystalline and
amorphous silicon quantum dots (SiQDs) embedded in silicon nitride and silicon dioxide films, and to
tune the photoluminescence by controlling the size and the surface passivation of the SiQDs [8-13].
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However, the silicon photonics have evolved slowly, mainly because the illumination efficiency from
confined silicon is still very low compared with that of the direct-band gap III-V semiconductors [7].

With the purpose of increasing the efficiency and controlling the light emission from SiQDs,
several research groups have used different configurations of noble metals (Au, Ag) nanoparticles and
nanostructures in the vicinity of silicon quantum dots. One of the first pioneer works, reported local
field-enhanced light emission from silicon nanocrystals implanted in quartz close to a surface film of
nanoporous gold, prepared by wet chemical methods [14]. In other posterior works, authors have
reported enhanced luminescence from SiQDs implanted in quartz and coupled to Ag island arrays
fabricated by electron beam lithography or by subsequent implantation. Those enhancements are
reported at emission frequencies that correspond to the collective dipole plasmon resonances [15-18].
In this regard, we recently reported photoluminescence (PL) enhancement from thin films of SiQDs
embedded in silicon nitride coupled to a monolayer of Au nanoparticles which are separated by a
nanometric dielectric silicon nitride thin film [19]. In that article, the films were deposited using
dry and low-temperature techniques highly compatible with the pre-existing silicon microelectronics
technology, such as remote plasma enhanced chemical vapor deposition (RPECVD) and direct current
(DC) sputtering.

A shared feature in the coupled structures reported in all these previous works is that all of them
have a spacer between the metal and the SiQDs. In turn, the spacer must be a dielectric, and must
have a well-defined thickness ranging from 10 to 20 nm; when these two last conditions are not met,
then the metal-spacer-SiQDs structure, far from improving its PL, decreases it [17]. All these works
also shared the proposal that the PL enhancement was due to effects of localized surface plasmon
resonance (LSPR) [16-18,20]. Therefore, they have motivated the development of other plasmonic
coupled systems with enhanced PL, such as core-shell-type SiQDs-based nanocomposites consisting of
a Au nanoparticle (NP) core and a thick shell of SiQDs agglomerates [21], a structure where SiQDs are
placed in a gap between a gold thin film and an Au nanoparticle [22]. Or finally, a structure composed
of a monolayer of luminescent SiQDs and a silver (Ag) film over nanosphere (AgFON) plasmonic
structure, separated with a polymer spacer [23].

The same approach of coupling SiQDs to localized surface plasmons (LSP) has also been
applied to enhance the electroluminescence of electroluminescent devices based on SiQDs embedded
in silicon-rich silicon nitride (SiNy(SiQDs)) films deposited by plasma enhanced chemical vapor
deposition (PECVD) [24-26]. In these works, the enhancement of the electroluminescence by LSP was
investigated in two different types of light emitting devices and/or diodes (LEDs) with layered structures,
such as ITO-Ni-Au(transparent electrode)/SiNy(SiQDs)/Ag islands/p/p*-Si(substrate) /Ni-Au(back
electrode) [24], ITO/SiO, /SiNx(SiQDs)/ Ag islands/p/p*-Si/ Al [25,26]. In both types of layered LEDs,
the large enhancement of the electroluminescence (EL) (up to 434% relative to SiQD LED without
an Ag layer) was attributed to the Ag island layer, which gives rise to an increase in the radiative
efficiency as a result of SiQDs-LSP coupling. Additionally, it was also observed, an increase in the
current injection efficiency through improved carrier tunneling between the rough surface of the Ag
layer and the SiQDs. It is also worth mentioning that in the case of the second type of layered LEDs,
the effect of the SiO; layer was not discussed.

An interesting work that questions the mechanisms of the enhancement of the spontaneous
emission rate due to the LSP coupling between the SiQDs excitons and the Ag island layer, is the
one authored by Baek Kim and collaborators. There, they report an enhancement of 493% in the
EL of a LED with a layered structure NiO-Ni-Au(transparent electrode) /SiN,(SiQDs)/rough p*-Si,
which do not contain any Ag layer, but instead, it was fabricated on a nano-roughened Si substrate [27].
In a recent work, novel electroluminescent structures were fabricated using SiQDs/SiO; multilayers
fabricated by PECVD on a Pt nanoparticle—sputtering-coated Si nanopillar array substrate, with ITO
as the transparent electrode. The electroluminescence enhancement observed in these EL structures
was attributed to both, the possible resonance coupling between the localized surface plasmon (LSP) of
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Pt NPs, and the band-gap emission of SiQDs/SiO, multilayers, and the surface roughening originated
by the nanopillar array [28].

In this work, we have investigated the electroluminescence of four different configurations of
metal insulator semiconductor (MIS)-type nano-layered structures using SiQDs embedded in silicon
nitride luminescent films and dielectric silicon nitride (as spacer), both deposited by remote PECVD
(RPECVD), and gold nanoparticles (AuNPs) deposited by sputtering on p-type silicon substrate.
We found that there is a maximum EL enhancement when the appropriate AuNPs-spacer-SiQDs
configuration is used. Furthermore, it was identified that the EL enhancement is around four times
bigger than the PL enhancement previously observed in an identical nano-layered configuration [19].
From this work, we can conclude that the EL enhancement may indeed be due to a plasmonic
coupling. Nevertheless, we also identify that the presence of gold nanoparticles in the EL device allow
a more efficient distribution of charge carriers towards the luminescent centers (SiQDs). Consequently,
we confirm that more than one mechanism could be involved in the optimized electroluminescence.

2. Methods

To investigate the effect of gold nanoparticles in the vicinity of silicon quantum dots on the
electroluminescence of the fabricated light emitting devices (LED), we used p-type silicon wafers (100),
with a concentration of 10 x 10 holes, as the semiconductor substrate. Common solvent cleaning
was employed for all samples, and additionally a standard cleaning 1 as the widely reported by Radio
Corporation of America (RCA clean) was used for silicon wafers. Gold nanoparticles (AuNPs) were
deposited using a Cressington 108 Sputter Coater (TED PELLA, INC., Redding, CA, USA) in 0.8 mb
argon atmosphere. Quartz substrates were selectively used to make depositions of the different films
in order to measure their absorption spectrum.

Silicon nitride films with different thicknesses and compositions were deposited using a remote
plasma enhanced chemical vapor deposition (RPECVD) system whose characteristics have been
reported elsewhere [29]. A substrate temperature of 300 °C, radio frequency power of 150 watts and
pressure of the reaction chamber of 300 mT were used as deposition parameters. The flow rates of Hy,
Ar, and SiH,Cl, were 10, 75, and 5 sccm, respectively for all the deposited films. A NHj flow rate of
600 sccm was settled to attain a non-radiative silicon nitride (SiNy) insulating film with NH3/SiH,Cl,
gas flow ratio of R = 120. In addition, a NHj3 flow rate of 200 sccm was used to obtain the radiative
silicon rich silicon nitride film (SiQDs) with a NHs /SiH,Cl, gas flow ratio of R = 40.

Four different types of LED structures were fabricated with the aim of obtaining separate
information on the role of the AuNPs and silicon nitride layers in the enhancement of the
electroluminescence of the devices. Two EL structures were fabricated without AuNPs, and these were
considered as reference structures. The first reference EL structure was fabricated by depositing
an 80 + 5 nm thick silicon-rich silicon nitride (5iQDs) on the surface of the p-type silicon
substrate, and then a ZnO-Al film, resulting in the (p-5i/SiQDs (80 £ 5 nm)/ZnO-Al) structure,
named PRI (see Figure 1a). The second reference structure was fabricated as the previous PR1
structure, but depositing before the SiQDs film a 10 = 2 nm thick non-radiative silicon nitride
(SiNy) film. This (p-Si/SiNy (10 £ 2 nm)/SiQDs (80 £ 5 nm)/ZnO-Al) reference structure was
named PR2 (see Figure 1c). On the other hand, the first AuNPs-enhanced electroluminescent
structure was fabricated also as the PR1 structure but depositing a layer of AuNPs before the
SiQDs film as shown in Figure 1b). This (p-Si/AuNPs/ SiQDs (80 £ 5 nm)/ZnO-Al) structure
was named P1. The second AuNP-enhanced electroluminescent structure was fabricated as the
PR2 structure, but depositing a layer of AuNPs before the non-radiative silicon nitride (S5iNy) film.
This (p-S5i/ AuNPs/SiNy (10 £ 2 nm)/SiQDs (80 & 5 nm)/ZnO-Al) was named P2 (see Figure 1d).
The different silicon nitride layers were grown into the same chamber without exposition of the
films to the ambient atmosphere by changing the NH3 gas flow rate. As transparent conductive contact
(TCC), aluminum doped zinc oxide (ZnO-Al) was deposited by ultrasonic spray pyrolysis on top of
the silicon-rich silicon nitride layer, defining square patterns with sides of 2 mm. Finally, an aluminum
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metal layer of 100 nm was used as the bottom electrode, deposited by vacuum evaporation for all
the devices.

The presence of the SiQDs and Au nanoparticles were characterized by high-resolution
transmission electron microscopy (HRTEM) using a field emission gun JEM-2010F microscope (JEOL,
INC., Peabody, MA, USA) operating at 200 kV. The HRTEM images were digitally treated with
a GATAN micrograph system (GATAN, INC., Pleasanton, CA, USA). The thickness (Th) of the
films was measured using a manual Gaertner 117 ellipsometer (Gaertner Scientific Coroporation,
Chicago, IL, USA) equipped with a He-Ne laser (632 nm). Ultraviolet-visible (UV-vis) transmission
measurements were carried out in the range from 300 to 1100 nm using a double-beam PerkinElmer
Lambda 35 UV-vis spectrophotometer (PerkinElmer, Billerica, MA, USA). The chemical composition of
the layers was determined by Fourier transform infrared spectroscopy (FTIR) by using a Nicolet 6700
system (Nicolet Instrument Corporation, Madison, WI, USA). X-ray photoelectron spectroscopy (XPS)
depth profiles were performed in an ultra-high vacuum system scanning XPS microprobe PHI 5000
VersaProbe II (PHYSICAL ELECTRONICS, Inc., Chanhassen, MN, USA). Photoluminescence (PL) and
electroluminescent (EL) measurements were carried out in a dark room at room temperature. PL spectra
were obtained using an unfocused beam of 25 mW from a Kimmon He-Cd laser operating at 325 nm
(3.81 eV) (Kimmon Electric US, Ltd., Englewood, CO, USA). An 2200-72-1 power supply (Keithley
Instrumemts, Cleveland, OH, USA) source and Digital Multimeter Tektronix DMM4050 (Tektronix,
Beaverton, OR, USA) were used as power source and current meter, respectively. The PL and EL spectra
were recorded with a Fluoromax-Spex spectrofluorometer (SPEX Industries, Edison, NJ, USA) at room
temperature. Finally, a field emission-scanning electron microscope (JEOL7600F FE-SEM) (JEOL, Inc.,
Peabody, MA, USA) was used to observe the cross-section of the Metal-Insulator-Semiconductor
(MIS-type devices).
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Figure 1. (a—d) Schematic representation of the fabricated structures PR1, P1, PR2, and P2.

3. Results and Discussion

3.1. Preparation of the Layered Luminescent Devices

To characterize the chemical and physical properties of the SiQDs and SiNy films used for the
fabrication of the devices, similar thicknesses of each these layers were deposited on silicon and quartz
(Table 1). From Tauc plots [30], the band gap of the SiQDs and SiN, films were obtained and are
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presented in Table 1, which are 4.04 and 4.68 eV, respectively. As expected, the SiNy layer with R = 120
has a wider band gap than the SiQDs layer with R = 40, and closer to that of the stoichiometric SizNy4
(5eV) [31,32]. The latter is in agreement with those works which have demonstrated that a higher NH3
flow rate, as one of the precursors for the deposition of silicon nitride films, increases its band-gap
energy, since Si atoms are bonded to more N atoms, due to the larger electronegativity of N compared
to that of Si and H [33]. Then, the gap energy of the SiQDs layer should be lower due to its higher
content of silicon, whose band gap is 1.1 eV [31,32]. Furthermore, the refractive index of the SiQDs film
obtained by null ellipsometry was slightly higher than that of the SiN, layer, owing to its higher silicon
content. However, it is worth noting the low value of the refractive index of the SiNy film compared to
the stoichiometric SizNy value of 2. A similar trend of the refractive index has been observed in silicon
nitride films when increasing the flow rate of the NHj precursor, probably due to an increase in the H
and N content into the films [34,35].

The Fourier transform infrared spectra of the SiQDs and SiNy films are depicted in Figure 2.
In both samples, the characteristic Si—N (840 cm '), N-H (1180 cm 1), and N-H (3350 cm ') bands
of silicon nitride are found. However, the Si-H (2190 cm™!) band is only clearly observed in the
SiQDs layer. The lack of this band in the SiNy film with a higher NHj3 flow rate should be due to the
incorporation of nitrogen atoms in silicon sites of the Si—-H groups, which is consistent with those
works using a wide range of this precursor gas [33,35].

Table 1. Some physical properties of the silicon nitride layers with different chemical composition.

R =NH3/SiH,Cl, Gas Flow Ratio  Sample  Thickness (nm)  Refractive Index  Optical Band Gap (eV)
120 SiNy 96.5 1.78 4.68
40 SiQDs 97.9 1.84 4.04
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Figure 2. FTIR spectra for the two different NH; flow rates used to attain silicon quantum dots (SiQDs)
and non-radiative silicon nitride (SiNy) films. The band at 2360 cm~! corresponds to the CO, molecule

in the operating environment.

The gold nanoparticles (AuNPs) and silicon quantum dots (SiQDs) thin films were obtained using
deposition conditions previously studied, which gave rise to average particle sizes of 2.9 nm and
3.1 nm, respectively [11,19]. It can be observed in both samples from HRTEM images (Figure 3a,b)
a uniform distribution of particles throughout the whole surface and quasi-spherical shape. Likewise,
the cover surface of gold nanoparticles obtained by HRTEM micrographs was 18.12% and its plasmonic
resonance location was found at about 538 nm (inset of Figure 2a).
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Cross-sectional SEM images of the PR2 (p-Si/SiN, /SiQDs) and P2 (p-Si/ AuNPs/SiN, /SiQDs)
structures are depicted in Figure 4a,b, respectively. From these images, the ZnO-Al transparent
conductive contact can be identified at the top of the structures. It is worth noting that the SiN, and
SiQDs layers are not distinguishable by this technique, in both samples and that the AuNPs in the
P2 structure are clearly located at the interface between the silicon nitride and the silicon substrate.
The XPS depth profiles of the PR2 and P2 samples from silicon nitride to silicon substrate are the inset
of Figure 4a,b, respectively. These profiles show atomic concentrations of Si 2p, N 1s, and Cl 2p in the
silicon nitride films, as well as no diffusion of them to the silicon substrate. Additionally, it is possible
to identify that Au atoms do not diffuse to the bulk of the SiQDs layer. A content of oxygen is observed
at the surface of these samples, which has been attributed to post-deposition reactions, occurred when
the films were exposed to ambience [36,37].

Figure 3. HRTEM images of gold nanoparticles (AuNPs) (a) and SiQDs (b) films. The average size

012 particles/ cm?, respectively; meanwhile,

for silicon nanoparticles, they were 3.1 nm and 6.04 x 10'2 particles/cm?, respectively [11,19]. The cover

and superficial density of AuNPs were 2.9 nm and 2.52 x 1

surface of gold nanoparticles was 18.12%, and its plasmonic resonance location was found at 538 nm

(inset of Figure 3a).
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Figure 4. Cross-sectional views by SEM of the (a) PR2 (p-Si/SiNy/SiQDs/ZnO-Al) and (b) P2
(p-Si/ AuNPs/SiNy /SiQDs/ZnO-Al) structures, respectively. The different silicon nitride layers (SiNy
and SiQDs) are not distinguishable by this microscopy technique. The depth profiles of these samples
from top silicon nitride to silicon substrate are inset of each figure.
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3.2. Electroluminescence

The electroluminescence spectra of the four structures were obtained only in forward bias
(considered when the cathode electrode is on the ZnO-Al) when applying voltages greater than
10 V, as can be seen from Figure 5. From this image, all the structures show an increment of the
electroluminescent emission with increasing voltage at room temperature and a maximum intensity
peak centered at around 600 nm. Also, it can be observed the influence of gold nanoparticles on the
EL turn-on voltages of the fabricated structures, since for the PR1 and P1 samples (without the SiNy
layer), the EL turn-on voltages are 18 V and 14 V, respectively, i.e., lower for the sample with AuNPs.
For these samples, voltage steps of 2 V are required to observe increased emission intensity. Likewise,
the EL turn-on voltage is also lower for the P2 sample (11 V) with gold nanoparticles when compared
with the reference PR2 (14 V) sample without them. Increased EL intensity is obtained using voltage
steps of 1 V and 2 V for these samples, respectively.
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Figure 5. Electroluminescent (EL) spectra of the PR1 (p-Si/SiQDs/ZnO-Al), P1 (p-Si/AuNPs/
5iQDs/Zn0O-Al), PR2 (p-Si/SiN,/SiQDs/ZnO-Al) and P2 (p-5i/ AuNPs/SiNy/SiQDs/ZnO-Al)
samples under forward bias.

The integrated electroluminescence intensity against the injected current of each sample is
depicted in Figure 6. At first glance, a similar trend is observed for the P1 and PR1 samples; however,
a slight EL enhancement (considered as the ratio of integrated EL intensity of devices with gold
nanoparticles and reference devices) of 1.14 is found for these samples at about the same current
of 23.5 mA. Moreover, the current injection is higher in the P1 sample when compared to the PR1
sample at the same applied voltage. The structures with the thin SiNy layer (P2 and PR2) show an EL
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enhancement of 4.7 at ~27.7 mA. For these samples, the current injection is also higher for the sample
with gold nanoparticles from 15 V. These results suggest an improvement of the external quantum
efficiency in those samples using AuNPs.

In our previous paper, the PL emission of the four structures fabricated in this work had a
Gaussian-like shape with a broad band centered at about 505 nm [19], manly attributed to quantum
confinement effect in SiQDs. Since their corresponding EL emissions peaks were red shifted at ~600 nm,
it is difficult to elucidate if the origin of EL is the same as that of PL, as other mechanisms with lower
radiative transition probability as defects in the matrix or interface states in SiQDs (which produce
radiative events at higher wavelengths) [27,38,39] could give rise to the observed EL emission.

p-Si/SiQDs/Zn0:Al (PR1)
/A p-Si/AuNPs/SiQDs/Zn0O:Al (P1)
p-Si/SiNx/SiQDs/Zn0:Al (PR2)
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Figure 6. Integrated EL intensity vs injected current (mA) of the samples P1, PR1, P2, and PR2.
A maximum EL enhancement (considered as the ratio of integrated EL intensity of devices with gold
nanoparticles and reference devices) of 4.7 at ~27.7 mA is found for the P2 sample when compared to
the reference PR2 sample.

The EL spectral enhancement factor, defined as the ratio of EL intensities of samples with gold
nanoparticles and their references ones (IP1(A)/IPR1(A) and IP2(A)/IPR2(A)) is shown in Figure 7
for a defined injected current. For the IP1/IPR1 ratio at 23.5 mA, an almost constant line slightly
above one is observed with some peaks at the beginning and at the end of the plot, probably due to
the noise interfering with the measured signal at low emission intensities. This enhancement factor
evaluated through a wavelength range from 430 to 815 nm has a maximum value of 1.45 at about
466 nm, which could indicate that the presence of gold nanoparticles could help to distribute carriers
to the luminescent centers of the SiQDs film more efficiently in the P1 sample. On the other hand,
the IP2/IPR2 ratio at 27.7 mA through the same wavelength range shows a maximum EL enhancement
factor of 7 at about 510 nm, and 5.4 at about the maximum EL intensity peak (~600 nm). It is worth
noting that the higher EL enhancement factor in these structures is close to the absorption peak of gold
nanoparticles at 538 nm (inset of Figure 2a), which could suggest a resonant coupling between the
silicon quantum dots emission and the oscillations in noble metal nanoparticles in the P2 sample [24].
Moreover, as the maximum IP1/IPR1 ratio was found to be lower than the maximum IP2/IPR?2 ratio,
in spite of the presence of metal nanoparticles in the P1 sample, it is important to take into account the
role of the thin silicon nitride layer (SiNy) separating the noble metal nanoparticles and the SiQDs film
in the PR2 and P2 structures, which we will discuss later in this paper. The second factor of 5.4 is close
to the EL enhancement of 4.7 earlier observed. Additionally, according to some authors [27,38-41],
we observe shining spots on the top area of our devices, increasing in number as the current increased.
Morales-Sanchez and Cabafias Tay et al. [40,41] explain the presence of these shining dots due to
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the formation of current paths connecting the top and bottom electrodes in silicon-rich oxide-based
devices. Considering this, charge carriers under forward bias in our structures would create these
paths hindered by the barriers of the bulk matrix and produced during their transport radiative and
non-radiative transitions. An image of the luminescent dots obtained in the PR2 sample at 0.69 A /cm?
is shown inset of Figure 7.
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Figure 7. EL enhancement factor (defined as the ratio of EL intensities of samples with gold
nanoparticles and their references ones (IP1(A)/IPR1(A) and IP2(A)/IPR2(A)). The IP1(A)/IPR1(A)
ratio evaluated through a wavelength range from 430 to 815 nm at 23.5 mA, an almost constant line
slightly above one is observed. The IP2(A)/IPR2(A) ratio at 27.7 mA shows a maximum EL enhancement
factor of 7 at about 510 nm.

3.3. J-E Characteristics

Current density vs electric field (J-E) plots of the four structures studied in this work are depicted
in Figure 8a,b. The P1 and PR1 samples have threshold electric fields of ~0.65 MV /cm and ~1.4 MV /cm,
respectively. Just after current conduction is established, very similar slopes are observed in these
structures (Figure 8a). It is possible to observe a lower threshold voltage in the P1 sample; this could
be due to increased injection of carriers by the presence of gold nanoparticles. In addition, it is possible
that the electrons from the gate could be drifted to the lower interface of the structure by areas of
a higher electric field. Once there, the electrons can tunnel to the silicon nitride matrix, and to a
lesser extent, to the SiQDs. The latter is possible in our device, since it has been studied that rms
roughness as low as some nanometers at the bottom interface of a capacitor can be related to the
increased leakage current through it, due to the enhanced local electric field at the protrusions [42,43].
Even though the morphology of gold nanoparticles could not be clearly detected by the AFM (Atomic
Force Microscopy) technique, its average diameter size (estimated by TEM images of ~2.9 nm) suggests
that this mechanism could be responsible for the lower threshold voltage and higher injection current
at the same applied electric field in the P1 sample than PR1 sample. We could expect this effect to
be less important at the top interface of the device, as these metal nanoparticles were not shown to
increase, significantly, the surface roughness of the SiQDs layer with regard to the SiQDs layer of the
reference device. Additionally, from previous results [19], no PL enhancement nor quenching of the P1
and PR1 structures was found, and we could indirectly assume that the reflectance due to the AuNPs
is inappreciable. Therefore, the slight EL enhancement observed in these structures at about the same
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injected current should be due to a more efficient carrier injection to the luminescent centers of the
active film in the P1 sample, and as a result, a higher number of conductive paths.

P2 and PR2 samples have threshold electric fields of ~1.16 MV /cm and ~0.68 MV /cm, respectively,
i.e., lower for the reference structure (Figure 8b). For the PR2 sample, it is possible to observe current
density under reverse bias, and higher forward current injection than in P2 sample, from low electric
fields up to 1.75 MV /cm, after which the current increases faster in the P2 sample under a larger
bias condition. The characteristics found in the PR2 sample could have their origin in the intrinsic
properties of the silicon nitride films with different chemical composition. The presence of the very thin
SiNy layer (10 nm) with higher band gap than the SiQDs layer (according to the Tauc plots obtained)
could increase the number of accumulated holes under forward bias in the p-Si surface at the bottom
interface, and give rise to abrupt injection of carriers from the silicon substrate by tunneling towards
the 5iQDs layer. Moreover, the low refractive index of the SilNy film indicates a high number of voids
in the film, which would promote leakage current even at low electric fields. Since the integrated
EL intensity in the PR2 sample was the lowest observed in the fabricated set of samples, we could
deduce an inefficient carrier transport to the luminescent centers in the bulk of the active film, in spite
of higher current passing through it from low electric fields.

On the other hand, the higher threshold voltage in the P2 sample may be due to a screening
effect of the applied electric field by gold nanoparticles at the bottom interface of the structure [44].
This effect is not seen in the P1 sample (p-Si/ AuNPs/SiQDs/ZnO-Al) where the electric field is higher,
in a range from 0.74 MV /cm up to 1.49 MV /cm, than in P2 sample. One possible explanation is that
silicon nanoparticles growing from the substrate in the P1 structure may work as conduction points
of carriers and interact with the previously deposited AuNPs distributed throughout the substrate
surface, making the p-5i/ AuNPs/SiQDs interface inhomogeneous.

This direct interaction between silicon and gold nanoparticles is avoided by the low silicon content
SiNy layer in the P2 sample. Therefore, the layered configuration of the P2 sample, as a whole, should
be responsible for its higher integrated EL intensity when compared with any of the other fabricated
structures. The screening effect of the electric field observed in this sample could promote overlapping
of the electron and hole population in regions far from the surface of the SiQDs film where the radiative
recombination generally occurs [45]. Likewise, an almost five-fold enhancement of integrated EL
intensity and the maximum EL enhancement factor IP2/IPR2 at about 510 nm could suggest an
increment of the internal quantum efficiency by coupling of the local field near the surface of metal
nanoparticles, and emission of the active layer at a distance defined by the SiN, thickness (10 nm).

Since the integrated EL enhancement is larger than the integrated PL enhancement (~2) in the P2
sample [19] with regard to its reference one, it is possible that more than one mechanism is involved in
the increase of electroluminescence observed, though a more detailed study is required to throw more
light on the issue. Additionally, it was observed high reproducibility of the electrical characteristics
of samples with gold nanoparticles, which is shown for three different devices (named D1, D2, D3),
using the P1 and P2 configurations in Figure 8c,d, respectively. A double asterisk denotes the P1 and
P2 samples in each figure labeled as the D3 device. The good reproducibility of the electrical and
optical properties of these structures makes it possible its use in high-reliability applications.
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Figure 8. Current density-electric field characteristics of the (a) P1 and PR1 and (b) P2 and PR2 samples.
Current density-electric field plots of three different devices of the P1 (c¢) and P2 (d) structures; a double
asterisk denotes the P1 and P2 samples in each graph corresponding to the device D3.

4. Conclusions

We fabricated light emitting devices based on silicon nitride films layered structures that explored
the role of AuNPs in the vicinity of a SiQDs active film. We observed improved carrier injection in
samples using gold nanoparticles under determined bias condition, as well as lower electroluminescent
(EL) turn-on voltages. Also, an EL enhancement was found in these samples when compared with
their reference ones without noble metal particles, being higher for that sample using a non-radiative
SiNy layer of 10 nm between the AuNPs and the SiQDs film (P2 sample). The almost five times higher
integrated electroluminescence observed in this sample can be explained by considering the intrinsic
physical properties of the different layers of nitride and metal that make up the device, such as band
gap and roughness. However, it is also possible that the observed EL enhanced emission in this
multilayer sample could be originated by the plasmonic coupling between AuNPs and the radiative
SiQDs film.

Acknowledgments: All authors would like to acknowledge the technical assistance of Juan Manuel Garcia Leon
in different experimental aspects of this paper. Authors also acknowledge the support provided by Lazaro
Huerta Arcos and M. A. Canseco in the use and interpretation of XPS and FTIR techniques respectively. The first
author is grateful to the Direccion General de Asuntos del Personal Académico (DGAPA-UNAM) for the granted
Postdoctoral Fellowship. This research work was financially supported by projects: (a) Investigacion Cientifica
Basica SEP—CONACYT 2016, project number: 283492 and (b) PAPIIT-UNAM, project number: IA102718,
which are under the technical administration of Arturo Rodriguez-Gémez.



Nanomaterials 2018, 8, 182 12 of 14

Author Contributions: Regarding the conception of the work and the writing of the article,
Arturo Rodriguez-Gémez, Juan Carlos Alonso-Huitrén and Ana Luz Mufioz-Rosas worked in same amounts.
Meanwhile, most of the experimental section, i.e., materials depositions and characterizations, were carried out by
Ana Luz Munoz-Rosas.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Abeles, B.; Tiedje, T. Amorphous Semiconductor Superlattices. Phys. Rev. Lett. 1983, 51, 2003-2006.
[CrossRef]

DiMaria, D.J.; Kirtley, J.R.; Pakulis, E.J.; Dong, D.W.; Kuan, T.S.; Pesavento, F.L.; Theis, T.N.; Cutro, J.A.;
Brorson, S.D. Electroluminescence studies in silicon dioxide films containing tiny silicon islands. J. Appl. Phys.
1984, 56, 401-416. [CrossRef]

Canham, L.T. Silicon quantum wire array fabrication by electrochemical and chemical dissolution of wafers.
Appl. Phys. Lett. 1990, 57, 1046-1048. [CrossRef]

Pavesi, L., Gaburro, Z.; Negro, L.D.; Bettotti, P.; Prakash, G.V,, Cazzanelli M.; Oton, C].
Nanostructured silicon as a photonic material. Opt. Lasers Eng. 2003, 39, 345-368. [CrossRef]

Streshinsky, M.; Ding, R.; Liu, Y.; Novack, A.; Galland, C.; Lim, A.E.-J.; Guo-Qiang Lo, P.; Baehr-Jones, T.;
Hochberg, M. The Road to Affordable, Large-Scale Silicon Photonics. Opt. Photonics News 2013, 24, 32.
[CrossRef]

Rickman, A. The commercialization of silicon photonics. Nat. Photonics 2014, 8, 579-582. [CrossRef]

Priolo, F.; Gregorkiewicz, T.; Galli, M.; Krauss, T.F. Silicon nanostructures for photonics and photovoltaics.
Nat. Nanotechnol. 2014, 9, 19-32. [CrossRef] [PubMed]

Park, N.-M.; Choi, C.-J.; Seong, T.-Y.; Park, S.-J. Quantum Confinement in Amorphous Silicon Quantum Dots
Embedded in Silicon Nitride. Phys. Rev. Lett. 2001, 86, 1355-1357. [CrossRef] [PubMed]

Kim, T.-W.; Cho, C.-H.; Kim, B.-H.; Park, S.-J. Quantum confinement effect in crystalline silicon quantum
dots in silicon nitride grown using SiHy and NHj. Appl. Phys. Lett. 2006, 88, 123102. [CrossRef]

Kim, T.; Park, N.; Kim, K.; Yong, G. Quantum confinement effect of silicon nanocrystals in situ grown in
silicon nitride films. Appl. Phys. Lett. 2004, 85, 5355-5357. [CrossRef]

Rodriguez, A.; Arenas, J.; Alonso, J.C. Photoluminescence mechanisms in silicon quantum dots embedded
in nanometric chlorinated-silicon nitride films. J. Lumin. 2012, 132, 2385-2389. [CrossRef]

Das, D.; Samanta, A. Quantum size effects on the optical properties of nc-Si QDs embedded in an a-SiOx
matrix synthesized by spontaneous plasma processing. Phys. Chem. Chem. Phys. 2015, 17, 5063-5071.
[CrossRef] [PubMed]

Alonso, J.C.; Pulgarin, F.A.; Monroy, B.M.; Benami, A.; Bizarro, M.; Ortiz, A. Visible electroluminescence
from silicon nanoclusters embedded in chlorinated silicon nitride thin films. Thin Solid Films 2010, 518,
3891-3893. [CrossRef]

Biteen, ].S.; Pacifici, D.; Lewis, N.S.; Atwater, H.A. Enhanced Radiative Emission Rate and Quantum
Efficiency in Coupled Silicon Nanocrystal-Nanostructured Gold Emitters. Nano Lett. 2005, 5, 1768-1773.
[CrossRef] [PubMed]

Biteen, J.S.; Lewis, N.S.; Atwater, H.A.; Mertens, H.; Polman, A. Spectral tuning of plasmon-enhanced silicon
quantum dot luminescence. Appl. Phys. Lett. 2006, 88, 131109. [CrossRef]

Mertens, H.; Biteen, J.S.; Atwater, H.A.; Polman, A. Polarization-Selective Plasmon-Enhanced Silicon
Quantum-Dot Luminescence. Nano Lett. 2006, 6, 2622-2625. [CrossRef] [PubMed]

Benami, A.; Lépez-Sudrez, A. Rodriguez-Fernandez, L.; Crespo-Sosa, A.; Cheang-Wong, ].C;
Reyes-Esqueda, J.A.; Oliver, A. Enhancement and quenching of photoluminescence from silicon quantum
dots by silver nanoparticles in a totally integrated configuration. AIP Adv. 2012, 2, 012193. [CrossRef]
Benami, A.; El Hassouani, Y., Oliver, A.; Lopez-Suarez, A. Effect of Silver Nanoparticles on the
Photoluminescence of Silicon Nanocrystals. Spectrosc. Lett. 2014, 47, 411-414. [CrossRef]

Muiioz-Rosas, A.L.; Rodriguez-Gémez, A.; Arenas-Alatorre, J.A.; Alonso-Huitrén, J.C. Photoluminescence
enhancement from silicon quantum dots located in the vicinity of a monolayer of gold nanoparticles.
RSC Adv. 2015, 5, 92923-92931. [CrossRef]


http://dx.doi.org/10.1103/PhysRevLett.51.2003
http://dx.doi.org/10.1063/1.333979
http://dx.doi.org/10.1063/1.103561
http://dx.doi.org/10.1016/S0143-8166(01)00140-3
http://dx.doi.org/10.1364/OPN.24.9.000032
http://dx.doi.org/10.1038/nphoton.2014.175
http://dx.doi.org/10.1038/nnano.2013.271
http://www.ncbi.nlm.nih.gov/pubmed/24390564
http://dx.doi.org/10.1103/PhysRevLett.86.1355
http://www.ncbi.nlm.nih.gov/pubmed/11178082
http://dx.doi.org/10.1063/1.2187434
http://dx.doi.org/10.1063/1.1814429
http://dx.doi.org/10.1016/j.jlumin.2012.04.007
http://dx.doi.org/10.1039/C4CP05126B
http://www.ncbi.nlm.nih.gov/pubmed/25598473
http://dx.doi.org/10.1016/j.tsf.2009.11.060
http://dx.doi.org/10.1021/nl051207z
http://www.ncbi.nlm.nih.gov/pubmed/16159221
http://dx.doi.org/10.1063/1.2191411
http://dx.doi.org/10.1021/nl061494m
http://www.ncbi.nlm.nih.gov/pubmed/17090102
http://dx.doi.org/10.1063/1.3701696
http://dx.doi.org/10.1080/00387010.2013.827726
http://dx.doi.org/10.1039/C5RA19114A

Nanomaterials 2018, 8, 182 13 of 14

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

Biteen, J.S.; Sweatlock, L.A.; Mertens, H.; Lewis, N.S.; Polman, A.; Atwater, H.A. Plasmon-Enhanced
Photoluminescence of Silicon Quantum Dots: Simulation and Experiment. . Phys. Chem. C 2007,
111, 13372-13377. [CrossRef]

Inoue, A.; Fujii, M.; Sugimoto, H.; Imakita, K. Surface Plasmon-Enhanced Luminescence of Silicon Quantum
Dots in Gold Nanoparticle Composites. J. Phys. Chem. C 2015, 119, 25108-25113. [CrossRef]

Yashima, S.; Sugimoto, H.; Takashina, H.; Fujii, M. Fluorescence Enhancement and Spectral Shaping of
Silicon Quantum Dot Monolayer by Plasmonic Gap Resonances. |. Phys. Chem. C 2016, 120, 28795-28801.
[CrossRef]

Inoue, A.; Sugimoto, H.; Fujii, M. Photoluminescence Enhancement of Silicon Quantum Dot Monolayer by
Double Resonance Plasmonic Substrate. J. Phys. Chem. C 2017, 121, 11609-11615. [CrossRef]

Kim, B.-H.; Cho, C.-H.; Mun, J.-S.; Kwon, M.-K,; Park, T.-Y.; Kim, J.S.; Byeon, C.C.; Lee, J.; Park, S.-J.
Enhancement of the External Quantum Efficiency of a Silicon Quantum Dot Light-Emitting Diode by
Localized Surface Plasmons. Adv. Mater. 2008, 20, 3100-3104. [CrossRef]

Li, D.; Wang, F;; Ren, C.; Yang, D. Improved electroluminescence from silicon nitride light emitting devices
by localized surface plasmons. Opt. Mater. Express 2012, 2, 872. [CrossRef]

Li, D.; Wang, E; Yang, D. Evolution of electroluminescence from silicon nitride light-emitting devices via
nanostructural silver. Nanoscale 2013, 5, 3435-3440. [CrossRef] [PubMed]

Kim, B.H.; Davis, R.F,; Cho, C.-H.; Park, S.-J. Enhanced performance of silicon quantum dot light-emitting
diodes grown on nanoroughened silicon substrate. Appl. Phys. Lett. 2009, 95, 073113. [CrossRef]

Li, W; Wang, S.; Hu, M,; He, S; Ge, P.; Wang, J.; Guo, Y.Y.; Zhaowei, L. Enhancement of electroluminescence
from embedded Si quantum dots/SiO, multilayers film by localized-surface-plasmon and surface
roughening. Sci. Rep. 2015, 5, 11881. [CrossRef] [PubMed]

Rodriguez-Gomez, A.; Moreno-Rios, M.; Garcia-Garcia, R.; Pérez-Martinez, A.L.; Reyes-Gasga, J. Role of the
substrate on the growth of silicon quantum dots embedded in silicon nitride thin films. Mater. Chem. Phys.
2018, 208, 61-67. [CrossRef]

Taug, J. Optical properties and electronic structure of amorphous Ge and Si. Mater. Res. Bull. 1968, 3, 37-46.
[CrossRef]

Robertson, J. Electronic structure of silicon nitride. Philos. Mag. Part B 1991, 63, 47-77. [CrossRef]

Aspnes, D.E.; Studna, A.A. Dielectric functions and optical parameters of Si, Ge, GaP, GaAs, GaSb, InP, InAs,
and InSb from 1.5 to 6.0 eV. Phys. Rev. B 1983, 27, 985-1009. [CrossRef]

Anutgan, M.; Anutgan, T.A.; Atilgan, I.; Katircioglu, B. Photoluminescence analyses of hydrogenated
amorphous silicon nitride thin films. . Lumin. 2011, 131, 1305-1311. [CrossRef]

Ay, E; Aydinli, A. Comparative investigation of hydrogen bonding in silicon based PECVD grown dielectrics
for optical waveguides. Opt. Mater. 2004, 26, 33—46. [CrossRef]

Jiang, X;; Ma, Z; Xu, J.; Chen, K,; Xu, L.; Li, W.; Huang, X.; Feng, D. a-SiNy:H-based ultra-low power resistive
random access memory with tunable Si dangling bond conduction paths. Sci. Rep. 2015, 5, 15762. [CrossRef]
[PubMed]

Serrano-Nufez, M.A.; Rodriguez-Gomez, A.; Escobar-Alarcon, L.; Alonso-Huitrén, J.C. Combined study
of the effect of deposition temperature and post-deposition annealing on the photoluminescence of silicon
quantum dots embedded in chlorinated silicon nitride thin films. RSC Adv. 2016, 6, 77440-77451. [CrossRef]
Rodriguez-Gémez, A.; Escobar-Alarcén, L.; Serna, R.; Cabello, F.; Haro-Poniatowski, E.; Garcia-Valenzuela, A.;
Alonso, ].C. Modeling of the refractive index and composition of luminescent nanometric chlorinated-silicon
nitride films with embedded Si-quantum dots. J. Appl. Phys. 2016, 120, 145305. [CrossRef]

Wang, M.; Xie, M.; Ferraioli, L.; Yuan, Z.; Li, D.; Yang, D.; Pavesi, L. Light emission properties and
mechanism of low-temperature prepared amorphous SiNX films. I. Room-temperature band tail states
photoluminescence. J. Appl. Phys. 2008, 104, 083504. [CrossRef]

Wang, M.; Huang, J.; Yuan, Z.; Anopchenko, A.; Li, D.; Yang, D.; Pavesi, L. Light emission properties and
mechanism of low-temperature prepared amorphous SiNy films. II. Defect states electroluminescence.
J. Appl. Phys. 2008, 104, 083505. [CrossRef]

Morales-Sanchez, A.; Dominguez, C.; Barreto, J.; Aceves-Mijares, M.; Licea-Jiménez, L.; Luna-Lépez, ] A.;
Carrillo, J. Floating substrate luminescence from silicon rich oxide metal-oxide-semiconductor devices.
Thin Solid Films 2013, 531, 442-445. [CrossRef]


http://dx.doi.org/10.1021/jp074160+
http://dx.doi.org/10.1021/acs.jpcc.5b08105
http://dx.doi.org/10.1021/acs.jpcc.6b09124
http://dx.doi.org/10.1021/acs.jpcc.7b00717
http://dx.doi.org/10.1002/adma.200703096
http://dx.doi.org/10.1364/OME.2.000872
http://dx.doi.org/10.1039/c3nr33235g
http://www.ncbi.nlm.nih.gov/pubmed/23475387
http://dx.doi.org/10.1063/1.3211113
http://dx.doi.org/10.1038/srep11881
http://www.ncbi.nlm.nih.gov/pubmed/26138830
http://dx.doi.org/10.1016/j.matchemphys.2018.01.032
http://dx.doi.org/10.1016/0025-5408(68)90023-8
http://dx.doi.org/10.1080/01418639108224430
http://dx.doi.org/10.1103/PhysRevB.27.985
http://dx.doi.org/10.1016/j.jlumin.2011.03.014
http://dx.doi.org/10.1016/j.optmat.2003.12.004
http://dx.doi.org/10.1038/srep15762
http://www.ncbi.nlm.nih.gov/pubmed/26508086
http://dx.doi.org/10.1039/C6RA15723H
http://dx.doi.org/10.1063/1.4964812
http://dx.doi.org/10.1063/1.2996292
http://dx.doi.org/10.1063/1.2996299
http://dx.doi.org/10.1016/j.tsf.2013.01.076

Nanomaterials 2018, 8, 182 14 of 14

41.

42.

43.

44.

45.

Cabafias-Tay, S.A.; Palacios-Huerta, L.; Luna-Lopez, J.A.; Aceves-Mijares, M.; Alcantara-Iniesta, S.;
Pérez-Garcia, S.A.; Morales-Sanchez, A. Analysis of the luminescent centers in silicon rich silicon nitride
light-emitting capacitors. Semicond. Sci. Technol. 2015, 30, 065009. [CrossRef]

Gaillard, N.; Pinzelli, L.; Gros-Jean, M.; Bsiesy, A. In situ electric field simulation in metal/insulator /metal
capacitors. Appl. Phys. Lett. 2006, 89, 89-92. [CrossRef]

Lopes, M.C.V. Si-SiO; Electronic Interface Roughness as a Consequence of Si-SiO, Topographic Interface
Roughness. J. Electrochem. Soc. 1996, 143, 1021-1025. [CrossRef]

Regan, W.; Byrnes, S.; Gannett, W.; Ergen, O.; Vazquez-Mena, O.; Wang, F,; Zettl, A. Screening-Engineered
Field-Effect Solar Cells. Nano Lett. 2012, 12, 4300—4304. [CrossRef] [PubMed]

Oguro, T.; Koyama, H.; Ozaki, T.; Koshida, N. Mechanism of the visible electroluminescence from
metal/porous silicon/n-Si devices. J. Appl. Phys. 1997, 81, 1407-1412. [CrossRef]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1088/0268-1242/30/6/065009
http://dx.doi.org/10.1063/1.2357891
http://dx.doi.org/10.1149/1.1836575
http://dx.doi.org/10.1021/nl3020022
http://www.ncbi.nlm.nih.gov/pubmed/22800198
http://dx.doi.org/10.1063/1.363878
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Results and Discussion 
	Preparation of the Layered Luminescent Devices 
	Electroluminescence 
	J-E Characteristics 

	Conclusions 
	References

