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Abstract

On the road to integrated optical circuits, the light emitting device is considered the bottle-
neck preventing us from arriving to the fully monolithic photonic system. While the develop-
ment of silicon photonics keeps building momentum, the indirect bandgap nature of silicon 
represents a major problem for obtaining an integrated light source. Novel nanostructured 
materials based on silicon, such as silicon-rich oxide (SRO) containing silicon nanoparticles, 
present intense luminescence due to quantum phenomena. Using this material, electrolu-
minescent devices have already been fabricated and even integrated in monolithic photonic 
circuits by fully complementary metal oxide semiconductor (CMOS) compatible techniques, 
opening the door to seamless electronic and photonic integration. The present work dis-
cusses some of the strategies used to improve the performance of SRO-based electrolumi-
nescent devices fully compatible with CMOS technology. Results from the characterization 
of devices obtained using different approaches are presented and compared.

Keywords: silicon-rich oxide, silicon nanoparticles, light emitting capacitor, photonic 
system, monolithic integration

1. Introduction

There are many research groups devoting their efforts to contribute to the development of 
a fully integrated photonic lab-on-a-chip (LOC) that can take advantage of the use of silicon 
(Si) as the main material. These are, among others, large availability and low cost of the 
material, a very well-established fabrication and testing ecosystem, the existence of a fabless 
model, very large chip fabrication volumes and yields, the possibility of testing using parallel 
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systems, seamless integration with electronics, etc. All these advantages have driven a signifi-
cant advancement in the past years regarding the development of Si-based LOC systems and, 
in particular, in silicon photonics. However, there still are important barriers to overcome 
that have prevented the transition from research to industrialization.

One of the most important limitations to achieve the goal of a monolithic integrated pho-
tonic system is the indirect band gap nature of silicon, which impedes the availability of light 
sources in the complementary metal oxide semiconductor (CMOS) technology. Aside from 
the integrated light emitting device, most of the rest of the problems regarding Si photonics 
have been solved, being its lack virtually of the only thing separating us from making mono-
lithic Si-based LOC technology.

Depending on the application, the light source problem can be tackled in different manners. In 
the specific case of biophotonic applications where visible light is preferred [1], the silicon-rich 
oxide (SRO) or off stoichiometric oxide can be used to obtain light emitting capacitors (LECs). 
The SRO-based LECs emit almost in all the visible light range, and they are totally silicon 
compatible [2]. In fact, the integration of a light source, waveguide, and a sensor has already 
been theoretically and experimentally demonstrated using standard CMOS technology  
[3, 4].

The active material in a LEC is a SRO film, which can be obtained implanting Si ions into 
thermally grown silicon dioxide or using a variety of chemical vapor deposition (CVD) tech-
niques. One of the most popular of the latter is the low-pressure CVD (LPCVD), which is a 
simple way to produce SRO with different silicon excesses [5, 6]. SRO-LPCVD is characterized 
by the ratio R0, defined as

	​ ​R​ 0​​ = ​ 
​P​ ​N​ 2​​O

​​
 ____ ​P​ ​SiH​ 4​​
​​ ​​	 (1)
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2
​​O
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4
​​
​​​ are the partial pressures of the nitrous oxide and silane gases, respectively. 

Under this equation, R0 = 3 produces SRO films with 17% atomic silicon excess, while R0 > 100 
produces stoichiometric oxide. R0 values between 20 and 30 produce SRO with silicon excess 
between 4 and 5 at.%, which delivers a luminescent material, but with relatively poor electri-
cal conductivity. On the other hand, SRO with R0 = 10 or less presents a lower light emission 
and higher conductivity than those of the former.

Aside from the SRO-based LECs, there are very few reports on totally Si-compatible inte-
grated photonic circuits, most of which use reverse biased PN junctions as the light source 
[7–9]. Other proposed solutions include the use of phosphorus doped germanium heterojunc-
tions [10], the coupling to the photonic circuit of optical fibers pig-tailed to lasers [11], or the 
hybrid approximation, in which external nonsilicon sources such as III–V reflective semicon-
ductor optical amplifiers (RSOAs) are used [12]. All the previous lack the possibility of taking 
advantage of the current techniques used for the massive production of silicon-integrated 
circuits (ICs). Finally, another approach uses the implantation of rare-earth elements into sili-
con oxide to produce light emission in the infrared communication region [13]. Again, such 
technique is not compatible with the standard silicon IC technology.
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Then, SRO-based LECs present themselves as the most promising solution to a fully 
IC-compatible integrated photonic circuit including the three basic elements, i.e., emitter, 
waveguide, and detector, as demonstrated in [4]. However, at this point, they work in the 
edge of electric breakdown and consume larger power than that needed to comply with IC 
strict standards. Therefore, SRO-based LECs require new strategies or different approaches 
to improve their performance.

In this work, we review the fabrication and performance of LECs, fabricated by our research 
group, that use different substrate treatments and a variety of SRO compositions and configu-
rations, as means of discussing the strategies to improve the behavior of these devices.

2. Experimental procedure

SRO-based LECs were fabricated using different structures and conditions, namely, SRO 
monolayers on polished Si-wafers, SRO monolayers on textured Si substrates, and SRO mul-
tilayers (MLs) with gradual and abrupt silicon excess. For reference, LECs with single SRO 
films and SRO in a multilayered structure will be labeled as S-LEC and M-LEC, respectively. 
The standard fabrication process used is completely compatible with the CMOS technology. 
For textured Si substrates, the reactive ion etching (RIE) process was used. In this process, 
Ar and SF6 in proportion of 7:3 and power of 300 W were set to roughening surface during 
1 min, resulting in conical structures over the surface with a roughness and peak density of 
4.0 ± 0.2 nm and 3.7 × 1010 cm−2, respectively.

SRO films (mono- or multilayers) were deposited at 720°C, on N-type or P-type silicon sub-
strates ((100)-oriented) with low resistivity (between 1 and 10 Ω × cm) by LPCVD and using 
the flow ratio (R0) between N2O and SiH4 to vary the silicon excess. R0 values of 5, 10, 20, 25, 
and 30 have been used to obtain different silicon excesses. Subscript of SRO labels indicates 
the R0 parameter. After deposition, SRO films were thermally annealed at 1100°C for 3 h in 
nitrogen atmosphere in order to activate their photoluminescent (PL) emission.

For electrical and electroluminescent studies, metal insulator semiconductor (MIS)-like 
devices were fabricated. A semitransparent n+ polycrystalline silicon (poly) gate was depos-
ited onto the SRO film by LPCVD. After a photolithography process step, different shaped 
gates were defined. The backside contacts were obtained by the evaporation of an aluminum 
layer with thicknesses between 0.6 and 1 μm. Finally, the devices were thermally annealed at 
480°C in forming gas in order to assure ohmic contacts.

The thickness of all samples, including multilayer structures, was measured using a null 
Gaertner L117 null ellipsometer with a He-Ne laser of 632.8  nm wavelength. PL spectra 
were obtained using a Horiba Yvon Fluoromax-3 spectrometer at room temperature; all the 
films were excited with UV radiation. Optical filters were used in order to guarantee the 
wavelength of the excitation beam. For electrical and electroluminescent studies, a source 
meter Keithley model 2400 was used. Electroluminescence (EL) spectra were obtained by 
biasing the devices with a constant DC voltage and measuring the emitted light by means of 
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an optical fiber normally aligned to the poly gate surface and connected to the Fluoromax 3 
spectrometer. The optical power from the emitted light was measured with a 1400 IL radi-
ometer connected to an UV-VIS GaAsP detector placed in front of the gate. Images from EL 
were obtained using a digital photographic camera. More specific details of the different 
characteristics of the studied LECs are addressed in Sections 3.1–3.3.

3. Results and discussion

3.1. SRO monolayers

This section shows the electro-optical properties of SRO films deposited on N-type silicon 
substrates using R0 values of 20 (SRO20) and 30 (SRO30) and thicknesses of 70.1  ±  2.3 and 
119.3 ± 4.9 nm, respectively. LECs with square-shaped poly gates of 4 mm2 area and 400 nm 
thick were defined. To obtain PL spectra, the SRO samples (without poly gate) were excited 
using a 290 nm radiation.

The R0 parameter is determinant in the structural, compositional, electrical, and light emitting 
characteristics of the SRO [14]. Red and blue electroluminescent devices have been obtained 
using R0 = 20 and 30, respectively. Figure 1 shows PL and EL spectra of S-LEC20 and S-LEC30. 
There, it is possible to see that both samples emit red PL, but changes in the emission wave-
length are obtained with electrical stimulation, especially for SRO30, where a blue EL band is 
observed with the main peak at 468 nm. A long spectral shift, blue shift, of almost ~227 nm is 
observed between the EL and PL bands of the SRO30 films (blue dash line). LECs with SRO20 
films emit a broad EL spectrum in the red region (713 nm), as observed in Figure 1. An addi-
tional EL peak of low intensity is also observed at 468 nm. There exists also a blue spectral 
shift of the EL with respect to the PL spectrum in SRO20 films but much smaller, remaining in 
the red side of the spectrum (red dash line), which could indicate that the same luminescent 
centers are involved in both luminescence types. In both SROs, the EL emission is bright and 

Figure 1. (a) PL (solid line) and EL (symbols) spectra of S-LEC20 and S-LEC30. Images of (b) blue (S-LEC30) and (c) red 
(S-LEC20) bright emission.
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observable to the naked eye, as shown in Figure 1(b) and (c). Notably, this intense EL is emit-
ted in the whole area of the LEC devices. As expected, the intensity of the full-area emission 
increases as the applied electric field is increased [15].

Different authors have attributed the spectral shift between PL and EL to three different ori-
gins: defects in the SiO2 matrix, band filling when bipolar injection is achieved, and silicon 
nanocrystal (Si-nc) size selection by the injected electrons energy [16–18]. In our case, the red 
EL observed in S-LEC20 is ascribed to surface defects on the Si-ncs, which have been observed 
by transmission electron microscopy (TEM) [14]. While the blue EL in SRO30 devices is consis-
tent with the emission related to defects such as oxygen defect centers (ODC), non-bridging 
oxygen hole centers (NBOHC), and E’δ centers, which can be either intrinsically present or 
generated by the electrical stress applied to the SRO matrix [14].

Regarding the electrical behavior, two different electrical behaviors have been obtained from 
the red and blue LECs. Figure 2 shows the current density (J) as a function of the electric field 
(E) of LECs working in accumulation mode (positive bias to the gate).

The S-LEC30 shows a high current state (HCS) at low electric fields (<4 MV/cm), followed by 
a switch by the current to a low conduction state (LCS). Our group has observed this resis-
tive switching (RS) from the HCS to LCS in previous studies and at both forward and reverse 
biases [14, 15, 19–21]. Such effect was related to the annihilation of conductive paths created 
by adjacent stable silicon nanoparticles (Si-nps) and unstable silicon nanoclusters (Si-ncls) in 
which Si-Si bonds can be broken creating some structural changes (defects), including some 
blue luminescent centers [15, 19, 20]. Recent reports regarding the same electrical switching 
in SRO films were observed, relating it to the presence of a conductive nanofilament [21–24]. 
Analysis of TEM imaging showed that the filament is created and annihilated by structural 
changes due to Joule heating effect produced by the high current flow, which allows the  

Figure 2. J-E curve from SRO30- and SRO20-based LECs. Insets are depicting images of EL dots and weak whole area EL.
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crystallization (HCS) or amorphization (LCS) of the nanofilament [25]. These observations agree 
with our asseverations regarding the resistive switching observed in our S-LEC30 [24]. During 
HCS regime, current jumps and drops corresponding to the appearance or disappearance of 
electroluminescent spots (EL dots) on the LEC surface have been observed (see inset in Figure 3)  
[14, 15, 19, 20]. Once the current fluctuations disappear, through an electrical annealing, the cur-
rent behavior stabilizes allowing for the whole area EL [2, 14, 19].

On the other hand, the electrical behavior of most of LECs with SRO20 films does not show 
current fluctuations. This effect has been related to the presence of well-separated Si-ncs and 
observed mainly on samples with a relatively high density of Si-nps [14]. This suggests that 
a denser network of conductive paths becomes more likely as the Si-ncs density increases, 
allowing for a uniform charge flow through the whole capacitor area.

In fact, it has been found that the trap-assisted tunneling (TAT) conduction mechanism, 
through a quasi-continuum of defect traps, predominates in the HCS in the S-LEC30 devices, 
where the trap energy (φt) was estimated to be around 1.99  eV [14]. The TAT conduction 
mechanism has been reported in SRO-based devices where the RS phenomenon has been 
observed, in agreement with the observation of the devices reported in this work [24]. On the 
other hand, Poole-Frenkel (P-F) tunneling was found to be the most likely charge transport 
mechanism in the S-LEC20 devices.

Although excellent results have been obtained from light emitting devices based on SRO with 
Ro = 20 and 30, the turn-on electric field (Eon) is still higher than desired. As an improvement 
strategy to obtain devices that emit in a wider range of wavelengths, and at lower Eon, multi-
layer structures involving SRO10, SRO20, and SRO30 layers have been designed and fabricated. 
As it has been shown, both SRO20 and SRO30 exhibit intense PL. On the other hand, SRO films 
with higher R0 show lower PL intensity but better conductive characteristics [15, 26]. If the 
characteristics of each SRO film are preserved in a SRO ML structure, it is possible to improve 
the charge injection and luminescence properties of SRO-based LECs using the band-gap 
engineering by the Si-nc size modulation. Under this approach, the composition, structural, 

Figure 3. (a) PL spectra from SRO30 films of S-LECP and S-LECT. SRO films were excited with λ = 300 nm. (b) EL spectra 
for S-LECP and S-LECT, when LECs were electrical polarized with 11.5 and 9.8 MV/cm.
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and PL emission characteristics of SRO MLs with gradual change of R0 from 10 to 30, and con-
versely, have been studied [27]. The Si and O gradual composition profiles in the SRO10–20-30 
multilayered system have been confirmed by X-ray photoelectron spectroscopy (XPS). The PL 
emission in these gradual SRO MLs increases when the emissive SRO layers (Ro = 20 and 30) 
are in the center of the ML. Moreover, the gradual Si-nc size according to the R0 of each layer 
was preserved. Nevertheless, the study of the electro-optical characteristics of LECs with such 
scheme is still being carried out.

3.2. SRO monolayers on textured substrates

To evaluate the performance improvement of LECs on textured substrates (labeled as S-LECT), 
a SRO30 film with thickness of about 70 nm was used. The textured process was described in 
the experimental section. The SRO30 film was also deposited on a regular polished substrate, 
as a reference device, labeled as S-LECP. In both cases, the substrate was a P-type silicon wafer 
with resistivity between 2 and 4 Ω × cm. Over the SRO, a 250-nm thick square gate of poly 
layer with an area of 1.54 mm2 was deposited and defined. Table 1 summarizes characteristics 
of both S-LECs.

Figure 3(a) shows the PL spectra of the SRO30 film present in the S-LECs. Roughening does not 
appear to significantly affect the emission properties of the active material when it is optically 
stimulated, as previously demonstrated [28, 29]. As can be observed, there are two peaks, one 
centered at 725 nm (red band) and a much weaker one at 428 nm (blue band, shown in the 
inset of Figure 3(a)). The emission in blue band is ascribed to non-bridging oxygen defects 
and oxygen deficiency-related centers [14, 30–34], whereas the red band is attributed to oxy-
gen vacancies caused by the Si excess (720 to 740 nm) [31–33], as well as to interfacial defects 
in boundaries of silicon nanoclusters with the silicon oxide matrix (810 nm) [35–37].

Figure 3(b) exhibits the EL spectra of the S-LECs. Both LECs show two bands as well: blue 
and red, as PL. This indicates that PL and EL have the same origin, mainly attributed to SRO-
related defects [25, 34, 37]. Since in this case the samples are electrically pumped, electrons are 
driven through deeper traps, allowing for a larger amount of radiative transitions of higher 
energy, such that emission in the blue band has comparable intensities to those of the red 
one. This phenomenon is not observed in PL due to its lower energetic source (UV radiation). 
S-LECT reached a higher EL intensity than S-LECP. Additionally, S-LECT requires less electrical  
power than S-LECp to achieve its maximum intensity.

Figure 4 displays the J vs. E curve for both textured and non-textured LECs. The J-E curve 
exhibits the behavior of S-LECs for positive voltage, condition in which EL is observed. Under 

ID Texturing Roughness [nm] Peak density [cm−2] SRO30 thickness [nm]

S-LECP No 0.5 0 65.9 ± 0.4

S-LECT Yes 4.0 ± 0.2 3.7 ± 1.8 × 1010 68.8 ± 1.7

Table 1. Roughening features and SRO30 thickness of S-LECP and S-LECT.
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this condition, an inversion layer is formed in the SRO/Si-substrate interface. S-LECs pre-
sented in this section did not show current jumps, neither the RS from HCS to a LCS, contrary 
to other reports [14, 15, 19–24]. At low electric fields (region I), the ohmic conduction mecha-
nism dominates the carrier transport; however, roughening of the substrate surface in S-LECT 
propitiates a current increase due to the conical structures in silicon surface, which act as tips 
highly populated by electrons allowing for higher injection rates through the SRO layer. At 
medium electric fields (region II), the Fowler-Nordheim tunneling mechanism is responsible 
for the conduction. In this regimen, the observed current offset between curves of S-LECs is 
due to the augment of current density at lower electric fields; however, both curves present 
comparable slope [28]. At the higher electric fields (region III), the trap-assisted tunneling 
mechanism controls the carrier transport. In this regimen, both S-LECP and S-LECT present 
electroluminescence, in agreement with results of the LECs presented in Section 3.1. As can 
be seen in Figure 4, in region III the J-E curves of S-LECs overlap, but even though they have 
similar electrical responses, S-LECT achieves a substantial improvement of electro-optical 
properties as compared to its counterpart, as it will be shown later.

3.3. SRO multilayers

LECs based on multilayered structures are obtained by a multistep deposition process. While 
the samples remain in the reactor, the LPCVD system is periodically adjusted to change the 
R0, modifying the silicon excess in the layer deposited during each period. Two structures 
were fabricated: M-LEC525 and M-LEC1025, which alternate four mainly conductive layers 
(R0 = 5) with three primarily emitting layers (R0 = 25). For both devices, P-type silicon wafers 
with resistivity between 2 and 4 Ω × cm were used as substrate.

M-LEC525 has SRO5 as conductive layer and SRO25 as emitting layer, with thickness of 15 and 
25  nm, respectively. Meanwhile, M-LEC1025 uses the same material for emitting layers but 

Figure 4. Current density as a function of electric field of S-LECs. Curves are divided in three regions, according to the 
conduction mechanism for each E range.
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SRO10 instead of SRO5, with thickness of 10 nm. The nominal thickness of the whole structure 
is 115 nm approximately. In the top of the multilayer, a semitransparent 250 -nm thick n+ poly-
crystalline silicon layer was deposited, and a square gate with an area of 4.05 mm2 was formed.

Figure 5(a) shows the PL spectra of the SRO multilayers. Two bands are observed: blue and 
red bands. The shape of PL spectra is quite similar to that of SRO30, which does not have Si-ncs 
[25], suggesting that, as in SRO30, oxygen defects in the oxide matrix due to the silicon excess 
are the main cause of PL emission in multilayered structures [34]. As it is reported in [37], 
Si-ncs are observed in SRO multilayers, and their size and density depend on the features 
of each layer (silicon excess, thickness, etc.), in agreement with other reports on multilayers  
[27, 34, 38]. Table 2 summarizes the Si-nc features of M-LECs. Figure 5(b) and (c) displays the 
EL spectra of M-LECs. Again, two luminescent bands are obtained; however, M-LEC525 has a 
more prominent blue band, whereas M-LEC1025 achieves higher emission in red band. In [37], 
this difference is associated with the size and density of Si-ncs embedded in the conductive 
layers. In M-LEC525, SRO5 layers allow electrons reach deeper traps (blue emission centers); 
meanwhile M-LEC1025 requires higher electric fields (energy) in order to excite the same emis-
sion centers. Thus, conductive layers with bigger size and lower density of Si-ncs produce 

Figure 5. (a) PL spectra of SRO multilayers of M-LECs. SRO mono- and multilayers were excited with λ = 300 nm. EL 
spectra of (b) M-LEC525 and (c) M-LEC1025. (d) EL emission of M-LEC525 for different electric fields. Note that whole area 
emission and localized bright spots can coexist.
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M-LECs with brightest blue emission at lower electric fields. Figure 5(d) shows digital pic-
tures of the EL emission of M-LEC525 biased with different electric fields, where blue color is 
predominant in the emission.

Figure 6 exhibits J-E characteristics of the M-LECs. In a first test, M-LECs present a LCS, but 
once they reach a high electric field (E > 5 MV/cm), M-LECs change to a HCS and remain in 
this regimen for the subsequent measurements, as previously reported in [39] and agreeing 
with others works [34, 40]. During first current-voltage measurement, Si-ncs are ordered form-
ing conductive trajectories (electroforming) whereby electrons can be easily driven through 
the SRO multilayers [22, 23]. Across their conductive path, they can impact other electrons 
not only increasing the current density but also augmenting the number of electrons able to 
decay at different trap levels, enhancing the emission intensity as well. In [39], it is reported 
that thermionic emission, Poole-Frenkel, trap-assisted tunneling, and impact ionization con-
duction mechanisms are responsible for the charge transport. The first two dominate con-
duction in low (E < 2 MV/cm) and medium (2 MV/cm < E < 4 MV/cm) electric field regimes, 
respectively. Meanwhile, TAT and impact ionization are responsible for charge transport in 

Figure 6. Current density as a function of electric field for M-LECs. In a first sweep, M-LECs present a LCS, but once they 
achieve a HCS, LECs preserve this behavior maintaining EL emission.

ID Si-nc size 
of CL* [nm]

Si-nc density in CL 
[cm3]

Si-nc size of 
EmL** [nm]

Si-nc density in EmL 
[cm3]

Nominal thickness 
[nm]

M-LEC525 4.0 1.06 × 1012 2.1 5.76 × 1011 131.1 ± 7.6

M-LEC1025 3.6 1.30 × 1012 1.8 7.43 × 1011 116.7 ± 1.6

*CL—conductive layer.
**EmL—emitting layer.

Table 2. Size and density of Si-nc in each layer, as well as nominal thickness of multilayered structure.
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high-energy regime, which is also the region where brightest EL is observed. For E < 6 MV/
cm, only TAT mechanism is presented, but once electric field overpass 6 MV/cm, impact ion-
ization takes place, increasing substantially the EL intensity.

4. Discussion

Figure 7(a) and (b) shows, respectively, the normalized PL spectra and the J-E curve for 
S-LECP, S-LECT, M-LEC525, and M-LEC1025 in order to compare single- and multilayer-based 
LECs. Regarding PL response, multilayer of M-LEC1025 records the highest intensity, followed 
by M-LEC525 and single SRO25 and SRO30 layers. The total PL emission in a multilayered struc-
ture has two contributions: emission of SRO25 layers, which is the main contribution, and 
emission from the conductive SRO layers (SRO5 or SRO10), which have a smaller contribution 
[37]. As reported in [26], SRO films with higher density of Si-ncs with size lower than 3 nm 
have the brighter emission. In these films, defects are formed at the interface between SRO 
and the Si-ncs, acting as localized states from where electrons decay through ground states, 
emitting light in the process. Even though conductive SRO layers mainly enhance electrical 
characteristics in M-LECs, the presence of Si-ncs into SiOx matrix propitiates a non-negligible 
contribution to PL emission, and as can be observed in Table 2, the highest density with the 
lowest size of Si-ncs is achieved in M-LEC1025, in agreement with PL response.

In Figure 7(b), J-E curves of LECs are presented. A substantial augment of current density in 
M-LECs with respect to that one in S-LECs can be observed. M-LECs reach the HCS at lower 
voltages. This improvement of carrier transport in M-LECs is ascribed to the high silicon 
content in SRO conductive layers. In the electroforming process observed in these M-LECs, 
which occurs in the first J-E measurement, Si-ncs are connected creating multiple preferential 
conductive paths between the poly and Si-substrate. Electrons can easily flow through those 
conductive trajectories in SRO MLs improving the current density. Regarding S-LECs, SRO 
layer does not have Si-ncs to form conductive paths; however, it has a high density of defects. 

Figure 7. (a) PL spectra normalized with respect to thickness of the SRO single or multilayer. (b) Current density as a 
function of electric field for S-LECs and M-LECs.
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This high content of defects allows that electron transit by a sequence of low energetic traps 
through the SRO film, named as low resistive trajectories. Even though these trajectories are 
low resistive, the charge-trapping effect still takes place, such that enhancement of current 
density is limited and a HCS is not reached. Fabricating S-LECs on textured substrate allow 
improvement of carrier injection to the SRO film; however, this technique also has results with 
lower current density improvement than those in a multilayered structure.

Figure 8 displays the integrated EL intensity as a function of electric field for (a) S-LECs on 
polished substrates and (b) S-LECs on textured substrate and M-LECs. These figures allow 
comparing LECs by means of two figures of merit: turn-on electric field (Eon) and the operation 
range. The Eon is the electric field needed for the EL intensity to overpass the noise level and 
begin to rise; meanwhile, the operation range is the electric field range in which LECs emit light 
without electrical damage, and it must go from Eon to an E value before dielectric breakdown.

As it can be seen in Figure 8(a), S-LEC20 (devices that emit in red) operate on a greater range 
(from 3.7 to 6 MV/cm) than S-LEC30 (devices that emit in blue), which works from 7.0 to 8.3 
MV/cm, approximately. The electric field range where it was possible to register EL spectra 
for S-LEC30 is 7.1–8.3 MV/cm and for S-LEC20 is 3.7–5.7 MV/cm. As can be noted, a larger elec-
tric field is required to obtain the blue emission as compared to the red one. In accordance, 
the devices without Si-ncs into SRO films and emitting in blue wavelengths require a larger 
electric field (E > 7MV/cm) to turn on. Additionally, a nearly linear fitting was done to the 
experimental data. The slope found for each device is slightly different, suggesting that the 
mechanisms responsible of the EL increase are not the same. A quite similar conclusion was 
obtained in Section 3.1, where EL emission is observed when TAT and P-F mechanisms domi-
nate the charge transport in S-LEC30 and S-LEC20, respectively.

In Figure 8(b), it is found that the operation range of S-LECP and S-LECT is from 8.5 to 11.5 
MV/cm and from 7 to 10 MV/cm, respectively. These operation ranges are lower than that one 
of M-LECs, which have an operation range from 3 to 9 MV/cm, approximately. Thus, M-LECs 

Figure 8. Integrated EL intensity as a function of electric field for (a) single-layer LECS and (b) single-layer LECs on 
textured substrate and M-LECs. Noise level is used as reference to evaluate EL emission of LECs. Intensities of graph  
(a) are not comparable with graph (b) because of differences in setup and testing condition.
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have twice higher operation range than S-LECs. Moreover, the EON value of M-LECs is lower 
than that one of S-LECs, and the EL intensity of M-LECs gradually increases as the electric 
field becomes stronger. In contrast, S-LECs require a higher electric field to emit light, and their 
transition from turn-off state to turn-on state is abrupt. Hence, M-LECs are better candidates to 
be integrated in all-silicon photonic circuits due to the lower Eon and a wider operation range.

Finally, the conversion efficiency (ηc) is analyzed for each device. The ηc is defined as the ratio of 
the optical power (Popt) with respect to the electrical power (Pe). The latter power is calculated as 
Pe = V*I, where V is the voltage and I is the electrical current in which a specific Popt is measured. 
Table 3 resumes values of voltage, electrical current, Pe, Popt, and conversion efficiency (ηc) of 
LECs with the different strategies used. These parameters were selected considering the best 
electro-optical performance. As we can see, the S-LECs are more efficient but have lower values 
of Popt, while M-LECs are less efficient but achieve a significantly higher Popt. Based only on 
efficiency and without considering the application, S-LECs would be the best option; however, 
as is aforementioned, M-LECs have other advantages over S-LECs. A higher operation range, 
lower Eon values, an EL intensity that gradually increases, and a greater Popt are the features that 
place M-LECs as the best option to be integrated in all-silicon photonic circuit. In [4], it has been 
demonstrated that S-LECs are enough to guaranty the functionality of all-silicon photonic cir-
cuits; however, the LECs operate close to the noise level. Thus, the performance of such system 
could be improved using M-LECs, which have enhanced electro-optical characteristics.

5. Conclusion(s)

This work was focused on the different strategies used to improve the performance of SRO-
based LECs fully compatible with the CMOS technology to be integrated in an all-silicon 
photonic circuit. We reviewed the fabrication and characterization of LECs that use differ-
ent substrate treatments and a variety of SRO compositions and configurations. LECs were 
fabricated with single SRO layers (S-LECs) deposited on polished and textured Si substrates. 
LECs with SRO in a multilayered structure (M-LECs) involving a conductive SRO layer with 
an emitting one were also fabricated.

It was found that M-LEC1025 emits the highest PL intensity, followed by M-LEC525 and finally 
those with single SRO25 and SRO30 layers. An improved charge injection observed through 

ID Voltage [V] E [MV/cm] Current [μA] Pe [mW] Popt [μW] ηc [10−4 %]

S-LECP 80 11.4 113 9.04 0.17 18.7

S-LECT1 68 9.7 78 5.30 0.34 64.1

M-LEC525 95 7.3 30 × 103 2.85 × 103 2.75 1.0

M-LEC1025 95 8.2 37 × 103 3.52 × 103 2.71 0.9

Table 3.  Voltage, electric field, electrical power, optical power, and conversion efficiency of LECs: single layer, 
roughening substrate, and multilayers.
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an augment of current density was obtained in M-LECs with respect to S-LECs, even though 
S-LECs use textured silicon substrate to improve carrier injection. M-LECs achieve high con-
duction state with lower voltages, which is ascribed to the high silicon content in SRO con-
ductive layers, forming conductive trajectories by means of electrons that are easily driven 
through multilayers.

The electro-optical characterization of different LECs exhibited that M-LECs have twice 
higher operation range than S-LECs. Moreover, M-LECs emit at lower electric fields and their 
intensity gradually increases as the electric field becomes stronger. In the opposite, S-LECs 
require a high electric field to emit light, and their transition from turn-off state to turn-on 
state is abrupt. Hence, M-LECs perform a better behavior to be integrated in all-silicon pho-
tonic circuits based on a lower Eon and wider operation range. A higher operation range, lower 
Eon, EL emission that gradually increase, and a greater Popt are the features that place M-LEC 
as the best option to be integrated in all-silicon photonic circuit.
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