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Abstract

Off stoichiometric silicon oxide, also known as silicon-rich oxide (SRO), is a light-
emitting material that is compatible with silicon technology; therefore, it is a good
candidate to be used as a light source in all-silicon optoelectronic circuits. The SRO
obtained by low-pressure chemical vapor deposition (LPCVD) has shown the best
luminescent properties compared to other techniques. In spite of LPCVD being a
simple technique, it is not a simple task to obtain SRO with exact silicon excess in a
reliable and repetitive way. In this work, the expertise obtained in our group to obtain
SRO by LPCVD with precise variation is presented. Also, the characteristics of this
SRO obtained in our group are revised and discussed. It is demonstrated that LPCVD
is an excellent technique to obtain single layers and multilayers of nanometric single
layers with good characteristics.

Keywords: SRO, LPCVD, photoluminescence, electroluminescence, multilayer

1. Introduction

Chemical vapor deposition (CVD) is a versatile and economical technique used to deposit
different materials. In the microelectronics industry, it has found a main place and it is a
standard process. Currently, many efforts are being done to produce optoelectronic circuits
using the mature technology of integrated circuits. A major drawback to integrate a whole
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silicon circuit that manages both electronic and optical signals is that silicon does not emit
light efficiently. There are serious restrictions to integrate a light source in such a system [1].
Basically, two approaches have been under study to solve the problem of the light source: One
of them uses a reverse-biased pn junction [2], the other one uses light-emitting materials that
are compatible with silicon [3, 4]. In spite of the fact that both approaches have shown that it
is possible to integrate a complete optoelectronic system based on Si, there is still a wide field
of possibilities to improve the efficiency of the light emitters [2, 5], and in consequence, of the
whole system.

Off stoichiometric silicon oxide (with empirical formula SiO,), also known as silicon-rich oxide
(SRO), is a good material to be used as a light source in all-silicon optoelectronics circuit [6].
It is obtained by different techniques, including plasma-enhanced and low-pressure chemical
vapor deposition (PECVD and LPCVD) methods. The silicon excess in SRO obtained by
LPCVD can be easily controlled during the deposition by the ratio of the reactive gases, in our
case silane and nitrous oxide:

R = N,O (1)

P,

Dong et al. showed that for R, =10, 20, and 30, the corresponding silicon excess is about 12, 7
and 5 at %, respectively; that is, SiO, with x =1.13, 1.50, and 1.63 [7]. However, it is worthy to
mention that SiO, is a multiphase material composed of SiO,, elemental silicon, and SiO,. Thus,
SiO, is an empirical formula to denote SRO (which may contain large Si excess), and SiO, is an
oxide with stoichiometry deviating a bit from SiO,. Oxidation states obtained by X-ray
photoelectron spectroscopy (XPS) of LPCVD-SRO for R, =10, 20, and 30 are shown in [4].
Depending on the silicon excess, SRO has different characteristics: For low silicon excess, the
density of SiO, compounds dominates, producing intense luminescence. However, for high
silicon excess the density of elemental silicon increases, what reduces the emission, but
increases the conductivity of the films.

In order to have intense luminescent SiO,, high-temperature treatments are required. For SRO
obtained using LPCVD, 1100°C in nitrogen is the most favorable temperature. Additionally,
the emission also depends on the R,. The emission increases as R, increases, being R, = 30 the
top one; for R, higher than 30, the emission reduces again. On the other hand, the conductivity
increases as the R, reduces, This compromise is important when electroluminescent devices
are the goal. Therefore, structures that combine layers of high conductivity with layer of high
emission properties are under study to obtain efficient light sources compatible with silicon.

SRO obtained using LPCVD is perhaps the most luminescent compared with SRO obtained
by other methods [6]; however, in this technique, it is difficult to control the silicon excess with
some precision, and to have films with controllable properties required of personal with
expertise on this type of technique.
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In this paper, details of our LPCVD deposition processes to obtain SRO single layers (SLs) and
multilayers (MLs) with different R, including details of our LPCVD system, are described.
Also, the optical and structural characteristics of our SRO layers and multilayers are reviewed.
Electroluminescence (EL), cathodoluminescence (CL), and photoluminescence (PL) results
will be presented and discussed.

2. Our system

We have two homemade LPCVD reactors, one for two- and another for four-inch wafers. Both
reactors have the same layout, thus we will describe only one of them in a general way. Our
laboratory is a teaching and research facility, therefore every day different materials have to
be deposited and the equipment has to be very versatile. For this reason, we found that
controlling it manually produces better results than using automatic parts, then the control of
the gas flux using rotameter (ABB model 10A6131NB1B1X00) give us enough functionality.
High throughput is not required and our main concern is to have good films with repetitive
characteristics. Normally, polysilicon, silicon nitride, silicon oxynitride, and SROs are depos-
ited in the reactor; however, we are not limited to only those materials. Perhaps, obtaining
SROs with good characteristics is the most demanding, that is because small differences in
silicon excess produce big changes in its characteristics. In the following paragraphs, we will
concentrate on describing the details to obtain SRO in a controllable manner.

As shown in Figure 1, our LPCVD system is hot wall type that allows having a uniform
temperature in the whole deposition chamber area. The heating element is a three-zone
furnace, and a flat zone of +2°C can be obtained. In the past, an analysis using multivariated
experiment was carried out to study different parameters involved in the deposition process
[8]. Based on that, we decide to maintain the wafer horizontally on a flat quartz wafer holder.
The working temperature profile was chosen with an increasing slop to obtain lesser thickness
variation, as shown in Figure 2. The increasing temperature compensates the changes of the
boundary layer and produces a more uniform deposition through the flat wafer holder [9].
The deposition temperature allows to deposit SRO from R, =5 to R, =100.

Horizontal LPCVD reactor

N;to open

Pressure

3 — zone resistive heater

Exhaust
‘Wafer hol der

brake valve

-
1 Flux Gas diffuser
1 controller

1 system

1

Particulate filter

Mechanical pump

Figure 1. Schematic of the LPCVD system. A three zones furnace and mechanical pump are used.
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To obtain SRO, the reactive gases are N,O and SiH, at 5%, the silane is diluted in N,. The high
dilution of silane is a restriction of the system in order to increase the versatility of the reactor.
Thereby, we have no possibilities to vary the chamber pressure varying a gas carrier. Figure
3 shows a calibration graph of the pressure of silane and nitrous oxide as a function of the gas
flux. The flux of the N,O is controlled by two rotameters as shown in the schematic of Figure
1. Double control of nitrous oxide allows for an efficient way to produce nanometric layers in
multilayers with different R,, that is, layers of different silicon excess. For the two previous
figures, the vacuum valve was 75% open and the base vacuum was at least 6 mTorr.
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Figure 2. Working temperature profile to deposit SRO with different R,’s. The profile increases along the deposit area

to compensate for the boundary layer.

3.0

281(a =
281@)]
24
22 =
20
E1s g
16 < e
513 5
12
210 P f;j
o
~ 08
A o6 e P
0.4 .
0245 - } = Silane
0.0 —
08 12 16 20 24 28 32 36 40 44 48 52
Flux (slpm)

096 [
0.88 (b)J
030

072 -

0:56 .

048

(=]
o
A
.
"

&

©o o0
o N WA
oA NO

‘\\

i

008 | = Nitrous Oxide]|
—_—
08 12 16 20 24 28 32 36 40 44 48 52
Flux (slpm)
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The characteristics of the SRO depend strongly on the silicon excess; the flux ratio R, is used
to control such excess. In the LPCVD technique, it is easy controlling the R, by the ratio of
partial pressure of each gas, defined in Eq. (1). In our case, the dilution of silane has to be taken
into account. Therefore, Eq. (1) has to be written adding a multiplying factor (F) as

R, = o
P

SiH,

@)

Considering that only 0.05 parts of gas corresponds to silane, F takes a value equal to 20.
However, due to the natural variation of the gas provided by the supplier, when a new tank
is used, a new calibration is carried out in such a way that the refractive index (1) and PL are
kept within the known values. Then, normally, the multiplicative factor is different than 20.
This procedureis also done periodically to assure the gases aging donot alter the characteristics
of the SRO films.

In the everyday procedure to obtain always the same conditions, we fixed the Pg;y, and varied
the Py,o as required by the Ry; Table 1 shows the set values used for different R,. To deposit
single layers, the flux of silane is varied until the partial pressure is obtained, then the silane
valve is closed and the nitrous oxide flux is set until the partial pressure is obtained. Next, both
valves are shutoff and wafers are loaded. When the base vacuum is established, silane and
nitrous oxide valves are simultaneously opened. The reactive gases mix and react producing
variations in pump extraction and a reduction of the total pressure is observed. That is, the
total pressure is different from that of the sum of the partial pressures. Also, a variation of the
gases flux is observed. To obtain a repetitive process, it is necessary to adjust the fluxes to the
values they had before the gases are mixed. This procedure assures to obtain repeatable
characteristics. Also in Table 1, the refractive index, the rate of deposition, and the thickness
variation from beginning to end of the wafer holder are presented.

R, Silane Nitrous Deposit rate Refractive Thickness
(SiH,) oxide (N,O) (nm/min) index variation (%)
P (Torr)  Flux (slpm) P (Torr)  Flux (slpm)

5 097 2.6 0.20 1.5 7.10 2.742 -

10 0.30 2.0 5.20 1.74+0.05 13

20 0.60 3.4 3.80 1.64 £0.03 3

25 0.74 4.5 3.10 1.57+0.01 2

30 0.88 5.2 3.05 1.52+0.01 2

50 15 9.8 6.50 1.44+0.01 12

Table 1. Deposit conditions in LPCVD system for different R’s, also the refractive index, the deposit rate and the
thickness variation is presented.
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There are many partial pressures combinations that fulfill Eq. (1). However, depending on
each laboratory conditions, it is recommendable to set a linear relationship between the flux
ratio and the partial pressure ratio of each R,,. In our knowledge, it is very important to maintain
a linear relationship of the ratios of pressure and flux (Figure 4) between the different Ry's.
Nevertheless, different deposit conditions such as pump valve aperture, system cleanliness,
dilution of silane, and aging produce different relations. In our experiments, all the mentioned
factors were taken into account varying the multiplicative factor (F) of Eq. (2). Figure 4 shows
different relationship varying the F due to different conditions of the system. In our system,
using the vacuum valve open at 75% of the maximum aperture and purging with nitrogen the
gas lines a couple of hour before the deposit are enough to maintain a linear relationship, and
with it we obtain repetitive results.

2.4
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2.2+ A F=33-0c2014-m=108
1 v F=33-0ct2014
2.0 4 F=33-0ct2014
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Figure 4. Linear relationship between flux ratio and partial pressure ratio of each R,.

To deposit a multilayer with different R,’s, the procedure is similar to that of single layers.
However, in this case, the flux of N,O is set using the two flux controls. Using the gas that goes
through one of them, one R, is fixed (Rol). The other R, (Ro2) is fixed by using the second
rotameter or both simultaneously, depending on the deposit conditions. The nitrous oxide
valves are open during the time needed to obtain the Rol or Ro2 successively. The time
required for each layer is established to have the nominal thickness, and it is calculated from
the rate of deposit. If the layer being deposited is thin, then the time can be some seconds.
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As it is expected in a low-pressure system, deposition in our system works under surface
reaction kinetics limited [9, 10]. It implies that the deposit rate is low and good step coverage
is obtained, and also by-products are trapped in the film, and that is why off stoichiometric
silicon oxide is obtained. The LPCVD also has shown good step coverage, and in order to
corroborate our step coverage results, the sticking factor and the gas arrival dates are estimated.

The sticking coefficient (S) is defined as

=

S= 3)

where R, is the reaction rate and A, is the arrival rate, respectively. The reaction rate is related
with deposit rate; meanwhile the arrival rate is the velocity of the total flux of precursor gases
that enters into the chamber. In our case, A, is estimated as

T

A =% @

where F; is the sum of the fluxes of precursor gasses and A is the tubing area (our system uses
Yainches diameter). Using Egs. (3) and (4) and conditions from Table 1, the sticking coefficient
is determined for each R,. Table 2 shows results of A,, R,, and S for each R, from 5 to 50. The
sticking coefficient has values in the order to 10! This value is rather too low; however,
independent of the numerical value, it agrees with what is expected from a low-pressure
system; see, for example, [9-11].

R, A, (m/min) R, (m/min) S

5 32.36 7.10E-09 5.48E-11
10 36.31 5.20E-09 3.58E-11
20 47.36 3.80E-09 2.01E-11
25 56.04 3.10E-09 1.38E-11
30 61.57 3.05E-09 1.24E-11
50 97.88 6.50E-09 1.66E-11

Table 2. Arrival and reaction rates and sticking coefficient for SRO-LPCVD deposited at 736°C.

3. Experimental procedure

SRO films were deposited on <100> and low resistivity (5-10 QQ cm) silicon substrates by
LPCVD at 736°C. The ratio between reactive gases nitrous oxide (N,0O) and silane (SiH,) was
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varied to obtain films with different silicon excess. Single layers with R, values of 5, 10, 20, 25,
30, 35, and 50 were deposited, and will be labeled as SRO;, SRO,, SRO,,, SRO,5, SRO5, SRO;;,
and SROy, respectively, for clarity. Also, two multilayer structures were fabricated. The
multilayer is a stack of seven layers. One structure intercalates three SRO,; layers with four
SRO; layers, and the second one with four SRO,, layers. After deposition, all samples were
thermally annealed at 1100°C for 3 h in nitrogen ambience to induce the silicon agglomeration.

Thickness and refractive index of all samples, including multilayer structure, were determined
using a null ellipsometer Gaertner L117 with a laser He-Ne of 632.8 nm wavelength. The PL
emission spectra were obtained with a Fluoromax-3 spectrometer; all the films were excited
with UV radiation (300 nm) and the luminescence was measured from 370 to 1000 nm with a
resolution of 1 nm. Optical filters were used in order to guarantee the wavelength of excitation
beam. CL measurements were performed using a luminoscope equipment model ELM2-144,
0.3-mA current and 5 kV were used. The luminescence spectra (PL and CL) were measured at
room temperature.

For electrical and electroluminescent studies, Metal-Insulator-Semiconductor (MIS) devices
were fabricated, and we refer to them as light emitting capacitor (LEC). A ~250-nm-thick
semitransparent n* polycrystalline silicon (Poly) gate was deposited onto the SRO film surface
by LPCVD. After a photolithography process step, square-shaped gates of 4-mm? area were
defined. The backside contact was formed with 1-um thick aluminum layer by evaporation.
Finally, the devices were thermally annealed at 480°C in forming gas.

A source meter Keithley model 2400 was used to obtain current versus voltage (I-V) curves.
EL spectra were obtained by biasing the device with a constant DC voltage. The light emitted
was collected with an optical fiber located facing the Poly gate and connected to the Fluoromax
3 spectrometer.

4. Composition of SRO by LPCVD

SRO is a multiphase material composed of silicon oxides of different stoichiometry and Si
nanocrystals (Si-ncs). In XPS spectra of this material, each Si 2p core level band is composed
of bands originated in Si at different oxidation states (5i° Si'*, Si*, Si**, Si*'), which manifest
themselves at different energies. The position of the peaks corresponding to Si® and Si*" (SiO,)
is well known and is easily distinguishable [12], but the peaks related with silicon suboxides
cannot be distinguished unequivocally in a complex spectrum composed of different Si oxide
species; they have been usually studied at Si/SiO, interfaces [13-16]. In this way, a quantitative
analysis of such highly convoluted spectra is not straightforward. The material can be
conveniently considered as composed of SiO,, elemental Si and SiO, with 0 <y < 2. Figure 5
shows an XPS spectrum of SRO with R, = 1 as example. The three phases can be clearly
distinguished.
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Figure 5. XPS spectrum of SRO with R, =1 [17].
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Table 3 presents the compositions of SRO with different Ry's [17, 18]. As can be observed, the
amount of elemental Si and the amount of SiO, monotonically increase and decrease, respec-
tively, when decreasing the R,. SiO, oscillates around 43%, for Ry's higher than 3. The oscillating
amount could be understood in the sense that SiO, is in reality a combination of different
stoichiometries, which vary in proportion depending on the R,.

R, 30 20 10 3 1

% Si 2 3 11 20 72
% SiO, 43 47 40 46 16
% SiO, 55 50 49 34 12

Table 3. Composition of SRO with different Rys.

From Table 3, it is possible to make a fit of the monotonically varying data (Si and SiO,). For
the fit is considered that R, = 0 means 100% elemental Si, and that 0% elemental Si is obtained
by R, =100 (no Si-ncs are observed from R, =30 [17]). From the fitting curves, it is possible to
calculate the curve for SiO, as 100 - %Si - %SiO,. All calculated curves are shown in Figure 6.
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Atomic percent [%]

Figure 6. Calculated curves for %Si, %SiO,, and %SiO,, obtained by fitting measured data.

For Ry's below 8, the amount of SiO, is larger than the amount of SiO,. This is caused by the
high Si excess. At larger Ry's, the amount of SiO, is larger than the one of SiO,, nevertheless,
the amounts are almost constant (vary linearly with R, with a small slope) at R,’s over 20,
when the amount of elemental Si is close to zero. Following this tendency, the amount of
SiO, is not zero even at R, = 100 (the proportion is 44% SiO, by 56% SiO,). This result implies
that the oxides obtained by LPCVD are in a large percentage non-stoichiometric, even at large
Ry’s. This nature of the oxides may mean a large number of defects, many of them being
luminescent, as will be made clear in Section 6.

For our CVD system, one can write the chemical reaction as

SiH, +(2+x)*N,0— SiO, +2H,0+(2+x)*N, (5)

where

Si0, =a*Si+b*Si0, +c*Si0, (6)

with a, b, and ¢ being the atomic proportions of the different phases (2 +b +c=1).

It is worthy to mention that certain amount of nitrogen is incorporated in SiO, during the
deposition, butit may be of maximum 1%. Lower amounts of nitrogen are presented in samples
of smaller Ry's [19]. These amounts do not change the material structurally, but may enhance
its luminescence [20, 21].

It is also important to know the form how elemental Si is present in the samples. Through
transmission electron microscopy (TEM) studies, it has been possible to evidence Si-ncs in
samples with Ry’s below 20. By larger Ry’s, Si is in amorphous state or dispersed in the oxide
matrix. Figure 7 shows a plot of the sizes of the Si-ncs versus R, [17, 22, 23]. As can be observed,
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the Si-nc size decreases almost linearly with the increasing of Ry, for Ry’s above 3. SRO with R,
=11is closer to semi-insulating polysilicon (SIPOS), presenting much bigger grains.

309 =

Si nC sizes (nm)
o

104
5 M—_
\
5
0 T T T T T
0 5 10 15 20 25

Figure 7. Si-nC sizes depending on R,.

5. Electrical characteristics

Figure 8 shows the current density (J) as a function of the electric field (E), which it is defined
as the ratio of applied voltage (V) and the thickness of the SRO film (fsg0). This J-E behavior
corresponds to LEC with a single layer of SRO. All LECs are forwardly biased (accumulation
mode) considering the substrate as reference.

HCS

107+ T

0 2 4 6 8 10

E (MV/cm)

Figure 8. J-E curve of SRO;; and SRO,y-based LECs. SRO films thermally annealed at 1100°C.
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As we can see, the presence of defects including the Si-nps, either crystalline or amorphous,
and their density in the SRO films affect clearly the current transport when they are used in
MIS devices. LEC with SRO;, films show a high current state (HCS) at low electric fields, and
then after the applied voltage increases, the current is switched to alow conduction state (LCS),
as shown in Figure 8. The switching from the HCS to LCS shown by SRO;-based devices was
observed by our group before and for both forward and reverse bias [24-28]. That effect was
related to the annihilation of conductive paths created by adjacent stable Si-nps and unstable
silicon nanoclusters (Si-ncls) through structural changes and by the possible creation of defects
(breaking off Si-Si bonds) [24, 25, 27]. Recent studies regarding the same electrical switching
in SRO films was observed and related with a conductive filament [29-32]. The conductance
switching behavior observed in that SRO films was explained also by structural changes
through an electroforming process. In fact, the structural changes in the conductive filament
was analyzed by in situ imaging TEM analysis, showing that the conductance switch is related
with a crystallization and an amorphization process of Si-nps that creates the conductive
filament [30]. These observations are in agreement with our asseverations about the conduc-
tance switching observed in our SRO,-based LECs [24].

In the HCS regime, current jumps and drops, which are observed independently of the
temperature of annealing, have been related to the creation and annihilation of the preferential
conductive paths and with the appearing or disappearing of electroluminescent spots (EL dots)
on the LEC surface [24, 25, 27, 28]. A clear correlation between current jumps/drops and EL
dots appearing/disappearing was observed [27]. Once the current fluctuations disappear,
through an electrical annealing, the current behavior stabilizes, as reported in [24, 28].

On the other hand, the electrical behavior of most of LECs with SRO,, films does not show
current fluctuations. This effect has been related with the presence of well-separated and
crystalline silicon nanoparticles (or Si-ncs) and mainly on the density of Si-nps [28]. The Si-nps
density estimated from energy-filtered transmission electron microscopy (EFTEM) images of
SRO,, films thermally annealed at 1100°C is ~2.46 x 10'? cm™?, about twice the Si-nps density in
SRO;, with ~1.1 x 10" cm™2 [27]. Therefore, a uniform network of conductive paths becomes
possible as the Si-nps density increases, allowing a uniform charge flow through the whole
capacitor area. Meanwhile, as the Si-nps density decreases (SRO;, films), the distance between
them increases reducing the amount of available paths, with a resulting set of discrete and
preferential conductive paths within the oxide.

Basically, there are four main mechanisms known to contribute in the carrier transport through
a Si-rich oxide layer, including the direct tunneling, Fowler Nordheim tunneling (F-N), Poole-
Frenkel (P-F) and the trap-assisted tunneling (TAT) [33-37]. It has been found that the TAT
conduction mechanism predominates in our SRO;-based LECs, where the trap energy (¢,)
was estimated at about 1.99 eV [28]. This implies that traps, which are placed at ~2 eV below
the conduction band, would be assisting the tunneling event. On the other hand, the P-F
tunneling was found as the charge transport in the SRO,-based LECs. A relative permittivity
(&,) value of 9.16 was obtained from the P-F fit, closer to the relative permittivity of silicon (eg;
=11.9), similar to other reports [36]. Relatively high permittivity values are a good indication
of the large amount of silicon present as Si-nps within our SRO,, films. Moreover, it was found
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that the Si-nc size obtained through a relation between size and permittivity (obtained by P-F
fit) is very close to that measured by high-resolution transmission electron microscopy
(HRTEM) [28].

6. Electro-optical characteristics
6.1. Single layer

6.1.1. Photoluminescence

PL spectra of annealed films from R, =5 to R, =50 are depicted in Figure 9. After annealing,
all SRO samples present a main emission from ~600 to 850 nm and a negligible emission for
some samples from ~380 to 500 nm. The emission intensity increases when the silicon excess
decrease until a maximum of R,= 30 and then the PL intensity decreases until it practically
disappear.

i R iy,
T I @@

400 500 600 700 800 900
Wavelength (nm)

Figure 9. Photoluminescence of annealed SRO films with R, from 5 to 50.

As can be observed, the PL emission exhibits a shape dependence on the silicon excess, which
could indicate different emission mechanism. Because of this, the multi-Gaussian deconvolu-
tion of PL spectra was performed for some annealed samples, and the set of band positions
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have been determined (Figure 10). Each spectrum can be well fitted to a superposition of three
Gaussian distributions: a main band (1) and two shoulders (2 and 3). Fit peaks are centered at

(1) 710-730, (2) 780-790, and (3) 820 nm with FWHM of (1) 50-60, (2) 20-29, and (3) 18 nm,
respectively.
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Figure 10. PL spectra and fits from SRO films with different silicon excess. Symbols are experimental data, lines are the
Gaussian fits and dash lines are distributions.

Peak position and intensity vary according to the silicon excess, as shown in Figure 11. There
is a blue wavelength shift for all components when the silicon excess decreases (except for R,
=5), see Figure 11(a). The main contribution of the luminescence is the peak 1 that increases
rapidly as R, increases until R,= 30 and then decreases, as can be seen in Figure 11(b). While
peaks 2 and 3 slightly increase when R, increases, due to this, samples with R, < 25 shows a
shoulder in the near infrared region (NIR). Since there are different components that change

with silicon excess, it can be assumed that PL emission is related with at least three different
types of emission centers (or emission mechanism).
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Figure 11. (a) Position and (b) intensity of the fit distributions for different silicon excess.
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6.1.2. Cathodoluminescence

CL spectra from SRO films with different silicon excess are depicted in Figure 12(a). The CL
spectra of SRO with thermal treatment consist of a broad emission in the visible and NIR from
~400 to 850 nm. After annealing, intensity of the blue band at ~460 nm increases with increasing
the R,. On the other hand, the intensity of the red-NIR CL band seems to have a maximum for
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Figure 12. (a) Cathodoluminescence spectra from SRO films with different silicon excess. (b) Gaussian fit of CL experi-
mental spectrum, the best fit requires four distributions for R,=30 and six distributions for R, = 20.

As CL emission has asymmetrical shape for all SRO samples, it can be assumed that CL
emission is also due to different luminescent centers. Hence, multi-Gaussian deconvolution of
CL spectra was also obtained, shown in Figure 12(b). The best fit of CL spectra requires four
and six components for R,= 30 and 20, respectively. Peaks (or distributions) were obtained at
about 460, 522, 643, and 714 nm for R,= 30 and 447, 541, 645, 714, 780, and 823 nm for R,= 20.
Peaks obtained at 714, 780, and 823 nm in CL are centered in the same position than distribu-
tions obtained from PL spectrum in R,= 20. Furthermore, peak at 714 nm was obtained for
Gaussian fit, in PL and CL in R,=30. Then, the red emission of the CL emission can be ascribed
to the same PL emissive centers. PL distributions in higher wavelength are not observed in CL
due to either destruction of the emissive centers or inefficient emission from low-energy
emissive centers [38]. The latter one could occur increasingly because cathode-excited electrons
acquire so high energy that they arrive to the higher emissive positions where they emit in the
blue region (higher energy); however, almost none of the excited electrons reach that with
lower energy; then, the red emission is not likely to occur in CL. Therefore, there could be
several different kinds of emission traps located at different energy levels in SRO.

Depending on the emission wavelength, multiple luminescence centers have been reported in
Si0, films. Luminescent emission at 460 nm (2.7 eV), 520 nm (2.4 eV) and 650 nm (1.9 eV) nm
are mainly related to defects such as oxygen deficiency-related centers (ODC) or oxygen
vacancies [39-41], E’d defect or peroxide radical [42] and non-bridging oxygen hole centers
(NBOHC) [40, 41, 43], respectively. Since CL and PL measurements have shown luminescent
peaks (or distributions) close to those wavelengths, such defects could be inside the SRO films.
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6.1.3. Electroluminescence

Figure 13 shows the electroluminescence spectra from the SRO-based LECs. Blue electrolu-
minescence is observed in the SRO;, film, as observed in Figure 13(a). Nevertheless, this blue
EL in whole area of LECs is obtained only after the current drop. The main EL peak remains
at 468 nm even for different thermal annealing temperatures [28]. A long spectral shift, blue
shift, of almost ~227 nm has been observed between the EL and PL band of the SRO,, films.
Devices with SRO,, films emit a broad EL spectrum in the red region (713 nm), as observed in
Figure 13(b). An additional EL peak of low intensity is also observed at 468 nm. There exists
also a blue shift of the EL spectra with respect to PL spectrum in SRO,, films. Nevertheless,
both EL and PL spectra in SRO,, films appear in the red region, which could indicate that the
same luminescent centers are involved. Images of the blue and red LECs are shown in the
insets of the Figure 13. As we can see, intense EL is emitted in the whole area of the LEC devices.
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Figure 13. EL spectra of (a) SRO;, and (b) SRO,, based LECs biased at different electric fields. Insets show images of
each SRO-based LECs.

The spectral shift between PL and EL has been reported before and it has been explained
according to three different mechanisms [35, 44, 45]. Our experimental results have suggested
that the red EL observed in SRO,, films can be related with the combination of some surface
defect on the Si-ncs, while the blue EL in SRO,, devices is consistent with the defect emission
which could be intrinsically present or generated by electric field within the SRO matrix [28].

6.2. Multilayer

6.2.1. Photoluminescence

Multilayer structures were fabricated in order to improve the optical properties of the SRO
films. Two samples were obtained, one of those is a combination of low silicon excess (R,= 25)
and high silicon excess (R,=5) and the second one is a combination of Ry=25 and R,= 10.
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PL spectra of annealed multilayers and single layer are shown in Figure 14(a). As can be seen
the intensity emission is improved in the multilayer samples, where multilayer SRO,,/SRO,;
(ML-10/25) is the most intense. In order to obtain the components of every layer, the multi-
Gaussian deconvolution of PL spectra was also obtained. Figure 14(b) and (c) shows the
position and the intensity of the three peaks obtained from the Gaussian deconvolution. There
is a blue-shift wavelength for the three peaks that can be due to the participation of high silicon
excess (R,=5 or 10) on the PL. The intensity improvement could be due to the three components
together, peak 1is from R,=25 and the improvement of peaks 2 and 3 comes from high silicon
excess (R,=5 or 10).
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Figure 14. (a) Photoluminescence of annealed multilayer SRO films (R, = 10/25 and R, = 5/25) and a single layer of R, =
25. (b) Position and (c) intensity of the fit distribution for single layer (R, =5, 10, and 25) and multilayers.

6.2.2. Electroluminescence

Figure 15 shows a scheme of the multilayered structure fabricated with its dimensional
characteristics (left side), and a TEM image of the structure, which exposes the layers com-
posing the SRO multilayer (right side). The goal of this structure is to improve the electro-
optical properties of the LECs. In this multilayer, the luminescent properties of three layers
with low silicon excess (SRO,;) are combined with four conducting layers (SRO;).

Silicon | (" SRO;: +-polisilicon

N+- PQH 250 nm

14 nm
SRO 25 nm

Figure 15. Scheme of a light emitter capacitor with a multilayered SRO films (left side) and a TEM image of the SRO
nanometric multilayer (right side).
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The electroluminescence in this ML-SRO-based LEC is observed at forwardly bias considering
the substrate as reference. A broad band with the main peak at about 600 nm is observed with
E =3.7 MV/cm, as we can see in Figure 16. As the voltage increases, the spectrum is divided
in two. One peak at 680 nm and other at 450 nm, the blue peak increases to higher intensity
than the red one. Apparently, SRO; layers increase the conductivity across the structure and
SRO,; layers produces the emission. The spectrum behavior shown in our samples have been
observed in other reports [26].

However, the electric field needed to turn on the emission on an ML-SRO-based LEC is lower
than an LEC of single layer (see Figures 13 and 16). This proves that the electro-optical
properties of a ML-SRO-based LEC are improved, thereby the conductivity of the structure is
increased by layers of high silicon excess, and luminescence response is conserved using layers
of high R,,.
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Figure 16. EL spectra of a multilayered SRO5/SRO,s-based LEC under different electric fields.

7. Conclusion

In this chapter, details of a homemade hot-wall LPCVD system were presented. Also, impor-
tant aspects of how to obtain SRO in a reliable and repetitive form were addressed. We show
that in our system, it is possible to obtain single layers with variable silicon excess, and also
good quality multilayered structures of nanometric layers. The structural, electrical, and
luminescent characteristics of single- and multilayered structures were reviewed and dis-
cussed.
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