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Introduction

The investigations around porous silicon (PSi) technology are focused on PSi for optoelec-
tronic and photonics. Surface modification of crystalline silicon (¢-Si) such as porosification
in the nanometric range has allowed tuning optical, electrical, thermal, and mechanical
properties of Si expanding the applications of PSi in diverse fields. Especially, the field of
sensing allows the study of physical, chemical, and biochemical interactions of transducing
systems. Nowadays, groundbreaking sensors are based on photonic crystals (PhC)[3], porous
materials [4], and bio-inspired structures that allow accurate and reliable measures through
its optical and electrical response [5, 6, [7, [§]. Moreover, PChs are fundamental components
of other optoelectronic devices such as light emitting diodes (LEDs) and lasers. One of the
promissory materials for these applications is porous silicon (PSi) thin films. PSi is a na-
nostructured and nanocomposite material with diverse porous morphology, different surface
chemistry, and the large surface area, commonly obtained through etching in hydrofluoric
based (HF) aqueous media. The self-limited character of the PSi electrochemical reaction
allows the fabrication of homogeneous films and heterostructures [9, [10]. Besides, it is possi-
ble to custom PSi properties by changing the growing parameters, oxidation grade [11, [12],
and surface chemistry through functionalization [9] [13], 14]. This fact makes the PSi an ex-
cellent candidate to develop photonic structures such as porous distributed Bragg reflector
(DBR) and optical microcavities (OMC) [15] [16]. However, the physicochemical properties
of PSi are critically dependent on the etching parameters, and there are not theoretical
models to predict the refractive index, absorption coefficient, thickness, porosity, and in-
terfaces roughness. Nonetheless, in-situ methodologies based on infrared spectroscopy [17],
laser interferometry [I8 [19] 20], and photoacoustics [20} 21], 22] had been developed as an

alternative to monitoring the formation in real time of PSi thin films that allows feedback



to control the electrochemical reaction.

There are several reports about DBRs based on PSi and methods to fabricate tunable PSi
thin films [23], 24, 25 26]. The first one, related to the fabrication of PSi DBRs in the
infrared range, was reported by Vincent [27]. In his work, the manufacture of DBR was
performed applying a square waveform of current density to produce a periodic structure of
the PSi layer. This type of current profiles produced a periodic structure with an interleaved
high (ny) and low (ny) refractive index.

Nevertheless, some limitations were found related to the thickness of the layers, bandwidth,
spectral position, and optical quality. Pavesi et al. [28] used the same methodology [27] but
changing the time of etching of the high refractive index film randomly. This means that the
obtained DBR is, in fact, a random system. Setzu et al. [29] studied the optical properties
of multilayered PSi system; they fabricated DBR using square waveform of current density
selected arbitrary, and they presented a methodology to control the interface roughness
to improve the optical quality of PSi structures. Other works are related to applications
of PSi DBR as chemical and biological sensors [30), B1], 32], and mirrors for photovoltaics
devices [33] [34]. Nevertheless, a common characteristic in the works mentioned before is
that the fabrication of the PSi DBRs relays in always using an arbitrary value of current
density and etching time, resulting in a random optical response referred to the position of
photonic band-gap, limited bandwidths, and low optical quality. This means that there is
not a previous design or control during the PSi DBR fabrication. Therefore, it is imperative
to mention that random devices are not related to quasi-periodic or disordered photonic
structures [35, 36, B7], that in fact, PSi exhibits [38]. The randomness is referred to as no
surety of optical properties at determined experimental fabrication conditions. For these
reasons, the in-situ monitoring of the fabrication processes is needed to obtain reliable PSi
devices. Therefore, intrinsic and extrinsic parameters must be taken into account to produce
high quality and reproducible PSi devices. Extrinsic parameters are closely related to the
fabrication methods of PSi films to obtain a tunable thickness, reflective index (porosity),
and smoothness interfaces. On the other hand, intrinsic parameters are associated with the
substrate quality which is directly related to the carrier distribution, the crystalline quality,
and the optothermal surface stability [39, 40, [4T].

Psi has been studied widely in the last years, from formation mechanisms until physico-

chemical properties. One of the most common techniques to study optical properties of



PSi is UV-Vis spectrophotometry that lets to measure the optical response to determine
the dielectric function of PSi. However, determination of optical constants and dielectric
function from reflectance, transmittance, or absorbance spectra requires physical models
that give information on all interaction between radiation and matter. In the case of thin
films, optical models involve a bunch of variables such as refractive index, extinction coeffi-
cient, thickness, porosity, interface roughness, and other intrinsic and extrinsic parameters.
Hence, the estimation of optical constants represents an inverse problem. This problem has
been attacked from two points of view: the first corresponds to using mathematical methods
of approximation from the perspective of optimization which is done by comparing the ex-
perimental measure with the physical model and choosing the best parameters that adjust
and reproduce the experimental spectrum. The second point of view corresponds to using
complementary characterization techniques that allow reducing the number of unknown
parameters in the optical model; for example, knowing the thickness of the films, number
of layers, porosity and roughness by means of scanning electron microscopy (SEM), gravi-
metry, atomic force microscopy (ATM); and that these variables are fixed parameters.

In this direction, there are few works about techniques that monitor the formation in real
time of PSi films. Particularly interferometry and photoacoustic are non-contact and non-
destructive techniques that can follow the etching rate, the evolution of thickness, porosity,
and interfaces roughness in real time. However, the main limitation of interferometry is
related to the monitoring of temperature during the chemical reaction; this is a crucial
parameter because it changes the etching kinetics. As a solution for this limitation, this
group have reported a differential photoacoustic system as well as a systematic study on
following the PSi films formation [22 21]. The photoacoustic (PA) signal contains infor-
mation about the electrochemical reaction [22], optical, and thermal properties of layered
systems [20], [42]. Indeed, photoacoustic is an excellent technique to follow the fabrication
process and reach tunable optical devices based on PSi. Therefore, this work is focused on
establishing a methodology based on photoacoustic to monitor the DBR fabrication and a
procedure to design and customize optical devices based on PSi such as DBRs and OMC.
This means, the design and fabrication of PSi photonic structures at defined wavelength
ranges.

According to this, this work shows key-points such as substrate quality, etching rate, poro-

sity determination, and a model to determine the refractive index of porous media by using



photoacoustic and effective medium approximation (EMA)[1L, 2, 43] that are necessaries
to fabricate high-quality DBRs and OMC. Fabrication of tunable PSi thin films requires
a previous determination of c-Si substrate quality. This can be done by using photoca-
rrier radiometry spectroscopy (PCR) imaging. PCR is a non-contact, non-intrusive, and
non-destructive technique that has been used for mapping the implant dose across the Si
wafers [44], 5] [46] as well as to determine the carrier distribution on p and n Si wafers [47].
In this work, the perspectives mentioned have been used in a complementary manner. This
means, the fabrication of PS structures by electrochemical etching monitored and controlled
by in-situ photoacoustic technique which allows determining the number of layers formed,
its porosity, thickness, and roughness. These parameters can be determined through a direct
correlation between the anodization current and geometry of the electrochemical cell, which
is calibrated and extrapolated using SEM measurements of the manufactured films. These
parameters are fixed variables that should no longer be adjusted in the optical model. This
allows the adjustment of the optical constants (1 and k) to be efficient and precise, redu-
cing the optimization problem to few variables. The porosity, optical constants, interface
roughness, and thickness of PSi films are determined simultaneously from the adjustment
of experimental measurements of specular reflectance. For this, we have opted for random
search methods based on evolutionary algorithms such as genetic algorithms. On the other
hand, two methods (characteristic matrix and transfer matrix) of summing EI have been
considered from classical electrodynamics to simulate the optical response of multilayer

arrays and have been implemented in Matlab.

Using the optical model that estimates the optical response of multilayer PSi films, we
performs simulations of reflectance spectra to design a variety of multilayer arrays according
to the requirement, providing the conditions in the electrochemical attack to fabricate
optical devices such as Distributed Bragg Reflectors (DBR) Optical Microcavities (OMC)

(Fraby-Perot resonator).

This work is divided into two parts: a first stage study the fabrication process of PSi
based on photoacoustic technique for monitoring in situ of the electrochemical etching

and the optical characterization of thin films of PS by UV-VIS spectrophotometry and

'Methods to obtain the total optical response of thin film multilayer systems



photoluminescence. In this first step, I present a series of published papers that contains
the detailed description of the photoacoustic technique, the principles of detection and
phenomenological model. After, I introduced another set of papers where optical properties
of porous silicon were studied. A second part consists of the simulation, design, and fitting
of reflectance spectra in the UV-VIS range of DBR’s and OMC’s using a method based on
in-situ, photoacoustic, genetic algorithms that allow fabricating optical devices of PSi with
reproducibility and good fabrication tolerance. Therefore, the published papers appear like

chapters in this document.

Thus, calibration of the electrochemical setup was performed. Then, a specific design of the
device configuration was carried out, and finally, the fabrication monitoring and control

processes are described. Figure [1| summarizes all steps followed that combine simulation,

CCustom PSi PhC>
l

design, and experimental.

Substrate PCR Images
characterization for carrier
T distribution
Calibration series: Etchi
etching with in-situ [ tching rate
photoacoustic determination
monitoring
]
ex-situ UV-Vis
reflectance spectra
]
Reflectance fitting _/./ Porosity
by G.A.

Refractive
index
RMS
roughness
nby
section by SEM
|

DBR design &
simulation

¥
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Figure 1: Flowchart of the procedures to design and fabricate PSi photonic crystals.




CHAPTER ]_

Porous silicon formation

Silicon etching process was used first by Uhlir of the Bell [48] laboratories in 1956 with the
aim of polishing crystalline silicon substrates (c-Si) in hydrofluoric acid (HF) aqueous media.
However, it was observed that polishing only occurred after a threshold current density,
and below this, the surface of the ¢-Si becomes of different colours. Turner [49] reported
similar experiences and reports that the porosity of the substrates of c-Si is depended
on HF concentration, temperature, and current density. These kinds of effects below of
electro-polishing current did not generate interest, and since 1958 research in the subject
focused on the study of oxidized films of PS as dielectrics [50]. In 1990 L. Canham reported
that under certain anodizing conditions PSi exhibits efficient photoluminescence at room
temperature [51]. Thus, investigations around PSi takes a new approach towards studying

the optoelectronic properties its applications.

Other studies about PS focused on the pore morphology and optical properties [52, 53] that
resulted in the bases for the study of more complex structures based on multilayers of PSi
such as photonic crystals [54], optical microcavities (OMC), distributed Bragg reflectors
(DBR) [55], light emitting structures [56], gas and liquid sensors, also functionalized PSi

surfaces to be used as biosensors [57), 58]



Chemistry of Si dilution

1.1. Silicon crystalline structure

Crystalline silicon (c-Si) is a semiconductor material located at IV group and 14 of atomic
number. It has a cubic diamond-like crystalline structure with sp® hybridization so that the
bonds of the structure are set in a tetrahedron giving it a coordination number of 4 in each
Si atom. The symmetry space group of Si is Fd3m (227), cell length a = b = ¢ = 5,4317(6) A.
Figure (a) shows the Si structure and the (001) and (111) crystallographic planes that
are important because of the up and down coordination change as a function of crystalline

directions as it shows in Figures|l.1| (b) and (c).

-
\\ },_.

Figure 1.1: (a) Silicon crystalline structure. (b) shows the (111) and the (c¢) (001) plane

view.

1.2. Chemistry of Si dilution

PSi is usually obtained through electrochemical etching where a c-Si sample is used as
a sacrifice electrode into contact with an HF-based electrolyte. However, there are other
alternative methods to electrochemical anodization such as photoetching which consists of
activating the electrochemical reaction with radiation [59], the use of oxidizing agents such

(HNOj3) with HF [60] which does not require the application of external electric current.
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There are several models to explain the mechanisms of dilution of ¢-Si and the formation
of pores in HF aqueous media. For pore formation or ¢-Si dilution, the c-Si sample is used
as an anode and it is put in contact with an HF solution which is in contact with an inert
electrode (cathode) generally made of platinum. When current is circulated through the
circuit, the ions of F'~ in the electrolyte move towards the c-Si surface and react. In general,

the etching of ¢-Si consists of a combination of four different chemical reactions [9]:

1.2.1. Direct dilution of Si

Si+xh™ —ye” — Sitt (1.1)

where z holes (h+, with = > 1) are consumed together with y electrons (e—) injected that
contribute to the rest of the required charge. This type of solution turns out to be the most
efficient in that only one hole is necessary. In the presence of HF-based electrolytes, the

reaction takes the following form [61]:

Si+ 6HF™ 4 2h" — SiFy + Hy, (1.2)

2 / T
o

xte.
e, e

3

//69

+2HF

[H,SiFg] 2H* +SiF2"

Figure 1.2: Simplified Si dilutions scheme
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Fig. shows the scheme of the reaction where a hole is injected from the Si bulk towards
the Si/electrolyte interface, allowing the Si-Si bonds to weaken. The active species in the
electrolyte dissociates near the surface in HF' and F~. When a Si—F bond occurs, a new
attack occurs due to the injection of an electron that comes from the previous reaction.
Hydrogen gas is released, and the Si atoms are hydrogenated again. The surface returns to
its initial state until the injection of a new hole. In general, two holes are necessary to start
the process, and the Si with valence 4+ is considered as shown by Ec. [I.2] This reaction is
usually called divalent dilution due to the need two charges for the process [62]. According
to the equation [I.1] the direct Si dilution can have valence between 1 and 4. However, in

most cases it occurs with valence 2. The final product of the reaction is a stable complex

[2HT — SiFZ7] or H,SiFs.

The direct Si dilution consumes HF and releases Hy, however, in the common reactions the
presence of HT is possible. This is an indication that the reaction rate is sensitive to pH of

the electrolyte and it is possible local pH variations (for example, at the pore ending).

1.2.2. Si oxidizing

The oxidation process of Si can be described by the following reaction:
Si+4ht +20% — SiO, (1.3)

According to EqJL.3], four holes participate in Si oxidation process. In the presence of water

the reaction takes the form:
Si+2H,0 +4ht — SiOy +4H" +4e” (1.4)

This process occurs if the current density is not compensated by F~ ions from the disso-
ciation of the HF. In this regime, the available concentration of HF is less than the amount
of water, so the water molecules pass to form Si—O bonds [63]. Thus, Si oxides are easily

diluted by HF, and the dilution rate depends on the concentration of HF in the electrolyte.
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1.2.3. Dilution of Si oxide

In the pore formation voltage range, Si oxide dilution occurs mainly chemically, i.e. current

involved. This reaction can be written as:

This process is coupled with oxide formation and limits the total current density in the
system because the oxide generation cannot be higher than the dilution rate (on average).
This combined process of oxidation and dilution is known as Si tetravalent dilution since

four holes are required.

1.2.4. Hydrogen terminations

Si¥ + 2H™ — SiH,, (1.6)
where z is the number of covalent bonds on the surface of the Si.

The hydrogen termination on the Si surface can be considered as a passivation process. The
passivation rate depends on parameters such as the crystalline direction of the substrate,
the temperature and the composition of the electrolyte [63]. Although it is accepted that
pore formation is favored by surface defects and irregularities, there are other models to
explain the formation of pores, some reviews on the formation of PS can be consulted in

the following references [9, [64].

1.3. J-V curve for silicon in an HF-based media

Pore formation is limited by the current density through the circuit. In Fig. the current-
voltage (J-V) curves for n-type p-type are shown [64], and the electrolyte/semiconductor
interface has a similar behavior to a Schottky diode. However, it presents two characteris-

tic peaks in the anodization region. The first peak (Jpg) delimits the region in which the
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sample is electropolished. In this region, the dilution of Si does not occur directly, since a
first oxidation step occurs (valence 4). The chemical reactions for both types of doping are
the same and show essential differences when the reaction occurs in the presence of light
footnote Radiation of energy greater than the energy gap (E,) of the Si and when it is not
illuminated (dark) ). These differences are caused by the formation of holes produced by

radiation which react with the ions of F~.

T ] T . )
(a) Si-p A (b)Si-n
1
Dark
T 7 .
I Voltage / Voltage
! I
ey =L
— 7 Light |
i |
| Cathodic Anodic Cathodic ; e
-10 -5 0 5 10 -10 -5 0 5 10

Figure 1.3: J-V characteristic curve during the etching process of Si for (a) p-type Si. (b)
n-type Si
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Figure 1.4: PSi doublelayer. This figure shows a top layer with a low porosity and down
layer with high porosity obtained at 20 mA and 100 mA cm respectively. (¢) and (d) show
a cross section of PSi films by suing a < 001 > and < 111 > substrates respectively. As

can be seen, the porous morphology is dependent of substrate crystalline orientation.

Fig. [[.3] shows the general trends of J-V behavior of ¢-Si anodizing. However, today there
are not models that allow predicting the behavior of the J-V curve and how other envi-
ronmental conditions affect it. Also, it is not modeled how extrinsic parameters such as
temperature, pH of the solution, electrolyte composition, and intrinsic parameters of c-
Si wafers like doping type and concentration, carrier distribution, crystalline quality, and

crystalline orientation get effects over the porous nucleation.

Despite the mentioned limitations, it is possible to identify parameters that intervene in the
etching and act on the morphology of the PS film. The pore size is sensitive to the current
density, the resistivity of the substrate and the concentration of HF in the electrolytic solu-
tion producing pores ranging from 2 nm to 100 nm before electropolishing. Fig. [1.4] shows
the region (a) of attack at nominal 20 mA (nominal) through the circuit in which small

pores are observed compared with the region (b) of attack at 100 mA (nominal) where it
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is observed a large pore formation near the electropolishing region.

1.4. Manufacturing of porous silicon by electrochemi-

cal etching

Currently, there are a large number of reports dedicated to the analysis of different aspects of
the formation of porous silicon, including the mechanisms of the chemical reaction. However,
the experimental aspects of the manufacturing process are critical, such as the configuration
of the electrochemical cell geometry, circuit configuration, among extrinsic other factors.
The generic cell to perform the anodization process in c-Si includes the following elements:

three electrodes that are immersed in the electrolyte, a current source, a voltmeter and an

ammeter (Fig. [L.5]).

Figure 1.5: Generic configuration of an electrochemical cell.

The silicon electrode is commonly called the working electrode (W), the second is an auxi-
liary (Counter electrode, CA) and it is an inert electrode (usually platinum) used to close
the circuit. Finally, a reference electrode (R) is used which is used to measure the voltage
between the counter and the working electrode (W). It should be noted that some configu-
rations of electrochemical cells do not use a reference electrode as it is considered that this

can affect the electrode potential. This situation can be improved by using a potentiostat
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Table 1.1: Manufacture parameters and its heights on PSi porosity, etching rate, and critical

current density.

Parameter Porosity etching rate critical current density
HF concentration 1 + i 0
Current density 1 T T —
Anodizing time 1 T almost constant -
Temperature T — — T
p doping level 1 $ T —
n doping level T T T -

which controls the voltage between the working electrode (W) and the counter electrode

(AC).

It is clear that the design of the electrochemical cell for the manufacture of PSi must
resolve various aspects so that pore formation is controlled and reproducible, it is even
possible to couple other sub-systems to monitor in real time pore formation, that’s is the
case of infrared spectroscopy, real time ellipsometry, interferometry, light scattering, and
photoacoustics. On the other hand, the manufacture parameters that have effects on PSi

manufacture and its heights are summarized in table[1.1



CHAPTER2

Experimental Methods

This section corresponds to the design, construction, and implementation of a differential
photoacoustic cell coupled to an electrochemical cell for in-situ monitoring of porous sili-
con (PSi) formation. In this section, it is shown the detection principles and experimental
performance of our developed system.

The photoacoustic methodology proposed in this study permits the obtainment of PS sam-
ples with the same characteristics assuming no changes occurred in the impurities distribu-
tion across the sample. This means that it is possible to determine the etching rate and the
effective refractive index of the sample. Comparing the refractive index with any model of
an effective medium [2], such as Looyenga [I], Bruggeman [65], and Maxwell-Garnet [66],
this methodology can also determine the porosity of the sample. The method permits mo-
nitoring of the etching process using different laser wavelengths. This fact can be used to
calculate the refractive index for these wavelengths and to construct a real curve of the
effective medium. Another critical issue is the direct relationship between the laser wave-

length and the period of the amplitude of the photoacoustic signal.
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2.1. Sample description

For all experiments in this thesis, it was used a boron doped Si, < 100 > crystalline
orientation, and resistivity 0,001 2cm from Polish Corporation of America-USA. Substrates
were cut into squares of 14 mm in length; each one was washed using the standard method
RCA Silicon wafer organic cleaning [67, [68]. The electrolyte concentration ratio was 3:7 (HF
(38 %) /ethanol (99.9 %) in volume), this concentration was selected to provide a good wet
surface, allowing homogeneous growth of porous silicon [69]. All samples were fabricated

keeping the electrolyte temperature constant at 25 C°.

2.2. Equipment description

2.2.1. In-situ photoacoustic equipment

For photoacoustic experiments, a laser line of 808 nm (<200 mW of power by Laser-Mate
Group) modulated at 35 Hz, and an electret condenser microphone were used. Pt wire and
a Cu ring were used as a counter electrode and as a collector respectively. The anodization
current profiles were created using a precision current Source (6220) brand Keithley. During
the etching, the photoacoustic amplitude and phase signals were recorded using a Stanford
Research SR830 Lock-In Amplifier and GPIB-USB-HS (National Instruments) acquisition
card. Figure shows a schematic of the complete differential PA system. In Fig. (a)
and (b) it is shown a schematic of a cell manufactured in PVC. In the laterals, there are
square cavities for Peltier cells that are cooled using fans and controlled using a PID control.
The c-Si sample is located from the back side and is fixed by a screw that contains the
microphone. Fig[2.2{(C) and (d) also shows a guide to controlling the height of the platinum
electrode. Fig. shows photographs of the complete equipment.
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Figure 2.1: Schematic setup used to study in real time the PSi formation process. (a)

Electrochemical cell coupled to a photoacoustic with temperate monitoring and control.

(b) Acquisition data setup.
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(a) ' (b)
(l (

d)

Figure 2.2: Cell scheme designed in SolidWorks. The figure shows the solid isometric orien-
tation of a) empty cell and b) with the platinum guide in it. The c¢) and d) show inside
split views. The lower part of the cell is composed of a screw which fixes the microphone
on the back of the silicon substrate and makes an airtight seal of the electrochemical cell
and electrical contact with the Si. Also, the electrolyte container ends in a cone of 45° to
induce the hydrogen bubbles, produced during the c-Si etching, move across the container
walls for reducing the effect of them in the c-Si surface (homogeneous surface etching) and

the optical path of photoacoustic cell configuration.
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Figure 2.3: Photos of the complete equipment. (a) It is a complete look. (b) A detailed look
of the electronically cell coupled to the photoacoustic system. Also, temperature control.
(c) and (d) show a photograph of the developed cell. As can be seen, the silicon sample is

fixed from the back of the cell (c) where O-rings seals and pin-up the c-Si sample.
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2.2.2. Characterization techniques

Scanning electron microscopy SEM

Electron microscopy allows to study the material morphology. This technique was used
to study the surface porous morphology and the layer thickness. It was used a Mira3 by
TESCAN and Hitachi SU8230 microscopes.

Near specular UV-Vis spectrophotometry

Spectrophotometry is a method to measure how much a material absorbs, reflects, and
transmit light by measuring the intensity of light. The basic principle is that each compound
absorbs or transmits light over a certain range of wavelength. This measurement can also be
used to measure the amount of a known chemical substance. Spectrophotometry is one of
the most useful methods of quantitative analysis in various fields such as chemistry, physics,
biochemistry, material and chemical engineering and clinical applications. Particularly, it

is useful for optical constants calculation.

Optical characterization of PSi films was carried out using a Perkin Elmer UV-Vis Spec-
trophotometer Lambda 35 in the near-normal (6°) relative specular reflectance mode from
1100 to 210 nm range. The spectrophotometer was self-calibrated using an aluminum mi-
rror, and the samples were measured over the Si substrate. It means that the reflectance is
the optical response of the PSi thin film Si substrate (PSi/Si structure).

The spectra were corrected following the Eqgs. and [2.2/ to obtain the absolute reflectance.

R(A) = Rrelative()\>Rtransfer<)\>7 (21)
Rtransfer()\) = {L; (22)
Ri‘flitive()\)

where R(A) is the absolute reflectance of the sample (PSi/Si- structure), Ryransfer 1S the
transfer function of the spectrophotometer built through theoretical reflectance of Si (R(Tig)

and the measured reflectance of a Si substrate (Rffj; gme).
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Photoluminescence (PL)

Details about the photoluminescence system, used to perform the optical characterization
of the PSi layers, described in this work, was reported elsewhere [70]. The system features
an external excitation source as an argon-ion laser LEXEL 95 beam with a wavelength of
488 nm (2.54 eV) with tunable excitation power focused on the sample by a cylindrical
lens. Samples were located inside a closed-cycle helium cryostat with temperature control,
in a copper sample holder and its temperature varied from 11 to 300 K. The light emission
from the sample was focused by a convergent lens in the entrance slit of a Horiba FHR1000
spectrophotometer. To remove the laser reflection, a LP’540 filter was located near the
entrance slit. This spectrophotometer has a focal distance of 100 cm, a spectral resolution
of 0.010 nm and a diffraction grating of 1800 lines per millimeter. A CCD camera with
thermo-electric cooling was used as a photodetector. The PL studies cover two fundamental
aspects to determine the presence of quantum confinement and surface states in the PL
spectrum. The first experiment was carried out to study the PL temperature dependence
from room temperature to 11 K in single layers A, B, and bi layers AB and BA. The
second PL study was focused on investigating the dependence of the photoluminescence
response vs. laser exposition time, keeping the same laser power 40 mW, to analyze the
effect of the optothermal annealing in the quantum confinement and surface states of the
PSi sample [71]. In addition, studies were performed to analyze the electronic states involved

in optical transitions and participation of bound or free carriers.

Photocarrier radiometry spectroscopy (PCR) imaging

The carrier distribution of c-Si substrates was characterized by using PCR implementing the
methodology proposed by Mandelis and Rodriguez-Garcia.[40} [72, 45]. An InGaAs infrared
detector with spectral range 0.8-1.8 um, and a laser 532 nm was modulated from 10 to
5000 Hz. PCR images were taken at 1 kHz with a step size 100 pm, and spot size of 40
pm in the linear regimen. [39] Each image was taken in a 9x9 mm square and a 1 mm gap

between areas.
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2.3. In situ photoacoustic characterization for porous

silicon growing: Detection principles

The main mechanism of the photoacoustic signal generation when there are no physico-
chemical changes in the sample is the absorption of modulating light by the sample. The
classical theory of the photoacoustic effect in solids, as described by Rosencwaig and Gers-
hoallows, is to formulate the heat flow equations in the cell resulting from the absorption
of energy [73]. Figure 2.4(a) shows the geometrical configuration of the PS/Si system. It is
characterized by three regions: the region 0 < o < [, is the gas chamber, the Si sample is
located in —(l, — I5) < < 0, and the region —l, < x < —(l, — l5) represents the PS film.

By using this coordinate system, the heat equation in each region can be written as:

(@ il
I, + Yy eY Y Y O e e e e
b
5 PS )
1
b Si Backing 1(1)
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I,-1
g GaS b s(f)
R e
X

Figure 2.4: (a) Schematic representation of photoacoustic cell and (b) optical effects.

O*T, 1 9T,
02 oot fs(z,t) + Q(x,t) |
for —1, <z <—(l,—1s(t) , (2.3)
PT, 19T,

e fo(m,t), for — (I — I4(t)) < x < 0, (2.4)
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and

0*T, 1 07T,
- = f l 2.
a2 oy ot 0, for 0 <z <l (2.5)

where fs,(z,t) and Q(x,t) are the heat sources, produced by the light absorption and
electrochemical reaction, respectively. However, the term related to the electrochemical
reaction is unknown and is taken as a constant in this study. Also, the Joule effect appears
in the sample during the etching process, the main effect of this is the increase in the DC

level.

The terms in relation to the light absorption source has the following form:

fs (.'L',t) — /BSIOTIS (1 _QkR(t) |I=—lb)eﬂsx (1 4 eiwt) , (26)
o (2,8) = Boliemp (1 — R(t) |a:=—(lb—ls) ) P (1 i eiwt) ’ (2.7)

2k,

where I, is the intensity of the incident light source, I; is the intensity of transmitted
light, w is the modulated frequency, f; is the effective absorption coefficient (PS-electrolyte
mixture), 5, the absorption coefficient of Si, 7, is the efficiency of the light absorption,
ksp is the thermal conductivity, and R is the reflectance evaluated at the electrolyte/PS
(x = —lp) and PS/Si (x = —(I, — [5)) interfaces. The Eqgs. (2.3]) to (2.5)) must satisfy the

Neumann and Dirichlet boundary conditions.

The incidence of the light is by the front of the Si sample, and it is clear that before the
etching, [s(t = 0) = 0. When the source is turned on, the electrochemical reaction takes
place. As a result of the chemical reaction, the thickness of the PS begins to increase,
as does the optical path of the light. The interference effects appear to be the product
of the creation of the new interface. Thus, the reflectance (R) now has become thickness
dependent. The Figure (b) shows the schematic representation of the reflection process
and the interference effect. Taking into account the above-mentioned effect, the R in the

Egs. (2.6) and (2.7)), is now a function of the etching time.
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2.3.1. Reflectance Corrections

The system represented in Figure [2.4[b) is composed of three different mediums where
the light can propagate. In the case of the silicon etch, the first medium with a refractive
index 7y corresponds to the electrolyte composed of Ethanol/HF. The second medium is
the PS film with refractive index n,, and finally, the third medium corresponds to silicon
backing with 71,. The interfaces electrolyte/PS and PS/Si-backing can reflect and transmit
the laser beam, but the last interface Si-backing/gas can only reflect, and does not permit
the transmission of radiation for the gas. Taking into account that the thickness of the Si
backing is bigger than the penetration depth of wavelength Ay, the fraction of the reflected

radiation was determined using a transfer matrix method as follows [74]:
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Figure 2.5: Simulation of reflectance as a function of the Re(d). The color scale represents
the behaviour of the reflectance as a function of porosity using a Looyenga [Il, 2] effective

medium mixture rule for the system electrolyte/PS/Si (Figure (b))
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cos?(8)(ap — aq)? + sin?(8) (apay — 1)?

h(t) = ‘TQ‘ B cos(6)(ag + a1)? + sin®(6) (agan + 1)2’

(2.8)

where ag = /N5 and a; = 7y /s, using the convention 7, = n, + ik,, where the real part
corresponds to the refractive index and the imaginary part corresponds to the extinction

coeflicient.

Here is important to note that [5(t) represents the change in the sample thickness as a fun-
ction of the time. However, due to the etching process on the front surface of the substrate,
it is necessary to consider and take the porosity into account. This means that ng is, in

fact, a function of the porosity p.

5(t) = M 2.9)

Figure 2.5[(a) and 2.5(b) shows the reflectance changes as a function of the real part of
the 0(¢). The color scale represents the changes in the porosity between 0 to 1. For each
one of the simulations, a wavelength of 808 nm was used, and n, was calculated using an
effective medium rule for a known porosity [I 2]. The product ngl, that represents the
optical path in Eq. , and these behave as follows: it is possible to have a sample with
a high ns and a thin [y or a sample with a low n, and thick [, and the product is the
same. It means that there exist pairs of these parameters that give the same reflectance
conditions, for this reason, it is necessary to separate the results into two porosity ranges

(see Figure . It is clear that there are values of d(¢) in which the reflectance changes

14+2m

between maximum and minimum located at [, = =2
S

Mo and [, = %)\0. These values show
that the reflectance changes as a function of the sample thickness and it is modulated by
the relationship between the incident wavelength and the change in the thickness of the
sample. This fact will be correlated with the photoacoustic signal for the PS formation in

the next section.

This section shows the results obtained from two different experiments: the first experi-
ment consists of the etching of four samples of silicon with the same anodization current

and electrolyte composition when the etching time is changed, in order to prove that the
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photoacoustic signal is self-modulated by the changes in the reflectance of the heterostructu-
re and that it is periodic. The second experiment consisted of the etching the three samples
of silicon using a different wavelength of the laser, to prove the relation shift between the

wavelength and the period of the photoacoustic signal.

2.3.2. Time dependence of photoacoustic signal

Figure [2.6|shows the amplitude of the photoacoustic signal as a function of the time for four
different growing processes using the same experimental conditions. In Figure (a) the
change in the amplitude signal labeled with the red circle represents the moment in which
the electrolyte has been emptied in the cell. At this time the current source is still turned
off. When there are no changes in the PA amplitude, the current source is turned on. As
can be seen, an increase in the amplitude of the photoacoustic signal immediately appears.
If the etching time increases, the photoacoustic signal becomes periodical (see Figure (b)
to [2.6(d)). From this figure, it is possible to calculate the etching times. The thickness of
the PS can be determined by using SEM images and by using the maximum and minimum
conditions given by Eq. it is possible to determine the real part of the refractive index

at this wavelength.
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Figure 2.6: Photoacoustic signals for four different etching times at 20 mA current anodi-
zation. Each one of the etching processes was stopped at 1(a), 2(b), 3(c), and 4(c) photoa-

coustic cycles.

Taking into account the Eqgs. (2.6) and (2.7)), the change in the temperature of the sample
is governed by the apparition of the porosity and changes in the thickness of the sample
as shown in Eqs. (2.8) and (2.9). From a physics point of view, the reflectance during the

etching process is periodic (see Figure 3 (a)). Therefore, the changes in the amplitude of
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the photoacoustic signal are produced by the changes in the reflectance. Maximums in
the reflectance correspond with a minimum in the photoacoustic signal, and minimums in

the reflectance correspond with the maximum absorption of the radiation in the structure

(PS/Si).

Here, it is imperative to clarify that the periodicity in the photoacoustic signal does not
mean that the growing process is periodic. The PA signal is due to the light absorption
and changes in the sample due to the modulation of the temperature. At this point, the

chemical reaction is considered constant during the process.
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Figure 2.7: SEM images of cross sections of PS films growing for 1(a), 2(b), 3(c), and 4(d)

photoacoustic cycles
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Figure 2.8: Relationship between photoacoustic cycles and the thickness of the sample. The

inset shows that the etching rate for these anodization conditions is 8,3 + 0,1 nm/s

To make a correlation between the photoacoustic signal for each period and the thickness
of the samples, SEM images were obtained at the end of the 1st, 2nd, 3rd, and 4th pho-
toacoustic periods. Figure shows the cross sections of the PS films. As can be seen,
the PS growing process produces nonregular Si columns in the range of 5 and 20 nm. The
end of the pores are shown to be concave. From the data shown in Figure [2.6] is possible
to determine the value of the period of the photoacoustic signal, and from Figure it is

possible to establish the average value of the sample thickness.

It is clear that a linear relationship exists between the thickness of the sample and the
period of the photoacoustic signal (see Figure ; by the obtainment of the time for each
one of the periods and thickness of the sample, the etching rate can be determined. From
the inset shown in Figure [2.8] the conclusion can be made that the etching rate is constant
along the growing process, and that by using this methodology it is possible to obtain PS
films with pre-established thickness values. Using the data obtained for the thickness of
each sample, it was possible to obtain the value of the real part of the refractive index for

the wavelength of the laser (A\p = 808 nm). Table 1 shows the computed values obtained



In situ photoacoustic characterization for porous silicon growing: Detection principles 32

Table 2.1: Values of the real part of the refractive index and the etching rate for the films
of PS obtained during 1, 2 , 3, and 4 photoacoustic cycles. The anodizing current was 20

mA and the ratio Ethanol/HF was 7:3 in volume.

PA cycles Mo (nm) Thickness (nm)} Re(n()\)) Etching rate nm/s +0,1

1 808 230.88 1.75 8.1
2 808 477.50 1.76 8.3
3 308 687.43 1.76 8.1
4 808 913.10 1.76 8.0

using the Eq. . According to this table, it shows clearly that if the sample is grown
under the same experimental conditions, the photoacoustic methodology shown for all cases
has the same period for the amplitude of the signal. This is an important fact because this
method allows the obtainment of samples with the same optical properties. Samples with

the same photoacoustic history should be samples with similar physical properties.

2.3.3. Photoacoustic signal wavelength dependence

Another experiment was carried out to prove that the periodic behaviors of the reflectance
are correlated to the photoacoustic period. The reflectance is dependent on the wavelength
of the incident radiation. For this reason, three samples were grown using the same anodizing
conditions and power illumination, but now using three different wavelengths: 1024, 808, and
450 nm. Tsai et al. [75] studied the influence of the illumination during the etching process
for p-type Si using a polychromatic light source center at 620 nm with different irradiation
levels, they found that the power of illumination changes the size of the microstructure of
PS. In our case, we do not have any dependence on this parameter. Analyzing the Eq. ,

the period of the photoacoustic signal must increase if the incident wavelength increases.
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Figure 2.9: Photoacoustic signal wavelength dependence. Three different samples growth

under the same anodizing condition but monitoring with lasers with different wavelengths.

Figure[2.9|(a) to (c¢) show the photoacoustic amplitude signal for three different wavelengths
as a function of the time for eight photoacoustic cycles. It is clear that the value of the period
in each case is different, and the experiment proved the correlation between the wavelength
and the photoacoustic period proposed in the Eq. . This is a very important fact
because the most precise determination of the sample thickness can be achieved using a
laser with a shorter wavelength. In Figure (c) the attenuation of the PA amplitude signal

is related to the increases in the absorption coefficient at this wavelength.

As a result of the design of the photoacoustic (PA) cell, it is required to reduce the noise
(electronic, instrumental among others) by the construction of a differential PA cell that in-

cludes a reference signal in order to determine the instrumental function (transfer function)
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to minimize noise.

It is clear that the AC component of the DC signal can be removed from the signal sample.
However, other random fluctuations could appear in the sample signal. Any modulated sig-
nal can be described as a complex number, so two independents Lock-in amplifiers registers
an amplitude and phase signal of the ¢-Si sample and the reference sample (aluminum foil),

which mathematical representation the Eq. [2.10f
7 = Rje" (2.10)

Then, differential signal corresponds to:

R,
Rp = 2.11
D R,r,ef’ ( )
Op = 0, — 0Oy, (2.12)

“,
S

where sub-indices indicates the amplitude and phase of the ¢-Si sample and “ref” of

the reference ones.

2.4. Modeling of the photoacoustic signal

After the implementation of differential PA cell the amplitude and phase signals for the
PSi formation required a model that includes the sources that produce and affect the

photoacoustic effect.

This section proposes a phenomenological model to reproduce the photoacoustic signal
obtained during the porous silicon formation. It is introduced an extension of Rosencwaig
and Gersho model to analyze the temporary changes that take place in the amplitude and
phase of the photoacoustic signal during the PSi growth. It was solved the one-dimensional

heat equation taking into account three thermal sources:

1. The laser modulated at w;.

2. The changes in the reflectance caused by the interference effect of the porous silicon

thin film.
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g Gas

Figure 2.10: Cross-section of the photoacoustic cell. The labels s, b, and ¢ correspond to

sample, backing, and gas, respectively.

3. The AC components of the DC signal originated by electrochemical reaction and Joule

effect.

In this experiment, the incident radiation is from the front, and the photoacoustic detection
is located at the back of the Si sample as it is seen in Fig. [2.10(a). It is also considered a
cylindrical photoacoustic cell with a cross-section geometry as it is shown in Fig. [2.10] (b).
It is assumed that [, [, and [, are the thickness of the sample (s), the backing material
(b), and the gas column (g), respectively. The heat transfer is considered one-dimensional
in the z-direction,[76] and the dilatation/contraction by the thermal effects is ignored. The
electrochemical reaction causes the sample-backing boundary [, to move in time. It is con-
sidered that v is the velocity of the PS formation which can be taken as a constant [21].

Thus, the moving boundary can be written as:

lb(t) = lb - Ut, (213)

giving as a result two scenarios: the first one is when the reaction has not consumed the
backing and the second is when there is only PS. It implies that there is an interval of time
T = l,/v where there are three regions (sample, backing, and gas) and for times t > T
there are only two parts (sample and gas). The thermal sources arise from the periodic

excitation of the sample and the electrochemical etching in the sample-backing interface.
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The sample heats the backing material which in turn modifies the temperature distribution
of the surrounding gas where the microphone is fixed for the signal detection. Thus, the

heat equation for the sample is:

V2T, (z,t) — %% = fs(z,t) + Q(t, x), (2.14)

where fy(z,t) and Q(t,z) are the heat sources identified as the modulated laser and the
electrochemical reaction respectively. The electrochemical reaction occurs only at the PS/Si

interface.

In order to determine fy(x,t), it is assumed that a modulated light source impinges the
surface at a frequency w; with an intensity of Iy.The incident radiation (Ip) is in part
reflected (Ip,) and transmitted (I1;). At the interface sample-backing, the transmitted light
is reflected (/3,) to the sample and transmitted (I2) to the backing (Fig. [2.10(b)). The
backing thickness changes as a function of time by the electrochemical etch. The reflected
light appears with a different phase in relation to the incident light to satisfy the boundary
conditions of the electromagnetic field. This effect can be represented by an additional light
source with frequency wy in the backing-sample direction. The superposition of these two

effects allows to write fs(z,t) in the region —(I +1,) < z < —I, + vt as:

fo(z t) = — Al +6iw1t)6—ﬁs(:c+lb+l)
_ B(l +eiw2t)65s(x+lb+vt)7 (215>
where:
s 1115 L1,
A= /621:”7 and B = 62; : (2.16)

represent the heat density at x = —(I +1,) and = = —I}, respectively, with n; the efficiency
in which the absorbed light is converted to heat by the nonradiative deexcitation processes
[73]. Also, «; represents the total thermal diffusivity, k; is the total thermal conductivity,

and [3; is the optical absorption coefficient for each material.

For the backing material in the region —I, + vt < x < 0:

1 0Ty(z,t
S -
and its heat source term:
fb(x,t) = — C(l + 6iw1t)e—ﬁb(a:+lb+vt)

—  D(1 + e™2t)eh (2.18)
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where C'and D M Eq. (2.16)) with the respective index and intensities. The 3, [7T]is 8,12x 102
cm™! and the thermal conductivity can take values between 1 to 1.3 W/K cm in this

simulation ( see Table [2.2)). These intensities satisfy the system of equations given by:

Li+10 = o
Iyp+ 15, = Iu
Iy + 1Ly = 1, (2.19)

where [y and I, can be extracted from the experiment. Finally, the heat equation for the

gas is given by:

V2T, (2, 1) — ai% = 0. (2.20)
g

To solve the Egs. (2.14), (2.17), and (2.20) we use the superposition principle for each
source of heat by an extension of the (RG) model.[73] The temperature field in the cell is

given by:
T(x,t) = Re{o(x,t)} + Tp, (2.21)

where T} is the room temperature, this allows us to write the solution of ¢; for each region

as:
_ 2
¢g($, t) = ¢g($, t) + Z en exp [_ng + %Unt] ’
n=1
(2.22)
o(z,t) = ng(%t)

+ [Ulefm}(v)(ﬂc+lb+vt) _ ‘/ie*ﬁb(1+lb+vt):| eiwlt

+ |:U2€O'Z(0)-’E _ ‘/26617(2} 67:(.«)2t7 (223>
and

t
os(z,t) = qbsDC(x,t)—as/ Q(r)dr
0
4 [W1 et O)@th) y pp7 o (0)(et+h)
o Elefﬁs(x+l+lb):| eiwlt
n [Wge_ag(v)<x+zb+vt) + Wy @)@ tltor)
E2€ﬁs($+lb+vt)] et (2.24)
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in which we have defined:

DC component of the PA signal

Etch heating contribution

+ -

Joule effect from the current source

APpc + Etch, (2.25)

where the contributions from the etching heat and the the Joule effect have been included
with the label Etch. The coefficients W,, and U,, are obtained from the temperature and
the flux continuity for each AC component of Eqs. (2.22))-(2.24)). It is easy to show that o’s

are related to the thermal diffusivity « as follows:

. ~ [wn
og = (1+1) 2a,
" 1 [v /2 +diojw, ,
O'j (U) = 5 (5 + o ) , J = b,S. (226)

The constants V,, and FE,, are determined by using Eqs. (2.23)) and (2.24) in Eqgs. (2.17)
and ([2.14)), which give us:

C D

V, = —52 gy Ty Vy = —53 — i (2.27)
ayp ap
and
A B
El = —52 — Z.w_17 E2 = —52 + 5Sv—iw2 (228)

The temperature and flux continuity conditions at the sample surfaces are explicitly given

by:

¢6(0,1) = (0,1

¢b(_lb -+ Ut, If) = ¢3(—lb —+ Ut, t)
a¢g a¢b

kg%((% t) = kb%(oa t)
e 09,
k’b%(—lb +ot,t) = ks B (=l + vt, 1), (2.29)

which we apply separately to each source and to their AC and DC components. Our atten-

tion is focused on 6,,, the complex amplitude of the periodic temperature at = 0, which
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give us the source of photoacoustic signal. By using the Egs. (2.29)), these amplitudes are:
01 — kb(/Bb - 0‘;(”)) ‘/lefﬁb(lbfvt)
kyol (v) — kqol ’

k(B —03(0))
e E e (2:30)

The periodic excitation of the backing-gas boundary expands the gas column and contract

at the same frequency of the oscillations of the temperature field. The PA amplitude signal
is time dependent; therefore, it is convenient to define the average temperature of the gas.
From the functional form of the temperature field, there is a characteristic length A, in
which the periodic temperature variation in the gas is completely damped out. As a result,

the gas average temperature is defined as:

1

>\g
o(t) = )‘_9/0 dz ¢ac(x,t), (2.31)

from Eq. (2.22) this gives:

2
- 0, |2 , _on iw
o) = DG i) (e e
n=1 n
2 (0
> [ LOeient), (2.32)
n=1 Wn

By using the ideal gas law, the displacement dz(t) of a column of gas is given by:

Q

2
0, .
Sa(t) =AY /%ae“wnt*ﬂ/@, (2.33)
n=1 n

where we have set the average DC temperature of the gas boundary layer equal to the DC

temperature at the solid surface:

® = 0y + Tp. (2.34)

The pressure at time ¢ can be derived if it is assumed that the gas is compressed adiabati-

cally. From the adiabatic gas law and along with Eq. (2.33) is obtained:

SP(t) — V%M/(t)

Ao o= a6
— ~~p.lY 2970 pilwnt—m/4) 2.35
Yo lg ; Wy (I) € ) ( )



Modeling of the photoacoustic signal 40

where 7 is the adiabatic index. Finally, AP(t) is modeled by using the Eq. and detected

by the microphone at z.,;. and converted in the photoacoustic signal.

AP(t) = R{5P(1)}. (2.36)

2.4.1. PA amplitude fitting

The laser wavelength used in this experiment was 808 nm which is super-band gap for Si
(1.12 eV) and sub band gap for PS that is typically about 2.2 eV -3.2 eV depending on
its porosity [78]. The etching conditions were 7:3 V/V ethanol /HF ratio, and 20 mA /cm?

current density.

The PA amplitude signal was divided into four regions (See Fig. 2.11]). Region (a) in which
the Si sample is directly impinged by the laser, the part (b) is characterized by a drastic
change in the PA signal which is related to the emptying of the electrolyte into the chamber.
A pause takes place while the native surface of silicon oxide reacts with the HF and it is
removed from the surface. At this stage, the power supply is still off. In the region (c) the
power supply is turned on and the PS formation takes place. This region is characterized
by the oscillatory shape of the PA signal. Finally, for the region (d) the power supply is
still turned on, but the coherent interference effect is lost due to the thick film [74] [79] of
PS. The inset in Fig. is the total contribution to the PA signal from the non-radiative
process as a function of the etching time. The way in which this curve was obtained is
explained in Sec. TV. Tt is suggested the Ref. [21] for a more detailed description of the

electrochemical PA experimental setup.

The modified RG model for the PA signal takes into account the above-mentioned thermal
sources. By using experimental values of the PA cell size, the modulated frequency, the
thermal properties of the sample and gas, and the sample size, it is possible to calculate the
AC component of the PA amplitude signal during PS growing (Eq. [2.34)). Table 2.2 shows
the experimentally reported values for the electronic and thermal parameters for p and n
Si. The velocity of the chemical reaction is involved in the PA amplitude signal, such is

analyzed in detail in the next section.
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Table 2.2: Reported values for the thermal and electric properties of Si at different doped

levels.
Type Dopant Resistivity Thermal Thermal
concentration  (300K) conductivity  diffusivity D, 7 Ret
cm™3 Q) cm WK1 tem™  cem?s™t em?st opus

n 1010 0.025 - 0,795 - - [80]
n 5 x 10° 1 - 0.797 - - [80]
n 1,5 x 101 25 - 0.821 - - [80]
n 5,7 x 1013 75 - 0.868 - - [80]
n 1012 4000 - 0.985 - - [80]
p — 14-24 - 0.80 30 10.5 [81]
p — 14-24 - 0.75 5.5 95  [39]
p — 25-44 - 0.96 3.1 1400  [39]
p 1,5 x 10 88.9 - 0.76 5 100 [82]
p 1 x 106 0.52 1.48 - - - [83]
p 2 x 10" 0.005 1.22 - - - [83]
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Figure 2.11: (Color line) The experimental data of the PA signal as a function of the etching
time (blue). The inset shows the contribution from the DC component extracted from the

experimental data (green).
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Figure 2.12: AC-photoacoustic signal computed from Eq. (2.36)), at Ty = 0, in the interval

of etching 450 < ¢t < 2700. It is observed that the modulation comes from the frequency

wy, 1. e., the effect of reflectance in the PS which is related to a period T ~ 40s.
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Table 2.3: Values for the relevant parameters used in Eq. (2.36]) in order to reproduce

Fig. @

C 2 % 106 K /m?
D 2 x 106 K/m?
w 267 rad/s
Wy 5x 1072r rad/s
o, [34] 0.20 cm? /s
Ky 184 2,53 x 107 W/(cmK)

[
B,(808 nm) 8,12 x 102 cm ™!
(

B5(808nm) 2,20 x 102 cm ™!
Iy 500 x 10~¢ m
Tmic 2x 1076 m
v 8 nm/s

Fig. shows the AC component of the PA amplitude signal calculated from Eq.
as a function of the etching time at Ty = 0. This simulation includes the values shown in
Tables [2.2] and The frequency of this signal is constant in time. That means that one of
the real parts of the amplitudes in Eq. predominates in the heat transfer. Also, the
amplitude of this signal is modulated and it is related to the increase in the optical path of
the transmitted light mainly in the PS layer. The baseline in Fig. [2.12|is centered at zero,
given that the modulated source does not produce an average heating of the sample since

there are continuous excitation/deexcitation processes.
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Figure 2.13: Photoacoustic signal of experimental data (blue) and phenomenological model

(red). Also the contribution of etching and DC component is shown (green) for the etching

time 450 s < ¢t < 1500 s.
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Figure 2.14: Photoacoustic signal of experimental data (blue) and phenomenological model

(red). Also the contribution of etch and DC component is shown (green) for the etching

time 1500 s < ¢t < 2000 s.
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Comparing Figs. [2.11] and [2.12] it can be seen that the predominant amplitude in this

signal comes from 6, (Eq. 20) given that the AC-PA cycles correspond to the frequency ws in
accordance with the experimental data in which a complete cycle approximates Ze¢ching ~ 40

S.

It is necessary to take into account that the etching process also contributes to the PA
signal as well as the DC component of the process (thermal inertia) which can be obtained
from the experimental data using different criteria, such as: the minimum, the maximum,
or the average of the PA amplitude signal of the characteristic growing process as a function
of the etching time. In this case, the average criterion was used. It is important to note that
this average temperature is the contribution of the DC and the etching heating. The inset
in Fig. [2.11] shows the average temperature for the etching process in which it is noticeable
that the temperature of the PA chamber increases. The changes in the pressure can be

written as follows:
AP = APAC + APDC + Etch. (237)

Figs. and exhibit a comparison between the experimental data (blue line) for 64
PA cycles and the theoretical results for the amplitude obtained using the Eq. and
the values from Tables and (red line), as well as the DC contribution coming
from the chemical reaction (green line). It can be noticed that there are regions where the
theoretical prediction does not fit the experimental data. It is taken into account that the
velocity of the PS for growing with four PA cycles was determined earlier[21], indicating that
the velocity of the etching is constant almost for a few cycles. The shift in some intervals
of etching time evidence changes in the velocity of the PS formation. This behaviour can
be associated with the spatial distribution of the impurities[39] and the variations in the
crystalline quality of the Si wafer.[71].

Figs. [2.15] and show a more detailed fit of the experimental data. For the simulations,
the plot was divided into several regions, each one with its own parameter of etching velocity
v; and frequency wy; in order to test the model when these variables were changed. The
values of the parameters used are shown in Table 2.3] It can be seen that at the beginning
of the etching process the velocity of the PS growing is constant. As time passes, the
etching velocity increases until a certain point in which v decreases. This behaviour can

be attributed to the depletion of the electrolyte. The results of the simulations show that
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a change in the etching velocity implies a change in the frequency wy, and proves that
the model allows the determination of these parameters which are the most important

information of the PA signal at any time interval of interest.
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Figure 2.15: Photoacoustic signal of experimental data (blue) and phenomenological model,
for different values of wy and v. The fit has been done with the values wqy; = 7/20 ~ 0,157
rad/s, v; = 8 nm/s (green), wye = 0,167 rad/s, v = 44 nm/s (red), and wq3 = 0,170 rad/s,
v3 = 60 nm/s (black).

From a physical point of view, the model reproduces the phenomenology of experimental
the PA signal and predicts that the changes in the reflectance have a frequency characte-
ristic (wy) that governs the PA amplitude in some interval of the etching time. An envelope
function decays like exponential in accordance with the Lambert-Beer law. It gives infor-
mation about the PS thickness, and the increases of the DC level is related to thermal
inertia (Electrochemical etch + Joule Effect). Also, the thermal properties of the structure

determined the behaviour of this envelope (see Eq. [2.30)).
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Figure 2.16: Photoacoustic signal of experimental data (blue) and phenomenological model,
for different values of wy and v. The fit has been done with the values wyy = 0,166 rad/s,

vy = 50 nm/s (black), and wys = 0,165 rad/s, v = 43 nm/s (red) .

In this case, the different frequencies (ws) for the simulation were taken from the experi-
mental data, to appreciate the accuracy of the model. The theoretical results exhibit an
excellent comparison match with the experiment data. The reproduction of these cycles
using our model is the most relevant information, for there is a direct relationship between
the cycles and the velocity of the PS formation.

In summary, the photoacoustic signal of the porous silicon formation has been studied by
solving a one-dimensional heat equation with an extension of the RG model. This modifica-
tion takes into account three thermal sources: laser, reflectance changes, and electrochemical
reaction (etching process and Joule effect). The model reproduces in detail the growing con-
ditions of PS. The frequency of the reflectance changes governs the PA signal; therefore,
using this model, it is possible to determine the velocity of the etching process. Finally,
from the inset in Fig. the electrochemical reaction is continuous, and the increment of

the PA amplitude can be considered as an exothermic reaction.



CHAPTER3

Optical properties of porous silicon

3.1. PSi optical constants determination

The calculation of the optical constants (refractive index n()), and extinction coefficient,
k()\)) is usually made by fitting the reflectance or transmittance spectra. However, the met-
hods are not trivial, in fact, they represent an inverse problem. This problem of estimating
optical constants and thickness using only transmittance or reflectance data has been ad-
dressed by using fitting procedures and optimization algorithms. However, in the case of
PSi, due to the nature of the random porous formation, it is necessary to consider other
parameters such as porosity and interface roughness because this variety of inhomogeneities
causes light scattering. These inhomogeneities and roughness are no longer negligible, and
they can introduce a significant error in the determination of the optical constants [85].

Optimization algorithms solve this kind of problems, especially evolutionary algorithms be-
cause they can avoid local minima following many search pats simultaneously [86], 87, 88, [89].
Torres-Acosta et al. [86] used a self-adaptive genetic algorithm (GA) to determine optical
constants and thickness of PSi films in the visible range (400-800 nm). However, the fitting
procedure used a parametrization of the real part of the refractive index, and it did not
consider the porosity and roughness of the PSi film because the experimental setup inclu-

des an integrating sphere. On the other hand, Pena and Torres [90] propose to determine
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the optical constants of PSi films using diffuse and specular reflectance simultaneously.
The comparison between the scattering and specular spectrum allows an estimation of film
roughness. However, this methodology fails in the ultraviolet region due to the difficulty
to extrapolate the refractive index and the high absorption contribution in this region.
Nevertheless, it is possible to use the same methodologies to introduce the porosity and
interface roughness, and fit the specular reflectance spectrum to determine the thickness,
optical constants, porosity, and interfacial roughness simultaneously.

To add the porosity percentage and roughness interface, the electrical permittivity of PSi
can be described as an effective medium. This method takes into account the system as a
mixture composed by a host medium with €,, (¢-Si) with inclusions within it, characterized
by ¢€;, which allows the determination of the optical properties in the linear regimen. Thus,
the PSi is modeled as an effective medium [2] that is the result of a mixture of ¢-Si and the
material that fill the pores that can be a gas or liquid.

To overcome this problem, this work proposes a methodology based on genetic algorithms
to fit the near-specular reflectance (6° incidence) spectrum of single films of PSi over the
c-Si substrate. A simultaneous determination of PSi properties such as optical constants,
thickness, porosity, and interface roughness is made only by using reflectance measures.
The system is considered as a silicon (c-Si) single crystal, and by using an effective medium
approximation (EMA) the algorithm can determine the refractive index n(\), extinction
coefficient k(A), PSi thickness, interfaces RMS roughness (o) (Air/PSi and PSi/Si subs-
trate) and the porosity. The model is tested by using several films of p-type Si fabricated
with different anodizing times. Also, the thickness of the PSi samples was determined by

the genetic fit and compared with the thickness obtained by electron scanning microscopy

(SEM) images.

3.1.1. Thin-film calculations

The method of the optical admittance is valid in the case of a linear regimen, that is very

convenient because of the optical constants, or the complex refractive index (N =n+ik),
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can be expressed regarding dielectric constant of the medium (€ = e + iey) as follows:

/|€!+51
é

The Egs.[3.1|are useful because the dielectric constant of two-component materials (host and

Im

(3.1)

filling material) can be expressed through the effective medium approximation (EMA)[2] 1],
where the volume fraction of the filling material is directly related with the porosity. For
these simulations, it was proved the Maxwell-Garnett, Bruggeman, and Looyenga EMA
formulas. However, due to the porous morphology, it is recommended to use Looyenga EMA

formula (Eq. [3.2) [1], because it does not consider a regular geometry of the incrustations.
1/3 _ A1/3 /3 A1/3
ej‘f = S/z +p( az/r 654 ) (32>
To determine the reflectance of multilayers systems, the optical admittance method [74] [79]
introduces the transfer matrix S of the complete system through the multiplication of the
refractive matrix W;_; of each interface and phase matrix U; of each single film, where
their components are expressed regarding the Fresnel coefficients. This notation indicates

that i-th interface is the i-th material to the right of the interface and it is numbered as is

shown in Fig. |3.1]

Ci—i [ 1 —TLi

Wifl,i - 5 (33)

tri \rpi tritri — TRiTL

where 7g;, ;9 and tri, ;0 are the usual Fresnel coefficients defined for optical admittan-
ce [74, [79] of the i-th interface. The coefficients written in the form showed in the Eq.
introduce the RMS roughness (o;) of the i-th interface.

TRi = ’f’RzeXp[ 2 277—0-1772 1/)‘> ] - ar%?’

e = Do [2enom 7] = 51,

tpi = Rzexp[ 1/2 27r01/>\ ( 771'—1)2} ZVtgi)a
tr =t exp [<1/2(2m05/N)’ (i1 — mi)’] = 7t (3.4)

The c¢;_,,; parameter is related with the light polarization given by

cosf;_1/cosf; for p-polarization
Ci—14 = . (35)

1 for s-polarization
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Figure 3.1: Multilayer structure form with m + 1 interfaces. This scheme shows the field
amplitudes of the moving waves from left to right. Parameter o3 represents the RMS rough-
ness of the third interface and Ah the size of the irregularities in nanometers. It is assumed

that Ah << .

Figure 3.2: SEM image of sample fabricated under the same condition of sample S4. (a)
Shows a closer zoom of the interface Air/Psi, (b) shows a closer look of the interface PSi/Si
and it is highlighted the rough interface, and (c) shows the complete cross section of the

PSi sample.
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The phase matrix is defined by Eq.|3.6, where N; is the complex refraction index and d; is

the medium thickness.

27 A
exp Z—Nidi) 0
U, = ’ e (3.6)
0 exp (—ZTNidi>
Finally, the transfer matrix of the multilayer structure is defined as
S11 S12
S = W01U1W12U2...Wm7m+1 == y (37)
S21 S22
and the reflectance and transmittance are determined by
2 521 2
S11
) L
T=|tg|” = |— (3.8)
S11

This method permits to calculate the total response of multilayer systems based on porous

silicon (PSi) such as distributed Bragg reflector (DBR)[91] or resonator cavities.

3.1.2. Genetic fit

The genetic algorithm used in this work is useful to determine the optical constants, po-
rosity, roughness, and thickness of PSi by using its reflectance spectrum and an effective
medium approximation [2, [I]. In the case of absolute reflectance of thin films stacks, the
optical response is dependent on several optical and structural parameters. Here, each pa-
rameter will be a gene, and the complete array of these genes is the chromosome (V) that

is defined as follows:

V = (U17U2,U3,U4) = (p, d, 00701), (3-9>

where p is the porosity, d the PSi thickness, oy the roughness in the interface air/PSi, and
o1 the roughness in the interface PSi/Si. The parameters defined in the chromosome are
used to calculate the theoretical reflectance spectrum (Rg(A)), and it is compared with
the experimental (Rey,(A)) through the penalty function (Eq. [3.10). Reyp()) is the absolute
reflectance of PSi/Si structure obtained by using Eq. . Thus, the method to estimate the
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parameters related in the chromosome (Eq. is a problem of least squares fitted between

as a measured and theoretical reflectance.

F(V) = Z [Rezp(Ni) — Ra( Ny p, d, 00, 01)]° . (3.10)

The values of some genes are constraints [87, 88] in order to guarantee values with physical

sense. Indeed, the initial population and the next generations have to satisfy the condition

of the Eq. [3.11]

0 <p<1forall Ae[Muin, Mnaz 5
o; < 100 nm for all € [Apin, Amaz) (3.11)

The genetic algorithm used for this calculations is described in the next steps and it is

based on the works of references [86], 87, [8§].

1. Population: a number of Jp, individuals (chromosomes) are created by choosing a

random value for every single gen. The values of genes have to satisfy the constrain

conditions (Eq. [3.11])).

2. Reproduction: each individual Vyuper has given a number K,¢; offspring. For that,
another individual of the same generation called V,,her is select randomly. The offs-

pring is given by two reproduction ways determined with p probability.

Ui(father) ifr < o1

=L (3.12)
Uimo er) if > o1,
(father) (mother)

=t (3.13)

where p; is the probability of inheriting the father’s gene and r is a random number

used to decide it.

3. Mutation: a certain number of individuals are mutated to introduce new genes in
order to avoid local minima. The mutation is generated in the chromosome as follo-

wing:

)

" = v (1+ NoT) (3.14)
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where 7 is a weight function parameter and N is a random value from a normal

distribution.

4. Family competition: every chromosome is used to simulated the reflectance spec-
trum by using the Looyenga EMA rule (Eq. and the optical admittance method
(Egs. and . The penalty function (Eq. is evaluated for each individual.
After, the family competition starts. The individual who has the best fit is the best
adapted, it survives to the next generation and becomes a new father. If the new ge-
neration gives back a better fit, the mutation value 7 is reduced by a factor f. Finally,
the steps mentioned above are repeated a Jg, times. The value Jg, is the number of
generations, and the individual with the lower value of penalty function represent the

bets adapted and is the solution to the problem.

Using the genetic fit, some results from the analysis of measured reflection signals are
presented. For all simulations, a Jp, = 50 individuals were used for each generation with
K,¢r = 15 offsprings during Jg, = 100 generations. The parameters obtained were the
films thickness, porosity, interface roughness, and etch rate. Further, a comparison between
thickness obtained by a genetic fit and by SEM is given. Fig. shows the experimental
and the best fit of the reflectance spectrum for each sample, and table [3.1] shows the value
of the fitting parameters obtained. In all samples, the current density during the anodizing
was 20 mA /cm?. It means, due to the self-limited character of the reaction [92, 03] the
porosity must remain constant for short anodizing times. This fact can be noted in the
value of the porosity in table 3.1l As it was reported elsewhere, the etch rate is almost
constant [63, 21]. Therefore, it is expected that the thickness of the samples S2, S3, and
S4 are closely an integer multiple value of the thickness of sample S1. As it can be seen,
the thickness obtained by genetic fit is close to the obtained value by SEM. However, in
all cases, the genetic fit reports lower values than SEM. Even so, the obtained values for
genetic fit are in the uncertainty range of the SEM technique, that for this case is +10 nm.
The main effect of the interface roughness is the loss of reflected intensity due to the
scattering. Also, the branching of the porous can contribute to the scattering. This effect
can be appreciated in Fig[3.3] where the genetic fit it was run without roughness correction
( blue dash line). It is clear that the best fit has always a higher intensity than the measured

reflectance because the scattering is neglected.
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--------- Experimental data
------ Best fit without roughness

Fitting with roughness

—T— —T 77T
300 400 500 600 700 800 900 1000 1100

0.0
— T T T 1T T 1T T 1T 7 1T
200 . 300 . 400 . 500 . 600 700, 800. 900, 1000, 1100

Reflectance

0.0
—T T T~ T * T T~ T T * T 1
200 300 400 500 600 700 800 900 1000 1100

0.3 1

024"

0.1+

0.0+
' I ' I ' I ' I ' I ' I ' I ' I ' I
200 300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

Figure 3.3: Measured reflectance of PSi layers (black dash line), genetic fit without roughness
(blue dash line), genetic fit with roughness (red line), and comparison between simulated

and measured reflectance (black line)



PSi optical constants determination 56

Table 3.1: Shows the parameter values of best fit for UV-Vis spectra of PSi films shown in
Fig. and the comparison between the thickness measured by SEM and by the genetic
fit.

Sample d+5(mnm) d=£10 (nm) p £0,02 op£1 (nm) o3+1 (nm) v £0,1 (nm/s)

GA Fit SEM GAFit  Air/PSi PSi/Si
S1 225 231 0.63 8 24 8.5
52 467 477 0.62 5 22 8.3
S3 648 687 0.62 9 23 8.1
S4 900 913 0.62 3 37 8.1

As SEM images Fig shows, the interface Air/PSi is smooth, and the values of the oy
obtained by genetic fit are lower than 10 nm. This means that the major contribution of
the scattering is the PSi/Si interface. It was attained for oy values from 24 nm for S1 to
37.45 nm for S4. Some works about roughness behavior in PSi films reported a monotonous
increase of roughness as a function of the etching time until it is reached a saturation value
(or limit value) [19, 94]. However, the value of o; remains almost constant for samples
S1 to S3 and increases for the sample S4. This fact can be explained due to the effect of
other extrinsic parameters such as electrolyte composition [19 05], temperature [29], and

substrate quality [96] that can affect interfacial roughness.

Finally, Fig. shows the evolution of the penalty function during 100 generations (Eq. .
The behavior of the penalty function shows that the algorithm finds the solution during
the first generations. After that, the algorithms stay in a local minimum even if the mu-
tation parameter increases. This means that there is a bottom edge that the genetic fit
cannot overcome. The fitting results of this methodology is dependent on the quality of the

measured spectrum and the EMA model used to simulate the theoretical reflectance.
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3.2. PSi photoluminescence

Photoluminescence (PL) of porous silicon (PSi) has attracted attention in recent years be-
cause of its relevance in optoelectronics and sensors applications, and in low dimensional
materials physics. There is still a controversy about the origin of each one of the photolu-
minescence bands, and it is an open scientific and technological problem. It is well known
that PL bands may originate mainly from quantum confinement phenomena [51, 97, O8],
surface states related to surface chemistry [99, 100} I0T], and internal material’s interfa-
ce [102] T03]. In fact, PL generated in silicon (Si) nanostructures arises from complexly
interrelated quantum confinement and surface chemistry effects [104], and seems to be be-
cause non-interface states are present between Si (substrate) and PSi layers, because silicon
columns have not lattice mismatch with the substrate.

The PL spectrum of PSi is strongly dependent on the fabrication parameters, such as ligh-
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ting conditions, growing temperature, electrolyte composition, and the intrinsic parameters
of the substrate such as the impurity type (p or n), the crystalline orientation, dopant con-
centration [105], impurities distribution [71], and crystalline quality [40]. In addition, the
PL spectrum also depends on extrinsic conditions such as material storage [97, [106], oxida-
tion grade of the surface of PSi, and aging time. Extrinsic and intrinsic parameters involved
in the fabrication of PSi, as described above, produce layers with a diversity of mechanical,
structural, thermal, and optical properties [97]. Regarding possible applications, an impor-
tant feature that PSi may offer is as a material for a new generation of anodes with the
highest volumetric and gravimetric energy density for Li-ion batteries (LIBs). In this sense,
Si, which is cheap and abundant, exhibits the highest energy density known of any LIB’s
anode material (3.579 mAh/g for Li3.75Si) [107]. However, to accommodate up to 3.75 Li
atoms per silicon atom, the silicon structure undergoes a tremendous volume expansion (>
250 %) upon lithiation, resulting in cracking and disintegration of the electrode and severe
energy capacity loss [14]. One approach to solve this problem is to produce micro or nanos-
tructured Si anodes that can accommodate the strain. To solve this issue, various methods
have been proposed: a) disperse Si nanoparticles between aligned graphene sheets to form
a Si/graphene composite [108]; b) flexible graphene sheets that accommodate large volume
variations during charge/discharge cycling, preventing particle aggregation, and resulting
in significantly enhanced cycling stability; ¢) producing Si nanowires [107] or 3D porous
structures [109]. However, structured Si anodes do not offer a high enough density of the
active material yet and may fail when electrode thickness increases. From this point of view,
the PSi fabrication process demonstrated in this paper may offer a potential industrial-type
approach to produce reliable PSi for LIB’s anodes [110].

The dynamics of the growth of PSi films and their evolving, dimensionally dependent,
properties are of crucial importance to understand their performance. In the case of the
fabrication of thin films and their associated properties, it is necessary to know their physi-
cal properties and how these are related to the growth mechanisms and substrate in which
films are deposited. One of the main problems related to PSi fabrication is to obtain re-
producible materials with the same physical properties, which is directly related to the
substrate properties and growing conditions. In this sense, few methodologies have been
explored to monitor in-situ the PSi formation. One of these methods is based on monito-

ring photoacoustic signals emanating from the PSi, which has been demonstrated to be an
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excellent technique to follow the formation of the porous layer, to determine etching rate,
layer thickness, and refractive index in real time [22] 69]. This methodology guarantees that
samples with the same photoacoustic signal are similar.

The controversy in the literature is centered on the mechanisms responsible for PL emission
because the porosity of the Si matrix does not guarantee the quantum confinement. The
thickness of the silicon walls is not always in the range of confinement, while the surface
states are still present due to the broken lattice periodicity, also modified by the presence
of other chemical species grown on the surface of Si when exposed to the atmospheric envi-
ronment. Semiconductor nanostructures exhibit nanometer length scales, and are classified
according to their dimensionality: two-dimensional (2-D) quantum wells, one dimensional
(1-D) nanowires (or quantum wires) and zero-dimensional (0-D) nanocrystals (or quantum
dots) [104]. This classification is directly related to the number of unconfined dimensions
along which, carriers (electrons and holes) are still free to move. Sa’ar [104] pointed out
that substantially more work is needed to elucidate the origin of the PL bands observed
in nanostructured Si, due to the number of variables in the system such as porous sand
wall size, porosity, defects density, and impurities, among other factors. However, it has
been established that quantum confinement and surface chemistry play critical roles in the
underlying mechanism for PSi PL emission.

The porous matrix of PSi obtained by electrochemical etching is a random network which
could be described as a pseudo lattice. For nanometric structures, such as nanowire arrays,
Lin et al. [98] studied the origin of the PL bands, and they found that the shape and inten-
sity of the PL bands are strongly dependent on the temperature, indicating different origins
of each band. However, they did not study the evolution of the PL band as a function of
the time under the same laser fluency to identify surface states stability, the origin of the
bands, and to establish if quantum confinement or surface chemistry originates these states.
In this work, the PSi samples were obtained by using a photoacoustic cell to monitor in situ
the formation of single layers, called A and B, and double layers, called AB and BA. The
last ones are stacks formed by a combination of single layers. PL spectra were obtained as
a function of temperature from room temperature to 11 K as well as a function of lighting
time at 11 K, to study the evolution of the PL bands. Scanning electron microscopy (SEM)
was used to measure the PSi layer thickness and to image the nanostructure produced by

the etching process. The objective of this work is to study the origins of the PL bands and
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develop a methodology to differentiate the contribution of surface states and porous pseudo

lattice.

3.2.1. PL experiments on single and double PSi layers

Single layers called A and B were etched using 5 and 40 mA cm 2

of current density,
respectively, during eight PA cycles. The bilayer AB was etched initially with 5 mA ~2 to
produce the A layer, followed by etching with 40 mA ~2 to make the B layer. On the other
hand, the bilayer BA was etched initially with 40 mA 2, followed by etching with 5 mA
~2. Every current lapse was fixed during four PA cycles. Here, it is crucial to note that the
control parameter of the etching process is the PA cycle. If the PA cycle for two different
samples exhibits the same behaviors, it is an indicative that both samples have the same
physical properties. The etching time is the sum of the PA cycles. After the formation of the
porous structure, the samples were rinsed with ethanol and kept on a vacuum conditions
for the ex-situ characterizations.

Figure shows the PA amplitude signal for all samples. Figure (a) shows a single
layer A grown during eight PA periods of 46.2 s each; (b) shows layer B with eight periods
of 13.3 s each; (c) a bilayer AB that is a combination of current densities of layers A and
B, and finally the bilayer BA (Figure (d)). It is evident that the period value for each
current density is closely the same for the single and the bilayer growth, meaning that the
proposed method for in situ monitoring of PSi layer growth is highly accurate. By using
the etching methodology described above, it is possible to produce PSi layers, with similar
physical characteristics, that is crucial for the design and fabrication of devices based on
PSi. The PSi layers were analyzed using top and cross-section SEM imaging to determine

surface and edgewise morphologies.
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Figure 3.5: Photoacoustic amplitude obtained during the Si etching. (a) Single layer etched
at 5 mA cm ~2, (b) single layer etched at 40 mA cm ~2, (c) bilayer etched at 5 and 40 mA
~2(d) bilayer etched at 40 mA cm—2 and 5 mA cm ™.

Figure [3.6) shows SEM images of the surface of PSi layers. SEM images of the top PSi layers
A and B are shown in Figure 3.6 (a) and (b), respectively. The inset in these figures shows
the pore size distribution (IMAGEJ) that is, in fact, the Feret diameter. For A layer, the

porous distribution is center in 15 nm, and for B layer this parameter exhibits non-Gaussian

distribution and porous distribution varies from 20 to 160 nm. An important aspect is that

in the case of bilayers AB and BA the porosity of the inner layer does not affect the top

layer.
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Figure shows cross section SEM images of the PSi layers. The layers thickness obtained
through image analysis is 1.56 pm for sample A, 1.57 um for sample B. For the bilayers,
grown with half the cycles of singles layers, the thickness obtained is half the thickness of
the single layers. These images showed clearly that through PA technique, we have control
on the PSi layer thickness to produce multilayers with closely the same physical dimension.
On the other hand, Figure [3.7 shows that if the porous diameter increases, the wall thick-
ness decreases, implying that this parameter could influence the PL spectra.

Figure [3.8) shows the PL spectra of bare and wet PSi layer A at different temperatures
(from 11K to 300K). The PL spectra relate to PSi structure does not have any treatment,
meaning that the surface of the PSi sample can contain different chemical species such as
H, C and O [I11]. These spectra are formed by at least three characteristic bands located at
777 nm (1.59 eV), 706 nm (1.75 eV), and 637 nm (1.94 eV) at 11 K. It is relevant to notice
that when the temperature decreases there is not a shift of these bands, meaning that these
emissions are not associated to band to band transitions of Si and could be associated with

surface states. The origin of the surface states is well discussed by Koch et al. [99].

Figure (b) shows PL spectra of the bare PSi layer B with the following bands found at
613 nm (2.02 eV), 698 nm, (1.77 e¢V) and 814 nm (1.52 eV). These bands present a small
shift when the temperature decreases, indicating that these spectra involve more than one
emission mechanism, potentially related to surface states, quantum confinement, as well as
states formed in the PSi layer, originated from a pseudo lattice (dot, wire, well). Layer B,
according to the porous analysis, exhibits a higher porosity and less wall thickness than
layer A. Here, it is very important to point out that it is possible to have states associated
to the PSi pseudo lattice overlapped with surface states. It is important to point out that
in the case of layer B, for which the thickness of the walls is less than layer A, there is a
blue shift in the PL spectrum.

In the case of Figure|3.8(c) and (d) for PSi bilayers AB and BA, respectively, the spectra are
formed by the superposition of the PL states of layers A and B as is expected. Considering
the SEM images shown in Fig 3c and d, and the PL spectra of bilayers shown in Fig. 4c
and d, it was confirmed that the Si/ PSi as well as PSi/PSi interfaces do not contribute

with new PL sates, which is an indication that no mismatch between interfaces exists.
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Figure 3.8: PL spectra as a function of temperature for (a) layer A, (b) layer B, (c) bilayer
AB, and (d) bilayer BA.

There is an indicative that surface states are mainly responsible for the PL spectra [111]
and it is necessary to explore the existence of quantum confinement. To identify the PL
contributions, PL spectra were obtained as a function of the time under the same laser
fluency and continuous laser excitation. Considering the PL spectra obtained for layers A

and B, it is necessary to clarify if these states are only associated with surface states.
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Therefore, it is important to study the stability of these surface states. As was pointed out,
the surface states are sensitive to the laser fluence and it means that these states can be
metastable states. The continue laser fluency produces the optothermal annealing that can

be detected by the change in the spectral band of surface states [40].
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Figure 3.9: Temporal evolution of the PL spectra for layers A and B from 0 min (initial

step) to 319 min (final stage) under continuous laser fluency.

Figure[3.9)(a) and (b) show the temporal evolution of the PL spectra for layers A and B from
0 min (initial step) to 319 min (final step) under continuous laser fluency. As it was showed
in Figure 4 (a), the surface states located at 777 nm (1.59 eV), 706 nm (1.75 eV), and 637
nm (1.94 eV) at 11K disappear as a function of fluency time, and broadband centered at 755
nm emerges. This broad band, is in fact, a set of states that were overlapped by the surface
states. In the case of layer B, this behavior is enhanced: after the long laser fluency, the new
bands emerge, indicating that surface states disappear, and the most stable pseudo lattice
states were in fact overlapped with surface states. Finally, the PL spectra of PSi can be des-

cribed as the superposition of the surface states and the states formed by the pseudo lattice.
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PSi photoluminescence

To study the surface state stability, these samples were kept in the PL chamber at 107°
Torr and 11 K for 24 h without illumination. After that, the laser was stabilized for 40
min and the PL spectrum was taken. Figure 6 shows the PL spectra of the PSi layer A
measured at 11 K and 0 min, after 319 min of exposition to laser fluency and after 24 h
of sample storage in the vacuum chamber. As can be seen, the surface state appears again
indicating that these states are in fact metastable states. Figure 6 (b) shows for layer B the

results of the same experiment, in which the surface states appear again.
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Figure 3.10: (a) PL spectra of layer A taken at 11 K (black line), 319 min after continuous
laser fluency (green line), and 24 h after turning off laser incidence (blue line). (b) The

same experiment for layer B.

The metastable states can be considered as the states in which there is a possibility that
the system returns to the normal excited state by opto-thermal excitation. As expected,
the emission bands are sharper at low temperatures than at high temperatures, meaning
that dispersive processes increase with temperature but, as maxima do not move in energy,
band to band transitions are not responsible for these emissions. According to this result,
PL emission is mainly attributed to transitions between states generated in the PSi surface
because of its huge surface due to the porous structure. Therefore, the contribution of
the porous layer as pseudo lattice is weak compared to the surface contribution. However,
surface states are metastable states. The knowledge of the PSi states is fundamental for

device design and performance.



CHAPTER4

One-dimensional photonic crystal

based on porous silicon

The refractive index of crystalline silicon exhibits a plateau in the range of 1100 to 500 nm as
Figure|4.1| (a) and (b) show. This means that the refractive index and absorption coefficient
are almost constants getting it an excellent candidate to fabricate mirrors (distributed Bragg
reflectors) and optical microcavities (OMC). Of course, it is required mechanisms to tune the
refractive index value to manufacture devices with specific characteristics. This mechanism
is the porosification of crystalline silicon making it an effective medium with an effective
refractive index. Consequently, this work proposes a methodology to fabricate customized
one-dimensional PhC based on porous silicon through the monitoring and control of the

electrochemical etching using differential photoacoustics.
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Figure 4.1: Optical constants of crystalline silicon. (a) Refractive

index. (b) Extinction coefficient.

4.1. Etch Calibration

The PSi formation using electronically etching in HF media is dependent on several extrinsic
and intrinsic parameters. It was found huge variability in the optical and morphological
properties of PSi films due to substrate quality and etching process. Despite that, it is
possible to obtain reproducible Phc if a calibration of the cell is performed. Consequently,
in situ photoacoustics allows this calibration, also permits monitoring and control in real

time to correct any unexpected event during the PhC fabrication.
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On the other hand, the above chapters were focused on the study of the optical and morp-
hological properties of PSi films grown in HF aqueous media and monitored by using In
situ differential photostatic. This information is required for the design of PSi PhC. The
optical quality is a crucial aspect of PhC, in particular for PSi-based PhC because of PSi
material exhibit a random distribution of porous, branching, and roughness interfaces that
produces optical losses through the scattering. Hence, it is imperative to consider this effect

over the PhC properties such as stopband position, bandwidth, and reflectance percentage.

4.1.1. Substrate quality determination by PCR imaging

It is well known that Si wafers present non-homogeneous carrier distribution[39, [72], and
defects induced for the fabrications method and cleaving process. These can influence the
PSi formation during the etching process given that the local magnitude of the electric field
changes as a function of the position. Usually, it is recommended to measure the nominal
resistivity of the Si substrate [63], but it is an average value that does not give information
about local variations of the carrier distribution. Figure [£.2|(a) shows ten different areas
from the central part of the wafer that were used to obtain the photocarrier images. Figure
4.2(b) shows the PCR amplitude for points 3 to 7 while the inset in this figure shows the
changes in the phase for a point in these locations. The changes in the PCR amplitude
around 1000 Hz have been associated with the changes in the minority carrier diffusion
coefficient that are directly related to the carrier concentration [40) B39]. It means that the
wafer does not have a uniform carrier distribution. Moreover, the phase signal is not quite
sensitive to the changes in the carrier distribution. Figure (2)c shows the PCR amplitude
of the ten regions across the wafer, red colors represent high carrier concentration while the
blue ones can be associated with a decrease in the carrier concentration. These PCR images
evidence the non-uniformity in the carrier distribution that has to affect any electrochemical

process and porous distribution.
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Figure 4.2: (a) Shows the silicon wafer and the scanned places by PCR radiometry. (b)

PCR amplitude and phase of five points located at the center of the wafer. (¢) Thermal

images across the wafer. Laser beam radius 500um. Frequency 1 kHz.

4.1.2.

Etch calibration by in-situ photoacoustics

After a completed PCR imaging of the c-Si sample, a selection of substrates with homoge-

neous carrier distribution and similar nominal resistivity were chosen (Figure (a), i.e.,

samples 3, 4, 8, 10) to fabricate two series (S1 and S2) of individual layers varying the

anodizing current density from 5 to 60 mA cm~2, and to control the cell and electrolyte

temperature at 25 °C. These series were used as a calibration of the cell. Each etching was
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monitored using a differential photoacoustic system [20]. This technique allows controlling
the etching time through the monitoring of one photoacoustic cycle. PA effect is produced
by the absorption of modulated light (heat source) that produces a heat diffusion process.
Moreover, the changes in the optical path, as a result of the formation of the porous film,
makes a self-modulation of the intensity of incident radiation (changes in the reflectance)
that modules the PA effect. This modulation is periodic [2I] and depends of the phase given

for normal incidence by:

_ 2mni(p)di(t)
Ao ’
where 7;(p) is the real part of the refractive index of the film that is porosity (p) dependent,

5(t.p) (4.1)

d; is the thickness film, and A\ is the wavelength of the laser. The maximum of PA signal
occurs when the reflectance of all the structure is a minimum, and it takes place when
4(t,p) = (m — 3)m. Consequently, the minimum of the PA signal is reached in a maximum
of reflectance when §(t,p) = mm, for m = 1,2,3..., that is related to the number of PA

cycles.

Figure (a) shows the time of one PA cycle as a function of current density. As eq
shows, the increase of current density rises the etching rate and film porosity producing a
reduction of the PA cycle. The etching rate is directly related to the velocity formation of the
porous film, and it was determined by the PA model developed previously [22]. After that,
reflectance spectra were measured and fitted by using genetic algorithms (GA) reported
by Ramirez-Gutierrez |86, 112] to determine simultaneously the effective porosity (Figure
4.3(b)), interfaces roughness [54], and thickness using the transfer matrix method (TMM).
Figure [£.3|c,d)) shows the interface roughness of air/PSi (cq;) and PSi/Si substrate (o12)
interfaces. This parameter is critical depending on electrolyte composition and temperature.

Only roughness values of less than 20 nm were found.

Porosity is usually determined by gravimetric analysis [I13], but in this work, two methods
to determine it as a function of current density were used (Figure [4.3(b)). In the first one,
the reflectance spectrum of every single film was fitted and compared with a simulated
one using the refractive index calculated by Looyenga EMA rule [I 2, [43]. The second
was carried out using the anti-reflective condition on the PA signal, and the thickness was
determined by SEM. This shows that it is probable to obtain a refractive index for \y using
eq [4.1, making it possible to introduce this value in the Looyenga EMA to calculate the
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porosity. In order to achieve this, refractive index of HF as 1.157 [114] and for ethanol 1.365

were used.

There are some discrepancies the porosity values (figure [4.3b)). Nonetheless, it is well
known that the porosity determined by optical methods is model dependent [33] [115].
Besides, the roughness of PSi interfaces is critically reliant on electrolyte temperature and
composition (HF /surfactant ratio) [29]. For the calibration series, the parameters electrolyte

temperature and composition were retained constants.
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Figure 4.3: Calibration series parameters. (a) PA time as a function of current density that
exhibits an exponential decay behavior. (b) Average porosity determined by GA and PA-
SEM, (c) and (d) interfaces roughness as a function of current density determined by GA

fitting of UV-Vis spectrum. (d) Etching rate that exhibits linear behaviour.
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Moreover, layer thicknesses calculated by GA and the ones measured by SEM (Figure
were close. Also, the etching rate was obtained using two methods: the PA methodology
fitting the PA amplitude [22] and by direct calculation using the total etching time and
the SEM thickness. Figure [£.3|(e) shows the etching rate as a function of current density
obtained through the fitting of PA amplitude and SEM images. As can be seen, the etching

rate has a linear behavior from 5 to 60 mA cm~2 of anodizing current.

Figure 4.4: Cross-section SEM images of calibration series. (a) 5 mA cm™2, (b) 10 mA cm™2,
(c) 15 mA em™2, (d) 20 mA ecm™2, (e) 30 mA cm™2, (f) 40 mA ecm™2, (g) 50 mA cm™? y
(h) 60 mA cm™2.
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Figure [4.4] shows the cross-section of some single films of the calibration series. It was
observed in these images that porosity and etching rate increase as a function of the current
density. Besides, all samples exhibited straight porous formation and interfacial roughness

mainly in the interface PSi/substrate.

4.2. Design and Simulation of Photonic Structures.

Optical properties of a multicomponent system can be described as a mixture of dielectric
functions (effective medium approximation), that in the case of PSi is a mixture of dielectric
properties of c-Si host matrix (€é,,) with incrustations within it of another material that full
the pores (¢;) (some gas or liquid). The incrustations size with a dielectric function (€;) in
the majority system (€é,,) must be comparable or less than the wavelength of the radiation
that interacts with the medium. The effective dielectric function [2] [43] can be described as
by using Eq. [3.2] In particular, the porosification of ¢-Si reduces significantly the refractive
index compared to the c-Si. This means that the values available of refractive index for
PhC design are between the c-Si and the filling material (i.e. ng; = 3,675 and 74, ~ 1 at
800 nm) [116].

Reflectance is calculated through transfer matrix method (TMM) [54} [74], [79]. It is consi-
dered a multilayer system of n films with a complex refractive index Nk = N + 1Kk, and
n + 1 interfaces as is shown in Figure [4.5] At the interface k%", the Fresnel coefficients are
defined in terms of the optical admittance, which is a ratio of tangential components of the
electric and magnetic fields amplitudes. Besides, this formalism allows introducing the ef-
fects produced by random irregularities (roughness) in each interface through the modified
Fresnel coefficients.

This approximation supposes that the interface irregularities are smaller than the incident
wavelength, i.e., Ah < \. Therefore, the description can be made by using the root mean
square (RMS) roughness (oy) of each interface.

The effect of the interface roughness in the optical response of photonic crystal was studied
by Lujan-Cabrera et. al [54]

Thus, the DBR structures were designed using TMM method considering the quarter-wave

condition [I17] (eq[4.2) and the bandwidth (eq[4.4) given by
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Figure 4.5: Schematic of the multilayer structure composed by n films that form n + 1

interfaces. The order of subscripts indicates the propagation direction.

Mo =2mudy +nrdr) , (4.2)
A T 1 1
= _ = — 4.
Ao 2 <Cos—1(p) cos—l(—p)> ’ (4.3)
e — 1L
) i1 4.4
P Ng + 1L (4.4)

where )\ is the Bragg wavelength, ng and n;, dg and dj are the refractive indexes, and
thickness of high and low layers respectively. The intensity, shape, and width of the stopband
are also dependent on the number of periods of refractive indexes ratio (p) of H and L layers
as Eq. shows. Considering these conditions (Eq. and Eq. , refractive indexes are
selected taking into account the desired bandwidth and stopband position. These determine

the thickness of each layer.

Table [4.1|shows the parameter values for PhC structure design. For each PhC is summarized
the refractive indexes, layers thickness, and the sequence that indicates the number of pairs
and the location of the defective layer in the case of the OMC. Furthermore, it is worth
noticing that the refractive index of ¢-Si has a plateau between 500 and 1450 nm, and it
increases fastly for values near to UV as the absorption coefficient does[I116]. It means that

it is recommendable to design PSi PhC in the plateau region.
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Table 4.1: Parameters design of photonic PSi structures.

Structure DBR550 DBR700 DBR750 OMC1 OMC2
sequence (HL)SS (HL)S (HL)®S (HL)*L.,(HLYS (HL)*L.,(LH)*S
Ne 1.45 1.68 2.26 1.88 2.08
L 1.16 1.18 1.97 1.31 1.25
L. - - - 2.21 2.04
dy (nm) 95 103 83 96 78
d;,(nm) 131 145 96 134 136
dr, (nm) - - - 323 167
Ao(nm) 550 700 750 - 700
AX(nm) 78 159 66 155 230
opr(nm) 10 10 10 10 10

4.3. Fabrication and characterization of photonic struc-

tures

The first step was to select ¢-Si substrates with a homogeneous carrier distribution tested

by PCR and Vander Pow method. This guaranteed the substrate quality. The refractive
index (Table fixes the porosity according to EMA theory [2 [43]. At the same time,

the porosity defines the current density for the etching process. These values were selected

from the calibration series (Figure (b)). The next step was to calculate the etching

time using the value of the etching rate (Figure (d)). Consequently, all the parameters

mentioned above defined the photoacoustic profile that was used as a control parameter for

the etching. Table summarized the fabrication conditions.
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Table 4.2: Experimental parameters used for PSi PhC fabrication. The thickness of each
layer was determined by SEM.

Structure DBR550 DBR700 DBRT750 OMC1 OMC2
sequence (HL)»S (HL)"»S (HL)**S (HL)*L.(HL)*S (HL)*L.,(LH)%S
tg£0.05 (s) 6.03 16.87 13.20 16.87 12.28
t,£0.05 (s) 4.40 4.25 8.20 4.25 4.29
tr. 0.05 (3) ; ; ; 97.25 24.69
Ju (mA/em?) £0.01 25 7.21 10 7.21 7.21
Jr (mA/cm?) £0.01 60 58.48 20 58.48 58.48
Jr.(mA/em?) +0.01 - - - 4.42 7.21
DPH 0.75 0.41 0.57 0.41 0.41
DL 0.91 0.91 0.70 0.91 0.91
e ; ; _ 0.41 0.41
dg (nm) 90+5 107+8 110+8 107+£6 85+5
d;, (nm) 14049 14347 12248 143£7 152£7
d. (nm) - - - 33545 168+7
Ao (nm) 572 725 764 700 700
AN (nm) 101 150 67 146 246

The previous works done by this group[21], 22, 20] showed that the PA cycle observed during
the PSi formation depends on refractive index, porosity, etching rate, and laser wavelength
(Eq. , and the etching rate is almost constant for short anodizing times. Thus, each
frequency component of PA signal is related to a single film formation. In order to obtain
good control of the formation process, it was designed a selected layer thickness in which
anodizing times were half multiplies of PA cycles. This means a minimum or a maximum
to obtain symmetric cycles that is the case of samples DBR550 and DBR700. If the etching
time does not satisfy this condition, the PA signal will have a beat behavior. Hence, the PA

amplitude contains all frequency components of the etching rate of PSi films formation.
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Figure 4.6: PA amplitude during DBRs fabrication. (a) DBR550, (¢) DBR700, (¢) DBR750.

(b), (d), and (f) are its respective cross-section SEM images. Inset in (a) shows the current

density profile used for DBRs fabrication.
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Figure shows the in-situ PA signal for each designed DBRs as well as their cross-section
SEM images. For the DBR550 (Figure (a)) and DBR700 (Figure (¢)), the etching
time was set as a half of one PA cycle for the corresponding current density (see Table .
Thus, a complete period in the PA signal represented a pair of HL layers. The porosity ratio
between H and L allows clear identification of each layer as is shown in Figure (b) and
(d), furthermore, all interfaces exhibited roughness. In the case of DBR550, the bandgap
was centered at 550 nm and its bandwidth was 78 nm, so it did not reflect the wavelength
(808 nm) of the laser that produces the PA effect. Therefore, the PA amplitude decreased
only when the optical path increased. For DBR700 the PA amplitude decreased fast, even
the PA periods disappeared after the formation of eleven pair of layers. This is an expected
result given that the optical bandgap was near to the laser wavelength. This means that
the most fraction of the incident radiation was reflected and the PA effect disappeared.
DBR750 PA signal in Figure (e) corresponds to a beat profile since the etching time of
each layer is not an integer multiple of a half PA period. For this reason, one period does
not correspond to a pair of layers. However, PA amplitude frequency components allow
the control of the etching process because the frequency associated with each layer is well
known. DBR750 was designed with low porosity ratio and current densities that produce
low contrast in the stack cross-section SEM image. Even though, the stack conformation is

appreciable.

Measured and simulated reflectance spectra of DBRs are presented in Figure 4.7, and the
obtained structural and optical parameters are summarized in Table [£.2] All DBRs display
red-shifts and bandwidth narrowing compared with the simulated ones. These are due to
parasite capacitance in the stack structure and the electrochemical circuit[118] 119] which
the current source cannot control. Consequently, the discharge process held the etching
during a short time generating layers thickness higher than the designed ones. Nonetheless,
the deviation in the thickness of the layers, related to the designs, was around 15 nm that

produced a red-shift in the stopband position proportional to the optical path.
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Figure (a) and (c) shows the PA amplitude signals, and insets represent the current
profile used to fabricate the OMCs. Figure (b) and (d) shows the cross-section SEM
images for the OMCs. OMC1 and OMC2 were manufactured using the same conditions of
BDR700, this means that it was introduced a defective layer into the DBR700 structure.
The experimental parameters used for OMCs fabrication are summarized in Table

The OMC1 stack was design as (HL)*L.,(HL)3S sequence. In the micrograph (Figure
(b)) given that the current density used for the defective layer is near to the used one for
H layer, there is no porosity contrast to differentiate H to L., layer, and it looks like a
thick one. However, PA amplitude clearly shows the formation of a defective layer that
corresponds to two PA cycles. The defective layer was designed with a thickness of 335 nm
to make two cavities into the bandgap located at 650 and 787 nm.

OMC2 (Figure 4.8 (¢) and (d)) was design as (HL)?*L.,(LH)®S sequence with a defective
layer of 168 nm that produces a microcavity (MC) at 668 nm. This sequence was selected to
improve the reflectance percentage keeping the cavity depth. Clearly, the PA signal shows
the formation of each HL pair of layers and the defective layer. Likewise, in this stack,
the sequence after the formation of defective layers is inverted, and it is appreciable in
PA amplitude signal. In both OMCs the PA amplitude is sensitive to the photonic gap

formation which is evidenced by the quickly signal attenuation.

Figure shows the reflectance spectrum of each OMC manufactured. Figure (a)
corresponds to OMCI1, and it is well appreciable the formation of two MC located at 649
and 783 nm with an FWHM about 27 and 32 nm respectively, that corresponds to a
relatively high Q-factor. A shift of 1 and 4 nm was produced of each MC compared with
the simulation design, respectively. Figure (b) corresponds to OMC2 and the MC is
located at 672 nm, this means that a red-shift of 4 nm was produced compared with the
designed one. Moreover, the sequence of OMC2 improved the Q-factor whose FWHM is 16
nm. In both OMCs, a diminution is observed in the depth of the OM that is caused by the

interface roughness of the stack. [54]
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4.4. Tolerance fabrication

The etching rate of ¢-Si in HF-based media was not constant for long etching times, [22} 20]
and the films presented porosity gradients as a function of depth [12] 24]. Also, the elec-
trolyte composition changed because of the chemical species released during the etching.[9]
Furthermore, the silicon-electrolyte interface presented an inherent capacitance[l18] that
could store enough charge to continue the etch even if the current supply was off. This
effect produced layers thicker than the designed ones and generated a red-shifted in the
reflectance spectrum. This effect can be reduced if the current density decreases monoto-
nously as a function of the time to compensate the remnant charges. Another alternative
is to reduce the etching time. Nevertheless, in this work, and others related, PSi optical
devices always presented deviations respect to the design ones. This is mainly attributed to
the substrate quality and random fluctuations during the PSi formation. Hence, it is intro-
duced the tolerance fabrication as a term related to the possible deviations of the optical
response of the devices. In this work, we found a red-shift in DRBs about 30 nm associated
with layers ticker than the designed ones. In this case, the average reflectance shift was the
layer thickness deviation times the refractive index. In the case of OMCs, the main effect
was observed in the () factor that is affected by the interface roughness. Several works have
reported PhCs based on PSi in the infrared region, which means that the thickness of the
layers (optical path) is higher than those for PhC in the visible spectrum as is our case.
Thus, deviations in layer thickness because of the intrinsic capacitance has more height on

the optical response for the PhC designed in the visible region, usually a red-shift.



CHAPTER5

Conclusions

This thesis is a systematic study of the optical properties of porous silicon (PSi) obtained
from heavy doped p-type crystalline silicon <100> oriented. It is implemented a differential
photoacoustic cell coupled to an electrochemical one for monitoring and controlling the
etching. This technique allows the study of reaction kinetics and Psi formation process.
Despite that, it was found that PSi formation is critically depended on the called substrate
quality. It was proved that Si wafers are nonelectrical and nonthermal homogeneous due
to nonuniform carrier distribution along the wafers. In the case of p-type Si, boron atoms
trend to out-diffusion, this means that particles migrate from the center of the wafer to
the boundary. This behavior was observed using photocarrier radiometry (PCR) imaging.
This result establishes the methodology to characterize the substrate quality before silicon

etching.

This work also studied the optical properties of PSi single films through reflectance mea-
surements. This determination represents an inverse problem that was boarded from the
optimization perspective. For that, it was implementing an optimization procedure based
on evolutionary algorithms allowing the simultaneous determination of morphological pa-
rameters such as film thickness, interface roughness, and porosity, and the optical constants
(refractive index and extinction coefficient). Clearly, this methodology requires an effecti-
ve description of the optical and electrical behavior of a porous material like a mixture

between the host material (Si) and the filling material (some fluid). There are different
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rules for the electrical description of a mixture such as Maxwell-Garnet, Bruggeman, and
Looyenga. In this work, it was proved the above-mentioned rules, and the one that presents
better accuracy (best fit to the experimental data) is the effective medium approximation of
Looyenga. Also, it is important to mention that PSi presents anisotropic optical properties
meaning that this description is only valid in the near specular reflectance regimen where

electromagnetic radiation propagation is parallel to the porous orientation.

The great understanding of etching kinetics and optical properties of PSi as a function of
anodization conditions allows the design of customized devices such as photonic crystals.
A remarkable feature of etching kinetics of silicon is the self-limiting etching. It means the
continuous passivation of the porous films that allows the formation of new ones without
considerable changes in the last ones formed. This is the principle to manufacture layered
system or stacks of different porosity’s. Additionally, crystalline silicon gets a regimen of
constant values of optical constants from 1100 nm to 500 nm that lets design and manufac-
ture good quality PhC in this range. Previous works had reported manufacture PSi PhCs
in the infrared range, and it is understandable because the optical path required for that
is mostly big. A considerable challenge is to fabricate distributed Bragg reflector (DBR) or
optical microcavities (OMC) in the visible and near to the blue, but it requires every time
shorter optical paths. So the control in the etching processes has to be more subtle. In situ
monitoring allows that, and in the case of optical interferometry and photoacoustic, the
precision is related with the wavelength used for the follow-up. Shorter wavelengths allow

more accuracy in the PSi film thickness.

In the case of photoacoustic monitoring, the amplitude signal is periodic as a function
of the time, and it is related to the etching rate of the PSi film. This means that the
etching rate can be associated with the period ( or frequency) of the signal. So, it is possi-
ble to design a specific PA amplitude profile that corresponds to defined multilayered PSi
structure allowing control of the PSi formation. Starting from this point, this work finally
presents a systematic methodology to design, fabricate, and characterize a PSi customized
stacks. Remarkable facts to take into account are related to the substrate quality, electrolyte
composition, and temperature control. This methodology was proved to fabricate five (5)
PhCws with different properties (stop band, bandwidth, defective layers) that behaves in

good agreement with the simulations. Despite that, it observed deviations from the simula-
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tions that are related to random fluctuations during the PSi formation. These discrepancies
are considered in a tolerance range fabrication. The average differences in all manufactured
devices are around 30 nm in the spectral position. Finally, the methodology report in this
thesis allows design, fabricate and characterize PSi PhC «a la carte» in the range of 500

to 1100 nm.

With thin film deposition becoming increasingly critical in the production of advanced
electronic and optical devices it is required characterizing phenomena that take place at
surfaces and interfaces during thin films formations. Most of the manufacture devices of
these days are made without any real time monitoring and controlling. The photoacous-
tic methodology present in this work can be extrapolated to other systems with similar
formation process (layered structures) whether physical or chemical, such as spin coating,

chemical vapor deposition, epitaxy, sputtering.
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current density from 5 mA cm~2 to 60 mA cm™
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Appendix C

Effects of the interface roughness in
the optical response of

one-dimensional photonic crystals

A single PSi layer and PSi DBRs centered about A\g = 700 nm were designed and simulated
with the features shown in table [C.1] Also, in the same table, a high refractive index layer
is noted as H, the low refractive index layer with L, and the c-Si substrate like S. This

notation allows to write the sequence of layers of the heterostructure designed.

Four cases were studied. The first corresponds to a single PSi layer over a c-Si substrate
with the roughness contribution in the interface PSi/c-Si. The other examples are PSi DBRs
where roughness contributions where located at different interfaces. DBRI1 is the case where
the rough interface is located between the air and the first layer of the DBR (H), so this
interface is called Air/DBR. In the sample DBR2 roughness contribution is located along all
interfaces of DBR, this means at the interfaces H/L and L/H. Finally, DBR3 consider the
roughness between the last L layer and the c-Si substrate, this interface is called DBR /c-Si.
In all cases, the optical response is simulated as a function of the roughness values in the

allowed range.
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Table C.1: It shows the simulated values for the single layer PSi and the DBRs. Also, it

contains the place where rough contribution is located and the sequence of the structure.

Structure dy (nm) dp (nm) py  pr o sequence
Single PSi layer 450 — 0.66 — PSi/c-Si HS
DBR1 102 146 0.91 0.68 Air/DBR (HL)15S
DBR2 102 146 091 068 (H/L)  (HL)"S
DBR3 102 146 091 0.68 DBR/c-Si (HL)"S

Numerical results

The optical response of PSi single layer and PhCs as a function of the RMS roughness are
shown in Fig. [C.1] Color bar represents the reflectance. The first case (Fig[C.1fa)), shows
the simulation of the reflectance of a single PSi layer over the ¢-Si substrate with 450 nm of
thickness and p = 0,66 of porosity (see table . This shows the change in the reflectance
as a function of roughness interface PSi/c-Si the range of 210-1100 nm. The main effect is
the loss of the intensity of the interference effect in visible and infrared regions. As it can be
seen, the optical response in the UV region remains constant, this means that reflectance
was not affected by roughness increasing at the substrate interface. This effect is produced
due to the high absorption that PSi presents in the UV region, which causes the light
to be absorbed first before reaching the PSi/c-Si interface. This effect can be observed in
Fig.[C.2(a) that shows the aspect ratio between a smooth single PSi layer and a rough one,

whose is about 1 in the UV region.

For DBR1 sample, Fig[C.1{b) where the rough interface is located at Air/DBR, the simu-
lations were run from 0 to 50 nm in ¢ RMS value to be comparable with the thickness of
the layers that compose the DBR. The noticeable effect is a decrease in the reflectance in
the UV region, caused because the size of wavelength is of the same order of the surface
irregularities placed in the first interface. Therefore, the radiation is scattered in random
directions producing a reduction in the specular reflectance detected. Also, a part of the
visible (400 to 650 nm) and infrared (800 to 1100 nm) are slightly scattered. The PhC

bandgap is not affected considerable, and the reflectance remains constant for o values
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under 20 nm. For values more significant than 20 nm, DRB1 exhibits a narrowing in the
bandwidth, and a decrease of about 20 % is observed in the reflectance. Fig. [C.2(b) shows
this demeanor in the above-mentioned regions.

Now, the case of DBR2 whit roughness contribution at the interfaces H/L and L/H along
the DBR is analyzed, Fig|C.1|c) shows that reflectance in the UV region remains constant
(see Fig. |C.2(c)) because there is not any roughness contribution at the Air/DBR inter-
face. The main effect is observed in the photonic bandgap, which gets (more and more)
narrowed, and the reflectance intensity diminished as the roughness increases. This effect
occurs because the wavelengths that satisfy the quarter-wave condition (Eq. ?7) start to
be scattered and there is a loss in multiple reflections and interference that generate the
photonic bandgap. The maximum reflectance in the bandgap goes from 0.93, for a smooth
DBR to nearly 0.5 for a DBR with irregularities about 50 nm. Also, the irregularities along
the 15 periods of the PhC have effects in the intensity of the interference fringes, even in

the IR region as Fig. shows.

DBR3 is the case where roughness contribution is located at DBR/c-Si interface. Starting
from the fact that there is no roughness contribution on the first or any of the H/L and
L/H interfaces, the PhC bandgap is not disturbed, so the total response of the system is
not affected for this roughness contribution. This behavior can be observed in Figs. [C.1|(d)
and. [C.2(d) where there are no changes in the UV and PhC bandgap regions. However,
Fig.|C.2(d) shows intensity variations in the interference fringes at both sides of PhC band

gap. This means that these wavelengths reach to be scattered in the substrate interface.

On the other hand, this model and simulations can be done for other photonic systems such
as DBRs with a defective layer or optical micro-cavities (OMC). In any case, the effects on
the optical response will be similar, that is to say, that the intensity of defective mode will

get affected by energy losses due to surface scattering and volume absorption.
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Experimental Results

A PSi DBR was manufactured to perform the comparison between the simulations and
the experimental system. Heavy boron doped ¢-Si (p™+) with [100] direction, and 0.005
cm of resistivity were used as a substrate. Samples were cut into squares of 14x14 mm
and cleaned using the RCA method. Etching was carried out in an electrolyte composed
by hydrofluoric acid (HF) at 40 % and ethanol at 99.67 % in 3:7 volume ratio at 25 °C. It
followed the etching procedure monitored by photoacoustics [20] to control the thickness
of the layers. This methodology allows the fabrication of PSi layers with high accuracy in

porosity and thickness. Anodization parameters are summarized in table

Table C.2: Etch conditions used for PSi DBR fabrication. SEM determined the layer thick-

ness and roughness, and the porosity and refractive index calculated by fitting the UV-Vis

spectrum.
Layer p(mA/cm?) Etching time (s) D d n(700 nm) o (H/L)
£0,01 £0,05 £+0,001 £10 £0.01 +1
L 7.21 16.81 0.680 102 1.73 20
H 4591 4.25 0.911 143 1.20 20

As a result, Fig. (a) shows the comparison between the ideal DBR previously designed
(see table and the measured reflectance obtained for the experimental PSi DBR. As
it can be seen, the bandwidth and intensity exhibit considerable reductions, while the po-
sition of the band remains about A\g = 700 nm. This fact is an indication of the scattering
effect of rough interfaces. SEM images in Fig. (b) show the cross-section of the hete-
rostructure that is composed by 15 periods of LH layers, and Fig. (¢) corresponds an
inside look where the rough nature of the interfaces is evidenced. Despite this, the fitted
reflectance still disagrees to the experimental. This fact can be explained owing to optical
losses generated by other lossy mechanisms such as surface absorption [112], bulk scatte-
ring, and the absorption due to quantum confinement produced by the c-Si walls of the high
porosity layer (H) [41]. However, the above mentioned mechanisms only have effects over

the intensity of the reflectance. This effect is also observed in the baseline level increased
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in the spectrum. Fig |C.3| (d) shows the frontal look of the films for layer H that exhibits
spinodal interconnected porosity, so on walls thickness is about 15 nm that confirms the
quantum confinement. The frontal look of layer L( Fig|C.3| (¢)) shows a regular distribution

of porous.
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