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ABSTRACT

FABRICATION OF SILICON NANOPOROUS HUMIDITY
SENSORS AND THEIR ELECTRICAL AND SPECTROSCOPIC
CHARACTERIZATIONS

This thesis is concerned with fabrication of nantenéo micrometer sized porous
silicon structures utilized as a relative humidsgnsor by electrochemical anodization
method, and Raman spectrometry, image procesSERWl, photoluminescence, AFM,

current-voltage and capacitance-voltage experincheméghods were used to investigate
both structural and electrical properties of porsilison structures formed in sensors.

Electrochemical anodization conditions affectinge tborous structure have been
investigated with regard to the fabrication procgteps and its effect on the sensitivity
of the relative humidity sensors made from porolisos material.

Nanometer sized structure is analysed by diffemegthods to determine optimized pore
diameters for the best sensitive relative humidegysor; A new analysis method was
realised, quantified and reported based on Ramactrsgcopy together with the
assisting techniques such as SEM, image procegsitggpluminescence and AFM in
this thesis. This experimental method was theniegplo porous silicon samples
fabricated in this thesis work and a new applicatd this experiment was realised.
This work shows that using Raman spectroscopy meamnts it is possible to
determine that the structure contains nanometedgiprous silicon structures within a
sample. It is also possible to state that long-tstiaility of the sensor in other words its
mechanical degradation and relative humidity sessitwere determined by Raman
spectroscopy technique in place of capacitance uneaets. The ability to tailor the
porous structure and pore size of the materialnigestigated, and the parameters
effecting the structure and size for a material taming nanometer-sized porous

structure are defined and reported.



OZET

SILISYUM NANOGOZENEKL i BAGIL NEM ALGILAYICI
URETIMI VE ELEKTR IKSEL VE SPEKTROSKOPIK
KARAKTER IZASYONU

Bu tez camasi, nanometre ile mikrometre boyutunda gdzengkByum yapinin
bagil nem sensorii olarak elektrokimyasal yontemle ilimesini ve Raman
spektroskopi, gorintisleme, taramali elektron mikroskobu, fotoliminesaa®mik
gic mikroskobu, akim-gerilim ve kapasitans-gerildeneysel yontemleri ile sensor
malzemesinde kullanilan go6zenekli silisyum malzemegapisal ve elektriksel

incelenmesini igerir.

Uretim gamalarindan biri olan ve gozenekli silisyum yamtkileyen elektrokimyasal
anodizasyon parametreleri incelgtimi Bu parametrelerin gbzenekli silisyum
malzemeden Uretilen pinem sensorindn duyarlilik gerine etkisi incelenngtir.

Nanometre boyutundaki yapi farkli metotlar kullanak en uygun gézenek capini ve
dolayisiyla en duyarli g nem sensorini belirleyebilmek amaciyla analidmagitir.
Bu tez calmasinda, Raman spektroskopi yontemi ile SEM, gdrigteme,
fotoliminesans ve AFM gibi ger yardimci tekniklere dayanan yeni bir analiz rdato
gerceklgtirilmis, analiz sonuclari veriligive dggerlendirmeler yapilngtir. Bu deneysel
yontem, bu tez ¢caimasinda Uretilen tim g6zenekli silisyum numunelgmgulanmg ve
bu ybntemin uygulamasi gerceftielmistir. Bu calsma ile Raman spektroskopi
Olcimleri kullanilarak sensordeki nanometre boydaunyapinin belirlenmesinin
mimkin oldgu gosterilmgtir. Sensoriin uzun donem karaihin ya da bgka bir
ifadeyle yapisal bozulmasinin vegdanem duyarhiginin belirlenmesinin kapasitans
Olcimleri yerine Raman spektrokopi tefnile mimkin oldgu ortaya konmgtur.
Gozenekli yapinin ve malzemedeki gbzenek boyutudedistiriimesinin yapilabilirligi
arastinimis ve nanometre boyutunda godzenekli yapiya sahip enanin yapisini ve

boyutunu etkileyen parametreler tanimlagpne raporlanngtir.
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1. INTRODUCTION

1.1. HUMIDITY DEFINITIONS

Maintenance, realisation, and dissemination of lgityiis a primary thermodynamic
metrology service, since it is must be closely named along with temperature for all
primary and industrial measurements. Humidity mety is a critical requirement in
science: hydrology, environmental studies, metegyl and forecasting for climate
studies. In addition, it has a wide range of apians in society: the food processing

industry, air-conditioning, and horticulture to neua few.

Humidity is the amount of water vapor containedhe atmosphere or in any gas. Since
water or ice can evaporate at any temperatureigxish earth, water vapor is always
present. Humidity or the amount of water vapor galun air depends on the
temperature and pressure. In other words, as thpem®ture increases, the amount of
water vapor that air can hold increases. At the imam value of the water vapor
content, the air or gas is full of water vapor asdsaid to be saturated. At this
contidition, air temperature and pressure are gaioe the saturation temperature and
saturation pressure. Humidity can be expressedlasve humidity in relative value or

percentage, absolute humidity and dew-point tentpera

Relative humidity is a measure for the amount dfewsapor at a specified temperature
relative to the maximum amount of water vapor ates@emperature. Relative humidity
value of 50 %rh means that the air or any gaspsalaa of holding only the half of the
water vapor content that it can possibly hold atdpecified temperature and pressure.
If air has 100 %rh relative humidity, then air @idsto be fully saturated with water
vapor. In this saturated condition, air can holdkimaim amount of water vapor and its
relative humidity value is 100 %rh at fixed tempgara and pressure values. For
example, saturated air (i.e. 100 %rh) at 23 °Chead just the absolute humidity value
of 20.7 g- 1.



Table 1. 1 Humidity definitions and units

Abbreviation -

Definition Unit
Symbol

Relative humidity RH %rh

Air temperature t °C

Dew-point temperature DPT, t °C

Frost- point temperature FPT, t °C

Parts per million by volume PRM -

Parts per million by weight| PRM -

Water vapor pressure WVP, e Pa

Absolute humidity AH, h g-m

Absolute humidity is the mass of water vapor présenunit volume of moist air.
Absolute humidity in air ranges from 5 ¢°rto 588 g- it when the air is saturated at a
temperature of 0 °C and 100 °C, respectively. Theoklte humidity changes as air

temperature or pressure changes.

When an air having a specific water vapor amounpassed over a polished metal
surface whose temperature is gradually decreasedwih condense at specific

temperature value on the surface. This specific peature is the dew-point
temperature, where condensation of water vapoir imna evaporation of water over the
metal surface are in thermal equilibrium. At themperature air is saturated with

respect to liquid water [1].

Dew-point temperature values can be easily condeideother humidity parameters,
such as relative humidity, if the air temperatusemeasured simultaneously. Since
measurements are made with temperature sensoss,tdtihnique offers the best
reproducibility and uncertainty over all humidityeasuring instruments. Although it
offers lowest uncertainty in humidity measurementsasurements require a qualified

person to operate the dew-point meter. The parasjetech as pressure and flow rate



of the system, will affect the measurement resdictly. Therefore, if those

parameters are not taken into consideration, eowmeesults occur inevitably.

Psychrometer is composed of two identical thermemset One of the sensors
surrounded with a moistened wick, while othe wast jneasuring the air temperature.
Evaporation of water from the thermometer sensoa pyopeller resulted depression in
temperature value, as compared with the thermometeasuring air temperature
without any water on its sensor. Depression vatuproportional to the air humidity

value. Moistened sensor is named as wet-bulb theeter, while the other is named as
dry-bulb thermometer.

1.2. CORRELATION BETWEEN MEASUREMENT TECHNIQUES

The correlation among Relative Humidity (RH), Paoés Million by volume or weight
(PPM,, PPMy), and the Dew/Frost-Point (DP/FP) temperaturéh@a in Figure 1.1.
The blue double ended arrow shows the relative diiynrange from 10 %rh to 100

%rh at air temperature of 21 °C.

While RH values are meaningful in the range of bBighumidity values, PP\ or

PPMy values are meaningful in the range of lower hutpidalues. In addition, DP/FP
temperature and water vapor pressure values cdividreahumidity range that is they
are meaningful in the whole range. Therefore, redahumidity is constantly used for
ease understanding not only for daily life but alfew atmospheric or climatic

conditioning measurements.

For trace humidity measurement, PRIMPM, or DP/FP temperature would be better to
use for meaningful representation of humidity valug/hich are related with the

absolute amount of water vapor in a gas or air.
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1.3.1. Relative Humidity

Relative humidity can be measured in several methiogluding elongation of human
hair or nylon film with humidity, wet/dry-bulb metkl with temperature depression by

water evaporation due to humidity, and semicondwsxasor method.

In the 1400’s Leonardo daVinci invented the firginptive humidity measuring
instrument without any specific denifition of huntid In 1664, Francesco Folli
invented first practical hygrometer. In 1783, Hardénédict de Saussure invented a
hygrometer that uses human hair to measure humidit$820, John Frederic Daniell

invented first dew-point hygrometer using electriesistance.

The measurement principle of the first humidity swang instruments was based on
the change in the mechanical properties of substaretated with water vapor, such as

elongation as depicted in Figure 1.2.

@__I I—Q 0% 100 %

7

Figure 1. 2 Humidity measuring instrument whose sneament principle was based on

elongation of substances used as a sensor

Although such instruments are still in use they rawe preferred as reference humidity
measuring instruments since calibration of thesé&uments is sensitive to mechanical

shocks and they also suffer from metal fatiquénangrolonged usage.



The first electrolytic relative humidity sensors reveleveloped using lithium chloride
cells in the 1930’s was depicted in Figure 1.3haitgh an electrical signal was drawn
from these instruments, they had complicated caitn procedures due to their

measuring principle.

Cell Inlet

Stainless
..lsz:c?fét Electrode .« %" ° _Qextpirecﬁcn o

Terminal

Electrode N S
Ter\r@ .

Figure 1. 3 Schematic of electrolytic relative hdityi sensor [1]

. .
1% & &

x - Water « « Oxygen = -Hydrogen

Hygrometers with either capacitive or resistive eyjpumidity sensors are the most
widely used relative humidity measuring instrumentshe world. Both type of sensor

will be described in the next section extensively.

A secondary level of humidity instruments are psgoeters whose measuring

principle is based on evaporation of water vapor.

Psychrometers consist of two ideally identical themeters namely wet-bulb
thermometer and dry-bulb thermometer; one is caverigh a cotton wick moistened
with distilled water while other thermometer is kelpy to measure air temperature. The
former is called as wet-bulb temperature and theerladry-bulb temperature. The
overall system has a propeller to maintain constarftow over wet-bulb thermometer,

which causes a depression in temperature valugdpoeative cooling.
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Figure 1. 4 A psychrometer with two ideally ideatithermometers [2]

Temperature values measured from both thermomatersised to calculate not only
relative humidity, but also other humidity paramsteand also some of the
thermodynamic parameters related with water vagah as specific enthalpy of water

vapor. Psychrometric charts are also used for pate&msonversions.

1.3.2. Dew/Frost-Point Temperature

There are mainly two types of devices measuring-pleint temperature:

* Chilled mirror dew-point meters

» Metal-oxide sensor based dew-point meters

Another type of humidity measuring device is dewispameters whose measuring
principles are based on condensation of water vaparcarrier gas (typically air) and
then temperature of metal surface where condemsttims are measured as dew-point

temperature.



Condensation type dew-point meters are also cabeaptical dew-point meters, chilled

mirror dew-point meters, or chilled mirror hygrorees.

While these instruments are highly accurate and t@eprimary level calibrations they
do not only require regular maintenance but alsedna qualified person to operate
them. In order to operate this instrument, it mustconnected by proper fittings to a
pipeline through which carrier gas including watepor is flowing. They are also used
in humidity chambers if their sensors can be sepdrfom the main device. These
sensors are operated in both end of the dew/frist-pemperature scale. In addition,
these instruments are large and expensive for aiiom systems with respect to

hygrometers [3].

Light Scattered
SOurce light due to Photodedector
condensed
water
- Condensed _
Am{GaS water as dew Alr /Gas
ket > or frost outlet .
Polished Thermometer
metal
surface
Two-stage
thermoelectric
cooler

Figure 1. 5 Sensing mechanism of chilled mirroicgtdew-point meters

Aluminum-oxide sensor based dew-point meters whneasuring principle based on
sensing of water vapor pressure are also useddértainty is of second concern.
Besides, their operation is more straightforward #mey can be used in automation
systems. They are used in pipelines with a promersing or directly in humidity

chambers. These sensors must be protected fromhhigiidity values which causes



irreversible results, and finally malfunctioning thle device. These sensors are mostly

designed for dew/frost-point temperatures beloWw@.0

1.3.3. Parts Per Million

Parts per million (PPM) represents either wateovapntent by volume fraction which
is represented as PRNr if multiplied by the ratio of the molecular wghit of water to

that of air, water vapor content by weight fractighich is represented as PRM

Measurements in PPM is rather difficult than reathumidity measurements although
it is an absolute measurement. It has extensivécagipns in industry especially for

trace humidity measurement.

1.4. HUMIDITY MEASURING INSTRUMENTS ACCORDING TO THEIR
SENSOR MATERIAL

Humidity sensors can be divided into four categgréecording to their sensor material.
Sensor material can be one of the following:

« Polymer-based
» Ceramic sensing
» Metal-oxide sensing

» Semiconducting sensing materials

1.4.1. Polymer-Based Humidity Sensors

Organic polymers are macromolecules in which a striicture repeats. Most of the
polymers are carbon-hydride compounds or theirvdévies. The carbon atoms link
each other one by one forming a long chain callesl hackbone of the polymer.
Functional groups are rooted on the backbone.utdcbe either single atoms such as
oxygen or halogen or molecular groups such as —-CO®@H-NGQ. The functional
groups, along with the basic structure of the baokh determine the chemical and
physical properties of the polymers [4, 5].
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Artificial polymers are synthesized from monomersatt are small molecules.

Copolymers are polymers synthesized from two orenldiferent kinds of monomers.

Polymeric humidity sensors have been extensiveigiistl in research areas. They also
have been applied in industry for more than 30 g/eldliost of the sensors are based on
porous polymer films thinner than millimeters artteit sensing principle is quite
similar to that of ceramic sensors. The film igefil with micro-pores for water vapor
condensation and some of the measurable physiopkgres change due to the water
absorption.

Almost all of the humidity sensors based on polysraperate at room temperature, due
to polymers’ high sensitivity to heat. Polymers t@oning phosphonium have been
developed and utilized as a high humidity sensatesv-point sensor [6, 7]. Crosslinked
polyelectrolyte humidity-sensitive films deriveai two mutually reactive copolymers
have also been developed for humidity sensingH8lymeric electrolyte systems have
been used in humidity sensor devices based ontieariaf the electrical conductivity
with water vapor. Conductive polymer-based humidggnsors are attracting
considerable attention in research laboratoriesirahgstries [9]. In addition, polymeric
humidity sensors other than electrical impedanceasmements (conductance and
capacitance), such as piezoresistive and surface a@ustic (SAW) devices, are other

well known.

Piezoresistive humidity sensor operation relieshenhumidity-induced swelling of thin
polyimide layers [10, 11]. The shift in the SAW eeity in a SAW device owing to the
changes in mass loading, conductivity, permittivepd viscosity over the SAW path
can be employed in sensing applications. Many rebees have reported SAW
humidity sensors based on polyvinyl-alcohol as isgnsedium in SAW resonator,
polyXIO film in SAW delay line, polyaniline (PANIphanofibres as sensing medium in
SAW resonator, tungsten tri oxide as sensing mediu®AW device, a multi-walled
carbon nanotube/Nafion (MWCNT/Nafion) composite en@l prepared as humidity-

sensitive films deposited on the surface of an SééVice, and N-isopropylacrylamide
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(NIPAAmM) nanogel as sensing medium deposited on JR&%onator and SAW delay
line [12, 13, 14, 15, 16, 17].

Sensing mechanism of the humidity sensor is eghemtronic or protonic. According to
transduction type, polymeric humidity sensors areiddd into two fundamental

categories:

* Resistive-type

« Capacitive-type

The former responds to water vapor variation byngivag its conductivity while the

latter responds to water vapor by varying its ditle, &

Resistive-type humidity sensors respond to humidmyriation by changing its
conductivity while capacitive-type humidity sensoespond to water vapor by varying
its dielectric constant. Sensing mechanism of tiesisype humidity sensors are based
on the conductivity change with humidity changesiRive-type relative humidity
sensors were developed a result of the advancemetite technology of the sensor

production.

Figure 1. 6 Commercial resistive-type relative hdityisensors [18]

Capacitive sensors are usually more expensive ribgistive sensors due to their high
fabrication cost. However, with excellent lineaspense, capacitive sensors are far
more attractive than resistive sensors. For trasar, these sensors are the main topic
in this research work. This linear response istdue very simple principle described as
follows. For insulating polymers, the absorbed watde weight of which is

proportional to relative humidity, occupies the efrgpace between the polymeric
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molecules. Therefore the change of the dielectrib® hygroscopic polymer is linearly

proportional to the amount of water absorbed [5].

Hysteresis problem in capacitive sensors comes foisters of absorbed water inside
the bulk polymer. This must be quantified for easdnsor before proceeding with

measurements.

The first capacitive-type relative humidity sensavere developed in 1973. This
development was opened a new era in the humiditgisg and measuring. Today,
almost 75 % of all the fabricated humidity sensare based on the capacitive
measuring principle. The ease of fabrication led twidespread use of these sensors.

Typical capacitive-type humidity sensors are giwreRigure 1.7.

Figure 1. 7 Commercial capacitive-type relative kdity sensor [18]

Sensing mechanism of capacitive-type humidity senswe based on the dielectric
change with humidity [19].

Ae
5 11
ARH (1)
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In the above equatiogis the sensitivityds,= &wrHmazxéwramin IS the dielectric change
which is the difference between maximum and minimufielectric values,
ARH=RHaxRHmin, is the relative humidity change which is the eliéince between

maximum and minimum relative humidity values.

Capacitive-type relative humidity sensors consish substrate where a thin film of
polymer or metal oxide is deposited between twodoetive electrode layers. The
sensing surface is coated with a porous metalreldetto protect it from contamination
and exposure to condensation. The substrate iss,gleeramic, or silicon. The
incremental change in the dielectric constant alapacitive-type humidity sensor is
directly proportional to the relative humidity dfet surrounding atmosphere. The typical
capacitance change is in between 0.2 pF and Oférpk1 %rh change for commercial

sensors in the market.

Capacitive-type relative humidity sensors are gapiloduced in a wide range of
specifications, sizes, and shapes including intedr&lectronics. Therefore, they are

widely used in industrial, commercial, and weatteégmetry applications.

Transduction of water vapor concentration into dacteécal measurement by the

sensing film is a five-step process consisting of:

» Physical interaction of water vapor molecules whté film surface

« Chemical interaction of water vapor molecules wfité film surface

» Surface modifications of the film due to water gapccumulation on the film

» Bulk modifications of the film due to water vaphffusion into the film

« Electrical or mechanical property of the film cgas due to its interaction with water

vapor

Most of the polymeric resistive humidity sensore hased on two types of materials:

polyelectrolytes and conjugated polymers.
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For both types of materials, the conductivity of sngolymers decreases with
increasing humidity level. However, the conductivf the former is always lower, due
to its ionic functional groups. Generally speakipglyelectrolytes are hydrophilic or
even watersoluble, while conjugated polymers (ceatidg or semiconducting
polymers) are rather hydrophobic and unable to rdbsouch water. To fabricate
humidity sensors based on polyelectrolytes, ite@sonable to use some methods to
avoid deformation caused by dissolving and to eoddhe sensitivity by lowering the
intrinsic conductivity [5, 19]. For sensors basead a@pnducting and semiconducting
polymers, dispersing some ions inside the mateléads to reduction in resistivity at
low RH and thus generates greater absolute sighaésconfiguration of most resistive
sensors, as well as of capacitive sensors that llldiscussed later, is either a
sandwiched structure with electrodes on both smresterdigitated electrodes with
deposited polymer films in between. For the sanbedcstructure, the top electrode is
always a vapor-permeable thin metal film such add,gplatinum, and silver.
Polyelectrolytes are polymers with electrolytic gps, which could be salts, acids, and
bases. To absorb moisture, the polyelectrolytesuargally prepared as porous thin
films. Ammonium and sulfonate salts are traditiopalyelectrolytes used in moisture

sensing. During the last few years, phosphoniuts salve been developed.

Over 150 years ago in 1839, Charles Goodyear vizledmatural rubber using sulfur
by cross-linking the isolated polymeric rubber dsainto an intensive network [20].

For humidity sensing polyelectrolytic films, thensa method (cross-linking) is used to
enhance the mechanical properties of the senseraiehh as preventing dissolving of
ions and strengthening the adherence to the stdasffhe diaminoalkane forms a
“bridge” that connects two polymer chains togetkerthat a dense, insoluble, and
intensive polymer network is resulted. Note thate tlerosslinking reagent

(diaminoalkane) becomes the electrolytic (humidinsitive) group of the network and

the crosslinking and ammonium-quaternization ac®aplished at the same time.

Graft-polymerizing, in which electrolytic groupseagrafted on a pre-prepared polymer
backbone that comprises a porous film, is alsoa goethod to make the sensing film
resistive to water [21]. The cross-linking and rpnetrating polymer network (IPN)

are primarily dealing with the solubility and defmation, but have little to do with
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enhancement of sensitivity. The sensitivity becompgise low at high humidity due to

its low resistivity at low RH.

This problem can be solved by adding an insulatogtent into the conductive
polyelectrolytes [6, 8, 22]. Hygroscopic insulatipglymers, such as polyvinyl alcohol
(PVA) and polyesters are always favored. This metisoproved to be effective for
lowering the conductivity of polyelectrolytes amldRH and enhancing sensitivity at
high RH. A typical synthesis reaction for prepariagcopolymer is mixing two

monomers in appropriate solvent under proper cmmdit Humidity-sensitive

copolymer films can also be crosslinked to enhahegerformance [6, 22].

Cross-linked copolymers resulted from mutually te@c polymers have been also
developed in the past few years [8, 22]. Differéoim traditional cross-linking, in
which chains of the same polymer are joined togetia® different polymers (mutually
reactive polymers) are bridged together in thisess. There is no bridging reagent or
radiation needed in the cross-linking process dral donnection between the two

reagents is accomplished by direct reactions.

The cross-linked structure from mutually reactivelymers may have mechanical
properties as good as IPNs, of which the processuish more complicated. Based on
polyelectrolytes, many humidity sensors are ableegpond to RH from 20 %rh to 90
%rh with good linearity [8, 22, 23, 24].

1.4.1.1. Conducting/Semiconducting Polymers

In polymers and single molecules, sometimes dobbiels and single bond may occur
alternately along the main chain. This structurealed conjugation, which is a key

thing for semiconductive and conductive polymerscanjugation structure existing

along the entire main chain is named universalugatjon.

Conductive polymers were first reported in 1977][ZBhe band gap of conductive
polymers is the narrower as the degree of conjogasi greater because more bonding
electrons are delocalized which is verified by theoand experiments [26]. Band gap

of highly conjugated polymers is small eV) and that of saturated polymers is high
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(110 eV). The reason for the decreasing band gapai the conjugating structure
delocalizes the bonding electrons and the systerggns reduced. If the conjugation is
universal, its degree can be represented by theeeeyf polymerization. For highly
conjugated polymers with high polymerization degréee intermolecular resistance
becomes negligible in the bulk. This is because ithermolecular energy gap for
charge carrier to overcome is quite small, whiclugsally less than 0.1 eV for high
degree of polymerization due to the Van der Waalsef that increases with mass. Like
intrinsic silicon, despite containing universallyonjugated chains the intrinsic
conducting polymers are not very conductive becaniseshortage of free charge
carriers. Also, radiation with photon energy higtiean the band gap could enhance the
conductivity by exciting electrons from the valerizand to the conduction band. The
conducting mechanism of intrinsic polymers couldifiterpreted by the principles of
electron—hole pair traveling under electric fieRI’/]. However, the traveling is one-
dimensional rather than three-dimensional due éosthucture of conjugated polymers.
Since most conductive polymers lack completely e@jent carbon sites along the main
chain, some charges are localized and the bandsghprefore enlarged. The sites that
trap the carriers are named polarons (a polardm twib charges is called a “bipolaron”)
and the process in which carriers overcome therpolbarrier(s) is called “hopping.”
At room temperature, the conductivity of intringiolyacetylene is very low, only 10
S-cm® to 10® S-cm? (that of intrinsic silicon is about 4x10S-cmY). Similar to
inorganic semiconductors, the conductivity of poéysican be considerably enhanced
by doping. The doping of polymers is actually tadige (p-type doping) or reduce (n-
type doping) the backbone by chemical agents [28, Phe oxidation/reduction also
generates by-products, like positive or negativesiorhese ions become part of the
polymer to keep the net charge to be zero. Thewsually called “counter ions”. It is
expected that a p-type polymer semiconductor mayago negative counter ions and an
n-type one may contain positive counter ions. Isecthat sufficient amount of water is
absorbed on the doped polymers, one may expecpttaners may show some ionic
conduction with the counter ions as the carrigrss known that the conductivity of
extrinsic silicon is very high (>1000 S-cth However, for general polymers
(polyacetylene or polyphenylene) with moderate dgpeither p-type or n-type), the
conductivity may vary from 0.1 to 1 S.€hin recent years, several devices based on
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conducting/semiconducting polymers were built, ilohg LEDs, [30] solar cells, [31]

and field-effect transistors [32].

Water is well known for its protonation and theesded proton interacts with
universally conjugated C-C double bonds. This éfi®as discovered and used for
humidity sensing [33, 34]. As conducting polymemmlyaniline (PANI) and its
derivatives have been found to be humidity sersifr a long time [35]. Due to
polymerization by some strong oxidant (e.g., ¢g¥B.0s), the PANI structure contains
two basic forms: non-oxidized (reduced) and oxidigguctures. The PANI synthesized
in this way may be regarded as p-type doping. Bubd un-bonded electron pair on the
nitrogen atom, both forms can be protonated:-NHNH*? and N— NH*. The humidity
sensing property of PANI to water vapor can be g as electron hopping assisted
by proton exchange. Its conduction is both eleatrand ionic. The ionic conduction is
favorable as long as mobile counter ions (for eXam@l’) exist in the polymer [36].
Although it is verified that PANI and its derivaéivare sensitive to humidity, the
response is very low due to weak hygroscopicitymaist one order of magnitude
change in conductivity [37, 38]. Using a similarthm@ology in polyelectrolytes, some
researchers combine (o-phenylenediamine) (PoPDpse cstructure to PANI) with
hygroscopic polymers like PVA to enhance the respof89, 40]. The hygroscopic
PVA absorbs water molecules from poly in the dryisigge and provides water

molecules to PoPD as humidity increases.

The composite POPD/PVA is able to detect RH belOwdth [39]. Some hysteresis is
observed in this type of sensor after long-termrafen or short exposure to high
humidity. It is attributed to a layer of sulfuricid that is formed from the dopant
(fuming sulfuric acid) [39]. A major drawback of RAis its poor processibility. It is

reported that converting PANA (Poly (anthraniliddg into PANI by heat treatment
turns to be a convenient method for fabricating PANth good humidity-sensing

property [41]. The doped composite film of poly(oisadine)/PVA, which is also a
derivative of PANI, is reported also to be humiesnsitive [42]. Poly(p-

diethynylbenzene) or PDEB is a conducting polymee tb its long-chain conjugated
structure. Other conducting polymers, such as thgylbenzene-co-propargyl

alcohol, and ethynylbenzene-copropargyl alcohobgtgmer), are also good candidates
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for humidity sensing as reported in the given reiees. These copolymers respond to
relative humidity over 30 %rh [43, 44]. The merit ethynylbenzene-copropargyl
alcohol is that for RH over 30 %rh the logarithmtloé capacitance of the film changes
linearly with humidity and its sensitivity is vehygh [44]. The sensing mechanism may
be due to the interaction between protons or doastand the universally conjugated

structure [43].

1.4.1.2. Hydrophobic Polymer-Based Capacitive Sensors

Unlike resistive sensors based on polyelectrolytespacitive polymer films for
humidity-sensing are made from hydrophobic orgamiaterials that are somewhat
hygroscopic in order to absorb moisture [45]. Ihest words, the polymers for
capacitive sensors should be both non-ionic antiiyigolar macromolecules. In the
market, capacitive sensors are usually more expeiisan resistive sensors due to their
high fabrication cost [46]. However, with excelldimear response, [46—48] capacitive
sensors are far more attractive than resistiveosen3his linear response is due to a

very simple principle described as follows.

For insulating polymers, the absorbed water, theghteof which is proportional to

relative humidity, occupies the free space betwibenpolymeric molecules. Therefore
the change of the dielectric constant of the hygspi polymer is linearly proportional

to the amount of water absorbed. To be non-ionicvieay polar, polyimides, [46—49]

and esters are also good candidates, such asosellatetate butyrate (CAB), [50-51]
poly (methyl methacrylate) (PMMA), [52, 53] polyifyl crotonate) (PVC), [54] and

poly (ethyleneterephthalate) (PETT) [55].

Hysteresis is usually a serious problem in capaxitiensors. Hysteresis comes from
clusters of absorbed water inside the bulk polyifdér, 56]. Formation of clusters
indicates that hygroscopicity of some polymersos high and relatively large voids
exist in the polymeric structures. The water clissteay also deform the polymers and
shorten the lifetimes of the sensors. The appboadif cross-linking is used to solve the
deformation and aging caused by water absorbedlyelectrolytes. For capacitive
sensors, the cross-linking method, [52, 54, 57,iB&hich hygroscopicity is lowered
and the resistance is enhanced due to temperdiargye, [54] is also used to against
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the hysteresis. Some hygroscopic cross-linking @gean also enhance the sensitivity
of the film [52].

Polyimides, which are used as insulators in intiegkaircuits, [59, 59] are the most
commonly used group of materials for capacitive tiity1sensors [45, 46—49] and the
response is always linear with the detection ligaherally below 20 %rh. In addition,
polyimides can also be used as substrates for litynsdnsors [49]. The polyimide
(Kapton) can be doped with carbon to become conducBetween the polyimide
substrate and the sensing film (made of other petgimthe adherence is strong and the
mismatch in thermal coefficients is small. It iss@lreported that carbon filled
polysulfone can be used as good electrodes for dityrsensors based on polyimides
[47].

Other polymers suitable for capacitive humidity s@s include polyethersulphone
(PES), [46] polysulfone (PSF), [61] divinyl siloxarbenzocyclobutene (BCB), [62]
hexamethyldisilazane (HMDSN), [63] etc.

The capacitive humidity sensors have linear respassow as 15 %rh [54, 46, 60] and
some have very low hysteresis (<2 %rh) [46, 48, 61]

1.4.2.Ceramic Humidity Sensors

Humidity sensors based on water-phase protoniecréenamaterials are used widely as a
humidity sensor in industry and research laborasorThe adsorbed water condensed on
the surface of the materials and protons will bedemted in the formed aquatic layers.
For ionic sensing materials, if the humidity inges, the conductivity decreases, and
the dielectric constant increases [5, 64]. In bublder, proton is the dominant carrier
responsible for the electrical conductivity. Thendoction is due to the Grotthuss
mechanism, through which protons tunnel from ond¢ewanolecule to the next via

hydrogen bonding that universally exists in ligpigase water.
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This mechanism was reported more than 200 years[@jo The mechanism of

protonic conduction inside the adsorbed water Byar the surface of the sensing

materials was discovered in study of titanium diexbased sensors.
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Figure 1. 8 Brief illustration of the Grotthuss rhaaism

As shown in Figure 1.9, at the first stage of agg8on, a water molecule is chemically

adsorbed on an activated site to form an adsorptmmplex, which subsequently

transfers to surface hydroxyl groups. Then, anotlvater molecule comes to be

adsorbed through hydrogen bonding on the two neighé hydroxyl groups as shown

in Figure 1.9.
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Figure 1. 9 Multi-layer structure of condensed wbé

The top water molecule condensed cannot move freedyto the restriction from the

two hydrogen bonding. Thus this layer or the figtysically-adsorbed layer is

immobile and there are not hydrogen bonds formeéaden the water molecules in this

layer. Therefore, no proton could be conductedhig stage. An extra layer on top of the
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first physically adsorbed layer forms as water car@s to condense on the surface of
the ceramic. This layer is less ordered than tis¢ fihysically-adsorbed. For example,
there may be only one hydrogen bond locally. If en@ayers condense, the ordering
from the initial surface may gradually disappeadl @notons may have more and more
freedom to move inside the condensed water thrthuglsrotthuss mechanism.

In other words, from the second physisorbed layater molecules become mobile and
finally almost identical to the bulk liquid wateand the Grotthuss mechanism becomes
dominant. This mechanism indicates that sensomdoasrely on water-phase protonic
conduction would not be quite sensitive to low hdityi at which the water vapor could
rarely form continuous mobile layers on the sermmface. The two immobile the
chemisorbed and the first physisorbed layers, wiié@not contribute to proton
conducting activity, could provide electron tunnglibetween donor water sites. The
tunnelling effect, along with the energy induced twe surface anions, facilitates
electrons to hop along the surface that is covesethe immobile layers and therefore
contributes to the conductivity. This mechanismqiste helpful for detecting low
humidity levels, at which there is not effectiveofamic conduction. Nonetheless, the
tunnelling effect is definitely not the semicondagtmechanism that will be discussed

later.

1.4.3.Metal-oxide Humidity Sensors

There are four basic types of oxide-based sensiatgnmals which are ADs, TiO,,
Si0O,, and spinel compounds. The basic preparation rmdsthdumidity-sensing

properties, and their advantages and disadvanteifidse given briefly [5].

Al,O3 is one of the most favorable ceramic sensing nadgedue to its independence of
temperature at nearly all range of relative hungittiom 25 °C to 80 °C. The small pore
radius makes AD; sensitive to very low water vapor pressure. Dueghi electron
tunneling effect inside the condensed immobile wdsyers, porous AD; is a

competitive candidate for sensing low humidity leve
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Two out of several phases for,8; are commonly used in humidity sensingAl,O3
(amorphous) and-Al,Os; (corundum). Since the former has high porositis imore
sensitive than the latter. The latter is the mbstrrhodynamically stable phase. The
growth of humidity sensitive porousAl,O3 is important for sensors with long-term
stability and non-regenerate applications becafitkeochange of-phase AIOsto -

Al,03-H,O (boehmite). It has a gradual decrease of sugees and porosity.
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Figure 1.10 Periodic structure of anodic aluminuade (AAO) [5]

Many of the A}O3; humidity sensors are fabricated through anodirafecause of its
low-cost and easy process, anodig@lhas great advatages over other material®-Al
layer consisting of hexagonal closepacked cyliradrpores perpendicular to the metal
surface is formed under low voltage anodizationcattain conditions in acidic
electrolyte solution. The diameters and depth$efdores can be controlled by tuning
the anodization conditions. Therefore, the detectimit could be set very low by

shrinking the pore size [66, 67].

The a-Al,O3 sensors fabricated by anodic spark depositionaflyse100 V) showed
very high sensitivity and very fast response atrBhkte (<5 s). Their response time and
long-term stability are also examined over one yedt the results were satisfactory for

a humidity sensor.
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Unfortunately, similar to the films formed at lowltage anodization, ADs; films

prepared by vacuum methods at lower substrate tetypes are usually-phase or
amorphous, which suffers from degradation. An ¢ifec method to obtain stable
porous a-Al,O3; for humidity sensing is reactive evaporation atvated substrate
temperatures such as from 800 °C to 1300 °C, inchvhhe metal aluminum is

evaporated and oxidized before the oxide part@tesieposited on the substrate.

1.4.3.1. TiO, Humidity Sensors

TiO, has three phases: anatase, rutile, and brookite.tAird one is seldom used in
humidity sensing. When heated strongiL@00 °C), anatase automatically transforms
to the rutile structure. Rutile is the most comnpirase of TiQ, while anatase is very
rare in nature. At high temperaturéQ0 °C), anatase is an n-type semiconductor but
rutile is a p-type one. Because humidity sensingsisally realized by the adsorbed
proton-conducting water layers on the porous srectat room temperature, both
phases should behave approximately the same istaese or capacitance changes.
TiO, can be considered as a surface protonic/ionic wdimd) material, not a

semiconducting sensing material [68].

For humidity sensing applications, anatase;la@ usually made by a sol-gel method.
The sintering must be at low temperatures (e.g00<XC) for short time. Otherwise,
TiO2 may be turned into rutile. Due to its higher watdsorption capacity, anatase is a

preferred humidity sensing material.

Because of its protonic conducting sensing mechandoping with alkali ions may
improve the conductivity of Ti® Adding SnQ increases its porosity and thus enhances
the sensitivity at high RH range (>70 %rh). Dopoiglectrolytes or ions, e.g.,®s or
potassium may considerably enhance the sensithidyever, most Ti@based sensors
are not sensitive at low humidity levels and hawetéd detection ranges from 10 %rh
to 30 %rh. A TiQ nanowire sensor is capable of detecting relatiwmidity levels
down to 11 %rh.
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1.4.3.2. SIO, Humidity Sensors

Although SiQ grown by wet or dry oxidation has been used asinsmlator in
electronics for a long time, it is definitely natiable for humidity sensing because it is
a dense material. Humidity sensors based on paitiasn oxide were fabricated using
bulk-sintering processes, especially traditional-gel method, in which SiQis
precipitated by hydrolysis of certain alkoxide dfage. It was reported that sol-gel
fabricated Si@ sensors could detect humidity as low as 4 %rh §f2] most reported
works showed that only humidity over 20 %rh cardbtected [70-72].

The most prominent merit of Sis a humidity sensing material is its compatipilit
with the current microelectronics industry. Simitar other porous ceramic materials,
the humidity sensitivity of Si@can be enhanced by adding electrolyte dopantk, @sic
LiCl.

Glancing angle deposition (GLAD) method used fopagtion of the SiO films were
not sensitive to humidity levels lower than 15 %fte response and recovery times are

as short as in milliseconds. These may be thediastenidity sensors ever reported.

1.4.3.3. Humidity Sensors Based on Spinel Compounds

The spinel compounds belong to a large group ofiexiwith a general composite of
AB,0O,. A can be a divalent metal element, especiallgroup II, group 11B, and VIIIB.
X generally represents a trivalent metal, e.g.n,irohromium, and aluminum. The
structure of this group is tetrahedron (diamondyagk with high density of defects.
Although spinel oxides are semiconductors, mosthef reported humidity sensors
based on these materials have ionic sensing prepeprobably due to their low
operating temperatures (<100 °C).

In case that the pore size is very small (100-3®), the lower detection limit can be
down to 1 %rh [73, 74]. Like other humidity sensiogramics based on proton-
conducting mechanism, doping with alkali ions fi#aies formation of hydrated

protons.
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1.4.3.4. Other Ceramic Sensing Materials

A p-type semiconductor (LiCl-doped MnWwas reported to have good linear
response to relative humidity over 30 %rh in slmesponsel(B s) and recovery {5 s)
time at room temperature. Scanning electron miog¢SEM) showed different grain
and pore sizes of the material in relation to theoant of added LiCl. Despite their
short response/recovery time, thin films are lessssive than thick films due to their
lack of capillary structures [75, 76]. Boron phoafehcalcinated at 350 °C was found to
be sensitive to RH over 35 %rh. The phosphate matinight dissolve in the adsorbed
water and help the formation of protons. Thd-e,0; (hematite) used for humidity
sensing was back in the 1960’s. After doping witfcan and sintering at 850 °C - 950
°C, the average pore sizewfFe0; is (25 A. Thea-Fe,O; sensors can response to RH
below 5 %rh.

1.4.4.Semiconducting Humidity Sensors

Some ceramic oxides or composite oxides such as, ZmQ, and 1pOs, etc. are wide-
bandgap semiconductors.,® is adsorbed on the oxide surface in molecular and
hydroxyl forms. Water molecules are observed toease the conductivity of n-type
ceramics and to decrease the conductivity of p-typeamics. This effect has been
attributed to the donation of electrons from theroictally adsorbed water molecules to
the ceramic surface [77, 78]. Another mechanisnp@sed was suggested that water
molecules replace the previously adsorbed and édniaxygen (O, O*", etc.) and
therefore release the electrons from the ionizeggex. Because the conductivity is
caused by the surface concentration of electrdms, gensing mechanism is usually
called “electronic type” [79, 80]. However, the watlayer formed by the physical
adsorption may be somewhat protonconductive. Theefat room temperatures the
conductivity of ceramic semiconducting materialsactually due to addition of both
electrons and protons (ionic), unless at high teatpees (>100 °C) moisture cannot
effectively condense on the surface. The condugtimcrement is produced by surface
electron accumulation resulting from the prefe@@nsilignment of the water dipoles.
Hydrogen atoms contact the surface (mostly at thgen sites) and attract electrons

outward.
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Since adsorbed water molecules increase the cawitlyctof n-type ceramic
semiconductors, most of the experimental works dae@#i n-type ceramics. It was
reported that the change of conductivity was lineacertain exponential based on the

proposed surface reaction mechanism.
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Figure 1.11 Two possible mechanism for “donor dfféar n-type. (a) Electrons are
attracted by the adsorbed water molecules to timécs@ductor surface and the energy
bands are bended; (b) Electrons are released lopthpetitive adsorption. Figure

modified, original taken from [5]

1.4.4.1. SnO,

Stannic oxide (Sn§) is an n-type wide-bandgap semiconductaOlbs adsorbed on the
oxide surface in molecular and hydroxyl forms amel tnechanism was identified to be
electronic [77, 81]. Different from Ti9©and other high-temperature semiconducting
ceramics, Sn@shows electronic conductivity at rather low tengpere (even at room
temperatures). Therefore, Sn@umidity sensors based on semiconducting progertie
are expected. A transitional behavior was also mieskein step-like humidity changes

for sensors based on Sn@t high temperatures. This is caused by fast cttivee
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adsorption between 40 and adsorbed oxygen specie$ (@, etc.) and desorption of

the adsorbed oxygen species and releasing of lieetrans.

The electronic conduction mechanism promotes thenpmenon and also confirms the
contribution of competitive adsorption betweenOHand adsorbed oxygen to the
conductivity increase. For sensors based on uiira-$nQ films (60 nm - 90 nm)
prepared by sol-gel process, the response timesdafigm 8 s to 17 s for different
humidity changes and the recovery time was onlyaba, due to their ultra-thin films.
However, most of the SnGsensors are only sensitive to RH higher than 30. %r
addition to sensing water vapor, Snf@ widely used for multiple gases, especially
harmful oxides such as NOCO, PbQ.

1.4.4.2. Perovskite Compounds

Large group of oxides with general composition @y are named as the perovskite
compounds. The A can be any metal element withat@nece electrons, e.g., group II,
group IV, and rare earth metals. The X represatdsiim, niobium, and iron. All
members of this group have the same basic isonsdtricture [82]. Perovskite oxides
type ceramics exhibit interesting properties ananpsing applications. N-type
perovskite semiconductors exhibit electrical conhity variation as humidity changes
and have high sensitivity to water partial pressioe/n to 0.006 atm. However, the
humidity-sensing property of perovskite oxides islyo effective at elevated
temperatures (400 °C - 700 °C). Therefore, the yskite oxide humidity sensing
devices, based on electron-conducting mechanismpperated at the temperature of
hundreds of Celsius [83, 84]. At room temperatgmme porous perovskite oxides still
demonstrate humidity sensitivity. Because the sgngiechanism is no longer electron-
conducting but ion-conducting, they are only sevisito humidity higher than 8 %rh -
20 %rh [84-86]. In these cases, the porous perts/skides operating at room
temperature may be regarded as simple resistivamecitive ceramics, in which the
group Il elements may serve as metal ions to imgrbe conductivity in moisture.
Most humidity sensitive perovskite oxides were feded by bulk-sintering of the

mixture of two or more metal oxides/carbonates.
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1.4.4.3. 1n,03

In industry, smooth and transparent films madenalium oxide, an n-type ceramic
semiconductor, are used as infrared-reflectordemtredes for liquid crystals. There are
a couple of methods for fabrication of rough andops O3 layers that are sensitive
to humidity. The humidity-sensing is due to thequm water adsorbing structure inside
the gaps. Using thermal deposition in high vacuuas found to obtain h®s films with
granular sizes ranging fromdm to 10pum. However, 1gO3 humidity sensors are not
able to sense relative humidity lower than 25 %th the response may take a couple of
minutes. This type of devices still needs improvetnalthough we categorize 403 as

a semiconducting (electronic conducting) mateital humidity-sensing mechanism is

still not very clear [87-90].

1.4.4.4. Other Semiconducting Sensing Materials

Homogeneously mixed and sintered Zn@2¥ was found to be a humidity-sensitive n-
type semiconductor [91, 92]. Doping with “Lshows linear behavior in the entire
humidity range from 5 %rh to 98 %rh at room tempaes. The composite materials
were found to be n-type and the electrical conductiue to the water donors was

thought to be the dominant mechanism in the lowiliiynrange.

1.5. CHARACTERISTICS OF HUMIDITY MEASURING INSTRUMENTS

In order to satify a wide range of applications tbikowing general requirements must
be fulfilled by a humidity sensor [1, 93]:

» Good sensitivity over a wide range
» Good uncertainty

» Good accuracy

» Short response time

» Good repeatability

» Good reproducibility

» Good long-term stability

* Low hysteresis

* Fitness to circuitry



» Tough durability and long life

* Ability to recover from condensation

* Resistant to chemical and physical contaminants

* Low temperature dependence

» Simple structure, simple fabrication

* Small size

 Suitable for measurement system of user

* Cost effectiveness
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1.6. COMPARISON AND ADVANTAGES/DISADVANTAGES OF HUMIDI TY
MEASURING INSTRUMENTS

In this work, the properties of various types ofridity sensors reviewed in the

previous sections were researched, compared, arichsted from various publications

containing literature and manufacturer data sheetdetermine their suitability as a

humidity sensor. Comparison of four different typésumidity measuring instruments

is given in Table 1.2.

Table 1. 2 Comparison of humidity sensors

Capacitive type Resistive type Optical type Psychrometer
[1, 5, 64, 93] [1, 5, 93] [1, 5, 93] [1, 93]
Ease of use Ease of use Complex Complex

Only new electronic
Integral memory Integral memory  |[None / Softwar _

versions
Transfer standard | Transfer standard Referencea@dndTransfer standard
Low cost Low cost Expensive Low to medium cpst
No maintenanc No maintenanc Regular maintenand@egular maintenance

Tolerate

condensation

No

condensation

tolerance

t

Tolerate

condensation

Tolerate

condensation
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_ _ _ ~ Low drift / LowlLow drift / Low
Drift / Hysteresis Drift / Hysteresis ) )
hysteresis hysteresis
Temperature Temperature No temperatuiNo temperatul
dependence dependence dependence dependence
No sensitivity t(No sensitivity to floySensitive ¢ air/ga$Sensitive to air flo
flow rate rate flow rate rate

1 %rh to 99 %rh

Measurement rang@/leasurement range:

5 %rh to 95 %rh

Measurement range
0 %rh to 100 %rh

IMeasurement rangg
0 %rh to 100 %rh

Sensitivity:
0.2 pF-%rH
- 0.6 pF-%rft

Sensitivity
(kOhm.%rhb):

1 (90 %rh - 60 %rh)
6 (60 %rh - 50 %rh)
50 (50 %rh - 40 %rh)

Sensitivity
(°C.%rhY):
0.5

Sensitivity
(°C.%rhY):
1.0

450 (40 %rh - 20 %rh)
Accuracy: [1, 93] |Accuracy: [1,93] Accuracy: [1,93] |Accuracy: [1,93]
2 %rh — 4 %rh 3 %rh — 5 %rh 0.5 %rh ; 0.1 °G3 %rh -5 %rh
(dew-point
temperature)

In addition, advantages and disadvantages of dapaei type humidity sensors,

resistive-type humidity sensors, optical-type hutgidensors, and psychrometers are
given in Table 1.3, Table 1.4, Table 1.5, and Tabfe respectively.

Table 1. 3 Advantages and disadvantages of capadtitpe humidity sensors

Advantages [1, 5, 64, 93]

Disadvantages [1, 5964,

Resistant to chemicals

Hysteresis

Full

condensation

recovery

from

vapour

Drift due to response to substances other thanry

vate

coefficient

Low temperature

Temperature dependency
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Easy fabrication

Possible damage of strong acidiasic chemicals

Response time ranges fro
30 s to 60 s for a 63 %r

step change

nCalibration shift at temperatures above 40 °C an

hrelative humidity values above 85 %rh

d a

Long-term storage optiong

Distance between the sensor and the signal conutitig

circuitry has a practical limit (less than 3.05 m.)

Ease of use

Direct field interchangeability caral@oblem

Cost effective

Tolerate condensation

Table 1. 4 Advantages and disadvantages of resistpe humidity sensors

Advantages [1, 5, 93]

Disadvantages [1, 5, 93]

Ease of use

Hysteresis

Integral memory

Drift due to response to substances other thanry

vapor

Low cost

Temperature dependency

No maintenance

Possible damage of strong acidiasic chemicals

U

Interchangeability of thg

sensor within 2 %rh

Intolerant to condensation

Non-linear response (logarithmic)

Table 1. 5 Advantages and disadvantages of ogipal-humidity sensors

Advantages [1, 5, 93]

Disadvantages [1, 5, 93]

Reference standard

Complex and expensive

Traceable to temperatu

standards

re

Requires pressure measurement and correction

Low drift

Requires regular maintenance

vate
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Low hysteresis Sensitive to incoming air/gas flater

No temperature
None / Software
dependence

_ Requires longer times for stabilization after camsigion
Tolerate condensation
occurs

Requires qualified person to operate

Table 1. 6 Advantages and disadvantages of psy&tesm

Advantages [1, 93] Disadvantages [1, 93]

Transfer standard Complex

No temperature Require suitable chart or software in order to @vhy
dependence temperature values to humidity related definitions
Tolerate condensation Regular maintenance

Low drift Sensitive to built-in air flow rate

Low hysteresis Requires continuous water supply

Low/moderate cost

As a conclusion drawn from Table 1.2, Table 1.3l&d.4, and Table 1.5, it can be
observed that although capacitive humidity sensafter from hysteresis and most of
them have some temperature dependency, they atpeingive, easily fabricated, and

accurate sensors.

1.7. INTEGRATED HUMIDITY MEASURING INSTRUMENTS

An immense number of humidity measuring devicesewaeisen from the diversity of
humidity measuring techniques. Among them absdiutaidity, dew-point and relative
humidity are the commonly used terms and also nawofesneasuring devices.
Approximately 75 % of the market offers resistivecapacitive type relative humidity
sensors for measuring relative humidity. In additiategrated relative humidity sensors

are still growing in demand in industry.
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Integrated sensors refer to the implementationhef densing element and associated
electronics on the same substrate. Integratedvelaumidity sensors are not widely

available because of the incompatibility of thessieg material and the silicon substrate
required for the electronic circuitry. In this resp porous silicon has attracted great

attention due to its compatibility with the electio circuitry as a sensory material.

After the discovery of luminescent properties ofqa silicon [94-95], its use has been
extended to sensing applications. Morphology of pweous silicon structure had
attracted much attention from the researchers Isecat its suitability not only as a
sensor material for humidity and gas sensing, tsat #r a material that can be used in

biotechnology applications, such as in drug dejiver

1.8. POROUS SILICON INTEGRATED HUMIDITY  MEASURING
INSTRUMENTS

Porous silicon has a myriad of channels or holeth wianometer to micrometers
dimensions etched into silicon to create a spohg&el or mixed structure which is
suitable for humidty sensing. This structure letms high surface to volume ratio or
high void to bulk ratio. There are five basic reasto use porous silicon as a humidity

sensing material:

e Since it is compatible with bulk silicon, a fulintegrated sensor can easily be
implemented

 Batch fabrication is possible with low cost andyefabrication

« The material can be tailored to suit a particus@nsing application, since the
properties of porous silicon layer can be easilyimalated

* The high surface to volume ratio allows the mumiatation of the active sensing
region

« Control of nanometer sized pore and/or crystallsiands is required to produce a

sensor with humidity properties desired



34

Water and water vapour in nanometer sized poraustste is trapped during various
relative humidity values. The mechanism is theuditbn of water and water vapour in
this structure. Diffusion is the net movement ofudbstance (e.g., water vapor) from a
region of high concentration to a region of low centration. Knudsen diffusion,
surface diffusion, and capillary condensation &eerhain considerations when there is
diffusion in “small” cylindrical pores which meatisat the pore diameter is of the same
order of magnitude as the molecular size of mokxdntering the pore. Knudsen
diffusion and surface diffusion involve only gas€spillary condensation involves the
conversion from a gas into a liquid and it resfiitsn the altered vapor pressure of a
liquid inside a pore. This increased vapor prespusggiven by the Kelvin equation.

In order to verify suitable diameter values of p@atructure for humidity sensors, the
Kelvin equation (1.2) was utilised [96]. The Kelvequation gives the basis for
calculation of optimum pore size™as a function of relative humidity. According to
the Kelvin equation, the ideal pore sizes requicedensing of relative humidity values
from 20 %rh to 95 %rh range from 0.8 nm to 40 naspectively. DiameterdE2*r)
values were calculated for relative humidity valuasging from 0 %rh to 100 %rh, and
were generated in the Figure 1.12 at various teatpex values.

inP =2V (1.2)

p, [IRT

In the above equatiop,is the vapour pressung, is the saturation vapour pressuyes
the surface tensioWV,;, is the molar volume of the liqui® is the universal gas constant,
T is temperature in Kelvir, is radius of the pore where the liquid is trapp8ohce,
porous silicon is the material for sensing relatiwemidity; water is the liquid which

was taken into account for all the parameters dial®ve.

Using the Kelvin equation given above, diameteugalwas calculated and the results
were presented in the following log-linear graphe3e values show the pore diameter
of the sensing material suitable for humidity seasa the range from 0 %rh to 100
%rh.
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Figure 1.12 Pore radius values calculated fronKitlein equation for relative humidity
values ranging from 0 %rh to 100 %rh
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It is observed from the graph depicted in Figurg21lthat various diameters must be

available in a humidity sensor structure.

1.9. LITERATURE REVIEW OF POROUS SILICON HUMIDITY/GAS
SENSORS

Porous silicon (PSi) has promising features assasgasor, and especially as a relative
humidity sensor working in the range from 10 %r®8%rh. Porous silicon (PSi) was
discovered in 1956 by Uhlir during studies of elechemical polishing of silicon
wafers using hydrofluoric (HF) acid containing etetyte [97] who suggested that this
was a thin film deposited on the surface. In 1988yication of porous Si was next
reported by Turner [98]. In 1972 Theunissen repbttet the colouration was due to
pore formation in the silicon [99]. Although PSi svarst discovered by Uhlir in 1956,
small interest shown in porous silicon from the +£8¥0’s and throughout the 1980’s
relates almost exclusively to its use for deviadason in integrated circuits [100]. A
significant interest in this material is more recatue to its room temperature
photoluminescence demonstrated by Canham [95].eSihis time the majority of
research into porous silicon has focussed on ohsens of and explanations for the
mechanism of both photoluminescence and electrolessence from this material, and
its potential optoelectronic applications. Propgsedenerally accepted and
experimentally verified mechanism for the photolnescence from room temperature
porous silicon comes from primarily from quantumnfioement in nanocrystalline
silicon domains formed during the anodisation pssc&hotoluminescencs of this type
is called “S” band, where S stands for “slow”, hesa the emission lifetime for this
material is on atimescale of microseconds. It hesnbwidely studied mainly for its
optical properties, but since the interest of thiergific community has been triggered
to its potential sensor applications. PSi has shavamy advantages with respect to
standard materials. The most noticeable is the lage specific area, reaching 900
m? cm® for nanometer sized porous silicon. This strucae serve as a gas sensing
depending on the pore morphology and additionallgist In particular porous silicon
appears to be a good candidate for coupling witthogical molecules because of its

peculiar characteristics [101, 102, 103, 104]. Ttaoporous structure allows the
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loading of large amounts of biological material anvery small volume and the
possibility to easily tailor the pore size and nfwiogy as a function of the kind of

molecules to be introduced.

When the literature on porous silicon was surveyethis work, thousands of studies
were observed to have been carried out in thid,fighich was started by Uhlir in 1956
[97]. There were also tens of review papers [108}1dnd several books [119-124]
regarding formation and characterization of PSudtire. There were also tens of
papers concerning porous silicon as a gas sensarrelative humidity sensor [125-
141]. This literature concerning porous siliconaagelative humidity sensor has been

reviewed and a summary is given below:

In 1990 Anderson et al., [126] produced a poroyerlan p-type (111) silicon wafer
with 0.01 Q-cm resistivity value, in a Teflon assembly at arent density of 10
mA.-cnmi®. They found a 440 % increase in capacitance jporese to a humidity change
from 0 %rh to 100 %rh.

O'Halloran et al.,, produced a relative humidity s@nusing porous silicon in a
membrane type design. Silicon substrates of p-t4#0> with resistivity of 2-42-cm
were anodized for 5 minutes in a 40 % HF solutibid gthanol) with a current density
of 30 mA-cn?. Using these conditions a porous layer of roughlyn thickness with a
porosity pf approximately 65 % is expected, with thajority of pores less than 5 nm in
diameter. After porous formation, the silicon wassed in DI water and allowed to
stand for 2 minutes in a water/ethanol solutionptevent capillary cracking of the
porous structure. Besides several upper electraglgms were deposited before
anodization to get the best response. But thedation of the sensor is complicated

including low pressure chemical vapor depositioRQVD) and plasma etching [127].

In 2000, Foucaran also developed a humidity sefisar n-type <100> silicon wafer
with resistivity of 6 x 1G Q-cm [128]. A gold layer of 200 nm was coated orbisk
surface. This gold layer forms an ohmic contachuwiite silicon wafer. This wafer was
then cut into squares of 15 mm x 15 mm dimensidhs.anodic current density was 30

mA-cm?. The electrolyte used for the porous formation wasixture of one volume of
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ethanol (98 %) and 6 volumes of HF (40 wt. %). Ehfabrication conditions led to the
formation of 54 % porosity. Anodization of sampleas performed in a single-tank
Teflon circular cell, with a diameter of 0.9 mm, @om temperature. The relative
humidity sensor was characterized in a climaticber from 10 %rh to 90 %rh. The
capacitance of the sensor was measured using 2H4 CR meter at a frequency of
100 kHz. Capacitance change in the specified vdtimidity range was 2.6 pF-%th

Kim has reported [129] the fabrication of humidggnsors using porous silicon layer

with mesa structure on the same year.

A small single crystal with several intrinsic juiwgts is called a mesa. The name mesa,
meaning table in Spanish, originates from the siryl in shape with natural mesas,
hills with a flat top and steep sides. Apart froarger crystals which might have
impurities and crystal defects within the layers, smaller mesa has a quite
homogeneous structure which makes it more suitidsleeproducible measurements
[129].

To create porous silicon layer, p-type silicon wafeith (100) direction and 0.02-cm
resistivity were used as a substrate. The fabdoatif the sensor has mainly ten steps
including low pressure chemical vapor depositioRQVD). Anodization to form the
porous silicon layer was carried out in 25 % HFusoh mixed with ethanol at a
constant current density of 13 mA-érfor 120 s. For capacitance measurements, HP
4263A LCR meter was used at frequencies of 1201HzHz, 10 kHz, and 100 kHz.
LCR meter is a measuring instrument of a compometit the following measurands
namely, inductance (L), capacitance (C), and rascs (R). The capacitance response
was inspected in the range of the relative humitliyn 25 % rh to 95 % rh. The
capacitance response was 18.6 pF-%ath120 Hz, 11.4 pF-%rhat 1 kHz, 3.6 pF-%fh

! at 10 kHz, and there was no change in capacitesioes at 100 kHz.

Mai et al. fabricated porous silicon humidity semssmn silicon substrates by
anodization with a current density of 5 mA-€for 30 min and 60 min in 2000 [130].
Gold electrodes were prepared on the top surfaceparbus films by vacuum

evaporation. HP4192A-LF impedance analyzer was tsadeasure conductance and
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capacitance of sensors vs. frequency. Samples amealed at 400 °C in nitrogen
ambient. Conductance response was 3.2 mS* %200 Hz, and 14.0 mS- %rfat 1

kHz. Besides, capacitance change was observedrotilg annealed samples.

The same year, Rittersma fabricated a novel sufaceomachined capacitive porous
silicon humidity sensor [131]. This fabrication pess is rather complex and had many
steps. Humidity sensitive area was defined by pdtig a 1um thermal oxide and a
200 nm LPCVD SiN4 on low-doped 2-1@-cm p-type silicon wafers. ThesSi, was
patterned with BHF, followed by a 1 % HF dip. Thack surface of the wafers was
implanted with a high dose of boron and covered witmetal. The patterning of the
metallization follows with the meshed capacitorceiede in one layer. This patterning
was done with lift-off process. Chromium, gold aagkin chromium was deposited.
Finally, the free silicon between the meshes ofttdgeelectrode is turned into porous
silicon with electrochemical etching. Anodizatiomasvperformed in a 1:1 mixture of 50
% HF and 98 % ethanol. The current density wasedabietween 5 mA-cfhand 30
mA-cni?, and the formation time was varied between 30ds2amin. The capacitance
response was 2.7 pF-%rhat 100 kHz.

In 2001 Das et al. have developed porous silicomitily sensors on a p-type (100)
orientation with resistivity in the range of 1Q-cm [132]. The anodization was
performed in a cell specifically developed for gerpose. The wafers act as a seal
between the front and rear regions of the cell. frbat region was filled with the
mixture of HF and C4OH while the rear portion was immersed in KCI st The
back contact metallization was done by screenipgrdf silver-aluminium paste and its
subsequent thermal annealing. The anodization mumensity was varied from 2
mA.-cmi? to 50 mA-crif and HF concentration in methanol was varied fren¥2to 48
%. The capacitance response was 0.09 nF* %170 Hz, 0.04 nF-%rhat 720 Hz and

1 kHz, 0.01 nF-%rhat 10 kHz, 66 kHz and 103 kHz.

In 2002, E. J. Connolly et al. investigated thetadility of porous polysilicon and
porous silicon carbide (SiC) as materials for segmgiumidity [133]. They have used
two different materials for fabrication of humidityensors. Thin films of p-type

polysilicon and silicon carbide were deposited tandard silicon wafers. Polysilicon



40

was deposited using LPCVD and silicon carbide udfteCVD (plasma enhanced
chemical vapor deposition), and doped in situ. fiikekness of the films were 4000 °A
(polysilicon) and 5000 °A (SiC), and both were dbpeith boron. Aluminium was
evaporated on the back surface of the wafer. Thepks made porous by
electrochemical etching/anodization using various Eoncentrations, anodization
current densities in the range 1 mA“tm50 mA.crif, and anodization times between
30 s and 10 min. An HP 4194 impedance/gain-phasdyzer meter operated at
frequencies between 100 Hz and 100 kHz was usechfmacitance measurements. The
capacitance response was 100 pF:%dr polysilicon, and 0.1 pF-%thfor silicon
carbide. Although silicon carbide was not foundbéoas sensitive as porous polysilicon,
it had a good linearity over the range from 10 %rB0 %rh. Besides, the response time

of the porous silicon carbide samples were fasi@n single-crystal silicon.

Furjes et al. proposed a new design for porousosilirelative humidity sensor [134].
The structure of this sensor had many steps. eifsall, crystalline n-Si islands
embedded in the porous silicon layer to get refiadaintacts. Aluminium or Cr/Au lines
of 10 um - 12pm width were contacted to megion formed by additional phosphorous
implantation in the n electrodes. A 500 nm &iNlayer was used for masking and
electrical insulation. The formation of porous = was the final step in wafer
processing. To improve the mechanical stabilitshia capping layer was formed on the
top. Normalized capacitance values of the reldtiwaidity sensor had a variation of 50

over the range from 10 %rh to 95 %rh values.

Yarkin et al. described electrical impedance of ldityn sensitive metal/PS/n-Si

structures with unoxidized and oxidized porouscsiti layer [135]. Frequency and
voltage dependencies of impedance will be analyaetktail which will be useful for

better understanding of both fundamental electrpralperties of PSi and operation
principles of PSi-based humidity sensors. Studad@es were fabricated from n-type
c-Si substrates. The back surface of the substredssion-implanted to make ohmic
contacts. PS layers were formed by electrochenetetiing of the substrates. The
anodization was performed in HF (48%HzOH = 1:1 solution accompanied by
halogen lamp illumination of etched surface. Etghaurrent density and time were 5

mA-cm? and 480 s correspondingly. After anodization thengles were rinsed in
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ethanol and dried. The contacts for electrical mesments were formed by Al
evaporation on the back surface of the substratitofin contact) and on the PS surface
(top contacts). Top contact was thin (about 20 mmJ has an area of 3xfCcnt.
Conductance and capacitance of metal/PS/n-Si stegctvere measured by HP 4192
impedance analyzer in equivalent parallel circubden Frequency dependence of
capacitance was obtained for various oxidation satpres. Porous silicon structures
oxidized at low temperatures had linear capacitadependence while structures

oxidized at higher temperatures showed capaciteimaege on the order of two to three.

In 2004 Bjorkgvist et al., studied the responsa chpacitance-type humidity sensor in
which thermally carbonized porous silicon (TC-P&iyer was used as a humidity
sensing material [136]. Humidity behavior of TC-R&ind to be highly dependent on
carbonization temperature. The PS layer was madanbygizing boron-doped p+-type
Si (1 0 0) wafers with a resistivity of 0.0I5cm - 0.025Q-cm in an HF (40 %) and
ethanol mixture (1:1 (v/v)). They used 1 min etchiime with 50 mA-cii current
density to achieve a 2.fm thick PS layer. The carbonization of PS layer sasied
out in a quartz tube (300 ml) under continuousogién gas flush (0.5 |- mify to which
acetylene (6H-) flush (1 I-min*) was added for 15 min before the heat treatmedt an
during it. The thermal treatment (10 min) was perfed at 520 °C, in a constant
temperature oven. Carbonized PS was cooled dowwota temperature under,Mow
before contact with ambient air. After carbonizatigold electrodes (20 nm thick) were
sputtered on the top of the TC-PS surface. Theamiist between the rectangular
electrodes was 0.5 mm. The electrical parameters measured using a 1920 Precision
LCR Meter (QuadTech) operated at 0.1 V. A numbedrefuencies from 35 Hz to 100
kHz were used. Capacitance change of 120 nF wasnadgs during relative humidity
values from 6 %rh to 84 %rh. Hysteresis effect veaamined at three different
frequencies, namely at 55 Hz, 120 Hz and 1 kHz evihanging relative humidity

values from 5 %rh to 95 %rh. At 84 %rh there wéysteresis of approximately 50 nF.

In 2005, Di Francia et al. fabricated porous sititased relative humidity sensor [137].
Single-crystal <100> phosphorus-doped, n-typeailizvafers with 1Q-cm resistivity,

and 525um thick has been used in this work.
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The relative humidity response was characterized doyrent versus voltage

measurements. At positive bias voltage there washange in the current value while
changing relative humidity from dry air (0 %rh) 30 %rh. At negative bias voltages
current value changes from 1A to 10° A from dry air (0 %rh) to 30 %rh change. Di
Francia et al. proposed a novel and simple wayst nitype porous silicon as active
material for humidity sensing. The sensor desigs waery simple regarding fabrication

steps.

In 2005, Xu et al. fabricated porous silicon capeeihumidity sensor [138]. Silicon
structure was nano porous pillar array (NPPA). €heamples were prepared by
hydrothermally etching (1 1 1) oriented, boron-dipsingle crystal silicon (sc-Si)
wafers with an area of 20 mm x 20 mm in hydrofla@acid containing ferric nitrate.
The resistivity of the initial sc-Si wafers was BQ-cm - 0.2Q-cm. The hydrothermal
etching was carried out in a mixed solution, wita toncentrations of HF and Fe()©
are 12.4 molt and 0.04 mol, respectively. The hydrothermal treatment is pent

at 140 °C for 40 min. After the etching procesg, $1-NPPA samples are washed with
distiled water and dried at room temperature. Télectrodes were formed by
magnetron sputtering aluminium at 150 °C for 10 @nial subsequently heat-treated at
350 °C for 10 min. Different humidity levels werbtained from a series of standard
saturated salt (LICl, MgG| Mg(NO);,, NaCl, KCI, and KNQ@) solutions in conical
flasks with stopper. The experiments of the capaci response of Si-NPPA sensor to
humidity were carried out by using a LCR Databrid®#1 at two electrical signal
frequencies, 100 Hz and 1000 Hz.

The typical morphology of Si-NPPA detected by s@agrelectron microscope (SEM)
is presented in Fig. 1.14. Clearly large quantitésregular, uniformly distributed
silicon pillars, which are perpendicular to the faoe and well-separated, were
generated. The lateral SEM measurement also sh@ishie thickness of the Si-NPPA
layer is about 3um, and transmission electron microscopy measurenhisafoses that

all the pillars are nano-porous, similar to theatural characteristics of normal PSi.
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Figure 1. 14 Typical SEM surface micrograph of $IMA

Variation of capacitance with relative humidity indLO %rh to 95 %rh at 100 Hz and at
1 kHz was found to be 450 nF and 175 nF respegtivel

In 2006 Bjorkqvist et al. studied different poskitas to reduce hysteresis in thermally
carbonized porous silicon (TC-PS) humidity send®9]. Modification of the contact
angle, pore size enlargement, and heating of tinsosewere all possible ways to

diminish the condensation of water into the porstnscture of PS.

The PS layer was prepared by anodizing boron-dgpgge Si (100) wafer with a
resistivity of 0.015Q-cm - 0.025Q-cm in an HF (38 %) and ethanol mixture (1:1 by
volume). Current density of 50 mA-&mvas used, which produces porosity of about 65
%. Both free-standing films and samples on sulestvegre prepared. Free-standing
films were etched for 8 min and layers on substfiatenidity sensor) for 1 min, which
led to the film thickness of about 26n and 3um, respectively. After etching, the PSi
was dried for 2 h and then thermally carbonizedabgtylene. The carbonization was
carried out in a quartz tube in a constant tempegatoven. Several different
temperatures between 520 °C and 835 °C were usgdoice variation on the surface
chemistry and thus, on a contact angle.
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Pore size enlargement of the porous silicon by alimggat high temperature was found
to be a usable method to reduce and tune the bgsdoop into the higher relative
humidity values. TC-PS humidity sensor with largeres showed only slight hysteresis
above 75 %rh. Operation of the sensor a few degabese room temperature also
reduced hysteresis significantly. In each caseyaed hysteresis is mostly based on a
smaller amount of condensed water. In capacitipe-tyensor, this also means lower
sensitivity. However, the sensitivity of the TC-R@midity sensor is still adequate for
accurate humidity measurements and better thanitisggsin most commercial

capacitive sensors.

Variation of capacitance with relative humidity finds %rh to 75 %rh at three different
temperatures, 22.0 °C, 25.3 °C and 28.7 °C, wasdda be 47 nF, 37 nF and 33 nF

respectively.

In 2007, Islam et al fabricated a porous siliconmfdity sensor on a p-type silicon
wafer <1 0 0> with resistivity of ©-cm - 2Q-cm by standard electrochemical etching

in HF-based electrolyte using specially designedi&&ation cell [141].

Figure 1. 15 Photograph of the fabricated porolisosi sensor

The cell was PC interfaced through data acquisiBgstem to control the current
density and etching time precisely. Anodization wasried on in dark with the

formation parameters of current density 10 mA?chiF concentration and etching time
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were 48 % and 7 min, respectively. Top coplanaeridigital metal contacts were

fabricated by silver screen printing technique vatiibsequent firing at 500 °C for 40 s.
Length of each inter-digital electrode is of 4 nthickness of electrodes is 0.5 mm and
spacing between each electrode is 0.5 mm. Porofkitye PSi sample was determined
by gravimetric technique and is found to be 60 %e Thickness of the PSi layer is 7
pm. Fig. 1.15 shows the photograph of the actualhe8iidity sensor.

Three types of porous silicon layer were studiedafmalyzing the drift due to aging of
the sensors. First one was washed in deionizedr wateediately after anodization,
second one was post oxidized igQd solution immediately after anodization for 48 h at
room temperature, and last one was post oxidizied whshing in deionized water kept
at room temperature for 1 year. For all the thamaes the formation parameters were
the same. For measuring the long-term drift of R&ildity sensor, experiment was
performed at a fixed humidity and at room tempemtior several days. The
experiments were repeated at different humiditelldar different periods with all the
samples. Change of capacitive impedance with thiatian of RH was measured by

phase detection circuit.

As a result of measurements, at the end of 15 skysor output change was 1 V at 98
%rh, at 95 %rh for another 8 days a voltage chafige3 V and at 35 % rh for another
10 days a voltage change of 0.3 V was observed.thrsensor oxidized in J,
solution at 98 %rh, a voltage change of 0.3 V wlaseoved during period of ten days.
The last sensor oxidized at room temperature inyeae, a voltage change of 0.5 V at

98 %rh was observed during period of ten days.

The drift behavior increased non-linearly on thegiderm basis as time progresses for
the freshly prepared sample. This may be due tdfabiethat the sample has highly
unstable Si-Kbonds, which are easily replaced by more stabl@-Si bonds. The rate
of oxidation for the fresh sample was faster thHas axidized sample leading to large
change in morphology. When the sensor was suftigi@xidized, the drift for the next

8 days at lower RH was drastically reduced. Wheost-oxidized sample was used for
the same study, the drift was much smaller in caomapa to sample I. This was due to

the fact that in highly oxidized environment thengpde was sufficiently oxidized and
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the PSi layer was appreciably stabilized. Last dawas kept to get oxidized at normal
atmosphere for 1 year, the drift showed almost lammature as in the case of the
sample oxidized in HD,. This may be due to the fact that oxidation watow process

and oxidation at normal atmosphere takes a mudlelotime. If the data compared for
the experimental drift behavior it was apparent thaugh on a longterm basis the drift

was non-linear in nature, in the short-term bdasigis assumed to be linear.

As a conclusion, what was observed from the litggais that although porous silicon is
used widely as a relative humidity sensor matenna much research has been done on
this subject, the formation mechanisms of the p®railicon structure is still

controversial and subject to both experimentaltaedretical work.

As another conclusion, in the literature althougms studies have simple procedures,
resulting in good capacitance values, they reaultriuctural instability. There are other
studies with complex fabrication techniques whiehd to finalize their procedures with
different and/or complex treatments such as a ogppr coating to achieve stable
structures. In this work, since the main aim idabricate porous silicon with simple
fabrication techniques including simple stabilipati treatments, a procedure was
applied to all fabricated samples unless othervatsed. This simple fabrication

procedure is given in Chapter 2.

In the scope of the thesis work, silicon based porhin film capacitive type relative
humidity sensors are the main concern. The thesislescribe the porous silicon, its
structural characterization by means of both mmwp& and spectroscopic methods

and its electrical characterization as a humidityser.

The main motivation of the work done in this thesigs to fabricate a nanoporous
silicon relative humidity sensor, to determine sensitivity (capacitance change with
respect to relative humidity), linearity, hystesgsand mechanaical strength via the
capacitance transduction principle, spectroscoppd astructural measurement
techniques, and to find a relation between itsifeitg, Raman spectrum parameters,
and pore diameter. Pore diameter was determinednbge processing and Raman

spectroscopic techniques. A simple fabrication edoce together with a good
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capacitance change over relative humidity rangen f&® %rh to 95 %rh is the main

concern.

Under these circumstances, the second chapteiinsettathe theory of porous silicon
formation and characterization techniques. Thefgoeication and fabrication steps of
porous silicon sensors during the experiments exdron for this thesis work will be
given in the third chapter. Also the electrocherniaaodization process and the
equipment used during the fabrication and charaetgon will be described in the

same chapter.

All the results obtained during the study will beemn and discussed in Chapter 4. This
chapter includes the evaluations of Raman specased on Richter’'s equations
including Raman spectra peak shift, peak intensihd full width at half maximum
(FWHM) values. The outputs of both image processaing Raman spectra analysis
used to investigate the diameter of the porousasili structure is also given.
Capacitance values are given for relative humidityge between 20 %rh to 90 %rh.
Since SEM and Raman spectra measurements weremedmver a limited area upto
2 um, AFM analysis was also applied in order to deteensurface homogeneity upto
10 um. Finally, photoluminescence spectroscopy wasiegph order to confirm that
the structure contains nanometer-sized clustesdiobn formed and embedded into the

porous silicon layer.

The final chapter summarizes and concludes thdtseshtained during the study. It

also includes suggestions for future work.
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2. THEORETICAL INFORMATION ON POROUS SILICON
FORMATION  THEORIES  AND  CHARACTERIZATION
TECHNIQUES

This chapter pertains to the theories of porousasil formation in historical order and

theoretical information on characterization techeis| of porous silicon used throughout
this thesis work including Raman spectroscopy, 1sen electron microscopy (SEM),

optical microscopy, photoluminescence (PL) techesjuand current versus voltage (I-V),
capacitance versus voltage (C-V) measurement sgstem

2.1. POROUS SILICON FORMATION

Porous silicon (PSi) layer prepared by electroclkahmr chemical etching of crystalline

silicon in acid or alkali based solutions [122, [L&licon can be etched in either isotropic
or anisotropic form depending on the acidic or lhllkased etchant in anodization solution,
respectively. Etching behavior of silicon is remmt®d in Figure 2.1 depending on the

material used in solution.

Isotropic etching

Anisotropic etching

Figure 2. 1 Isotropic and anisotropic etching bémavof silicon

Anodization solution materials, such as hydroflaofHF) acid, potassium hydroxide
(KOH), Tetra Methyl Ammonium Hydroxide (TMAH), HFiNic/Acetic acid (HNAA),
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Ethylene Diamine Pyrochatechol (EDP), Hydrofludxitric acid (HNA), and Phosphoric
acid (HtPOy) can be used during etching of the silicon watéi9] 122, 142].

Silicon is thermodynamically unstable in air or @ratand it tends to react spontaneously to
form a native oxide layer. The simple empiricahfoita is silicon dioxide, Si®

Si+0, - SiQ, (2.1)

Silicon dioxide on the surface of a silicon wafeotects the underlying silicon from
further oxidation. Therefore, since it is an eleetrinsulator, it forms passivating films on
crystalline silicon. If the surface of a material passive then it is less affected by
environmental factors such as air. Therefore foionabf porous silicon requires an
additive in the solution to dissolve the oxide lagad allow electrochemical reaction to
continue. Si-F bond is the only bond stronger ti&® bond, and it drives the main
chemical dissolution reaction. In the presence &f &tid together with water, silicon

dioxide spontaneously dissolves as¢SiF

SiQ, +6HF - SiF,?+2H" +2H,0 (2.2)

The silicon hexafluoride ion (SiE) is stable dianion that is highly soluable in walhus
fluoride is the most important material of the amation solution used in the formation of
porous silicon. In the absence of fluoride, dis8ofu of insulating oxide is impossible

which led to cease of the electrochemical corrosgaction [122].

The reaction of silicon with water is analogousite reaction of metallic sodium in water:
elemental silicon is electronegative enough to spmously liberate hydrogen from water.
However, silicon does not dissolve in acidic san$, even if fluoride ion present which
removes the passivating layer of i@issolution of silicon in aqueous HF is slow wsde
strong oxidizing agents such ags @ NO; are present in the anodization solution or the
reaction is driven by electrochemistry, becauseoston becomes kinetically limited by

the passivating nature of surface hydrates.
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As a summary, since silicon is stable in acidiaigsohs and its surface is passivated by a
native oxide, it can only be etched in a soluti@mtaining fluoride. In addition of an
anisotropic etching characteristic, HF acid is gnefd as a basic component in anodization

solution which was also used throughout this work.

Hydrogen gas is evolved as a by-product from thergbal reaction between silicon and
HF acid. If only HF acid is present in the anodatsolution, hydrogen gas bubbles are
going to stick onto the silicon, which causes d#pbn the reaction but also to induce
lateral and in-depth inhomogeneity. To improve ploeous silicon layer uniformity, these
hydrogen gas bubbles must be removed. This proidesolved by adding a surfactant
agent to the anodization solution containing HFdadilostly used surfactant or wetting
materials are laboratory grade ethanol, acetic, adidasol or Triton. Most widely used
surfactant agent is laboratory grade ethanol. Faient hydrogen gas bubble elimination,
at least 15 % ethanol must be contained in the iaabon solution. Ethanol is used as a

surfactant throughout this work.

Porous silicon (PSi) is formed on a silicon waieragueous or non-aqueous electrolytes
containing hydrofluoric (HF) acid. Electrolytes ¢aiming fluoride, silicon is stable at open
circuit potential, while electrochemical dissolutitakes place for anodic potentials. For
anodic current densities below the critical curréemsityJes; porous silicon is formed and
the electrolyte-electrode interface is covered bid Bonds which were determined by IR
spectroscopy. During the dissolution process silicderface atoms have one Si-O bond
and three Si—Si bonds as given in chemical rea€f8ds) and as depicted in Figure 2.2. If a
silicon atom at the surface establishes a bondfliwoaine atom it is immediately removed
from the surface. This fast removal of Si—F specasbe ascribed to the weakening of the
Si backbonds induced by the strong polarizing ¢feéd-. Therefore, the main reactions
responsible for the formation of porous silicon Hre reactions of Si-Si, Si-H, Si-O, and

Si-F bonds at the surface of the silicon crystal.

Valence band holes are the key oxidizing equivaleémtthe reaction which are driven to
the surface by the applied electric field and biyudion. The migration of electrons and
holes is influenced by the pore morphology; shaspepips generate enhanced electric

fields that attract charge carriers. Once a valdrarel hole makes it to a surface Si atom,
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the atom is susceptible to attack by nucleophitethé solution, primarily F and HO. A
nucleophile is a chemical species that donatedestren pair to an electrophile to form a
chemical bond in relation to a reaction. Electrégghare positively charged species that are
attracted to an electron rich centre. In chemisryelectrophile (literally electron-friend)
is a reagent attracted to electrons that partiegpat a chemical reaction by accepting an

electron pair in order to bond to a nucleophile.

The electrochemically driven reaction requires kcteolyte containing hydrofluoric acid.
Application of anodic current oxidizes a surfackcen atom, which is then attacked by
fluoride. The net process is a 4 electron oxidatimrn only two equivalents are supplied by
the current source. The other two equivalents comom reduction of protons in the
solution by surface Spspecies. Pore formation occurs as Si atoms arevesnin the

form of SiF4, which reacts with two equivalentg-ofin solution to form Sifs.

The electronegativity of these elements togethéh thie relative strengths of these bonds
determines the relative stability of each bond @ilieon surface. The Si-F bond is highly
reactive. Oxygen and fluoride are electronegatieeents and form more polar silicon
bonds which make silicon atom susceptible to nypftdw attack. Si-H and Si-C species
tend to passivate the silicon surface in agueoligigns. The surface of freshly prepared
porous silicon is covered with a passivating laye®i-H bonds, together with Si-F and Si-

O species in minor quantities.

Electrochemical reaction occurred at silicon swefawvolves a competition between Si-O,
Si-F, and Si-H bond formation. Si-O bonds are cleafty attacked by F and only form
when the diffusion of Fto the silicon surface cannot keep up with the dditdelivery of
valence band holes, as in the case of electropajsitlectropolishing, which occurs at
high current density values or at low HF concemdrain anodisation solution, involves the
complete dissolution of silicon without pore formoat When the concentration of HF in
the anodisation solution is low, oxidized silicoanzs are generated at the surface too
rapidly to be attacked by Fand water molecules take over the role of nudidepThe
reaction mechanism shifts to Si-O formation, arattien transitions from 2-electron to 4-
electron. The lack of fluoride ions means that tixéde cannot be removed from the

surface, and this insulating oxide terminates poopagation. The valence band holes are
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then required to move into the porous silicon streto oxidize a silicon atom which is
accessible to the fluoride ions in the anodisagotution. The result is thinning of the
silicon filaments close to the porous silicon/cajtate silicon interface, undercutting the

porous silicon layer.

Summary of the important pore-forming mechanismgarous silicon can be listed as:

» The (100) crystallographic face contains straineti $onds, and it tends to be more
prone to dissolution compared to other orientations

 Si-H bonds in the (111) face, which are perpendictd the surface, are more stable.

« Different reactivity of the faces leads to “cry&wgraphic” priority during pore
propagation resulted that (100) is the main dicgctf propagation.

« The high radius of curvature at the bottom of aepgenerates a region of enhanced
electric field which attracts valence band holes.

* The space-charge region is a region in which aaraee depleted due to band bending at
the silicon/electrolyte interface. It increaseshaitecreasing dopant density, therefore
this mechanism is a primary determinant of macrepsize for low-doped n-type Si.

» As the diameter of a silicon filament decreasesrésistance for transport of valence
band holes increases. At a critical filament diandtypically a few nm for p-type
silicon), injection of the hole into the solutioedomes more favorable, and holes do
not propagate further down the length of the namawihis mechanism is responsible
for the lack of electrochemical dissolution of acroporous layer, once it is formed.

* The increased band gap resulting from quantum-genfent excludes valence band
holes from these smallest regions of the poroiosilmatrix.

« If there are no fluoride ions available at thecsifi/solution interface, silicon oxide forms
at the interface. Valence band holes are then dgdlurom this region and they
continue to oxidize the silicon/porous silicon midéee. This causes pore widening and,
ultimately, lift-off of the porous layer (electrolEhing).

In contrast to a semiconductor where a currenaised by the movement of free electrons
and holes, an electrolyte can be understood aasephrough which charge is carried by
the movement of ions.
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Any transfer of a charge between the electrode thedhost ion in the electrolyte is

accompanied by a chemical reaction. If an electmmves from the electrode to the
solution, the host ion is reduced. If it moveshe tther direction the host ion is oxidized.
The electron is a term used in physics as well resnestry. This is in contrast to the
concept of a hole, a positive charge carrier, whidebcribes the behavior of an electron
vacancy in the periodic potential of a semiconductgstal. This term, however, loses its
meaning at the interface to the electrolyte. Camoer the chemical reaction, any hole
crossing the interface can be replaced by an elecgoing in the other direction.

Energetically, however, there is a difference, biseahe injection of an electron from the
host ion into the silicon conduction band (CB) regsl energy 1.1 eV larger than that
required for a hole in the valence band (VB) gdimthe other direction. In many cases the
interaction of holes with the electrode surface t@&nunderstood if two holes at the

interface are replaced by one broken bond of aseardtom.

The movement of charges in space and changes fgyenecur in different ways in the
semiconductor and the electrolyte. In a solutianehergy levels itself fluctuate in energy

due to thermal fluctuations of the surrounding sahdipoles, carrying the electron with it.

The current-voltage (I-V) characteristic of a sewniductor-electrolyte contact is

determined by both the semiconducting nature oktbetrode, as well as by the ionic and
molecular species present in the electrolyte. Timeeat density at the electrode for a
certain potential is limited by the reaction kiwetit the interface, or by the charge supply

from the electrode or the electrolyte.

The silicon atoms of the electrode do not partigipe the chemical reaction in the
cathodic currents regime. A p-type electrode whéckept in the dark shows only a small
reverse current density in the cathodic regimeddfects are present in the electrode

surface, this small dark current increases by srdémagnitude.

In the open circuit potential (OCP) region, thectlede is inert for an HF electrolyte
without an oxidizing agent, because no chemicatti@a occurs at the front (emitter) at
this potential range. The OCP depends on illumamationdition, substrate doping density,

HF concentration, and dissolved oxygen concentratio
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When a semiconductor electrode is brought in cortéih an electrolyte, equilibrium is
established through a mechanism of charge tranbebsteen the two phases, leading to a
band bending which continues until the Fermi lenfehe semiconductor equals the Redox
Fermi level of the electrolyte. This transport &reed out by electron transfer through the
conduction band or by hole transfer through thewed band. In general, the net result of
the redistribution of charges at the interfacehis tormation of an electric double-layer,
with three distinct zones: the space charge re@8@R) in the semiconductor side, the
Helmholtz region (HR) and the diffuse region (DR)the solution side. If the Fermi level
of the semiconductor is grater than the Redox Féerel of the electrolyte, the process
called inversion take place: there is a flow ofcetens from the semiconductor into the
electrolyte. As a consequence, electrons are didirem the surface, giving rise to a
depletion layer in the semiconductor, (SCR), wltigbically extends from a few tens to a
few hundreds of nm in depth. Since surface is degldrom electrons, it remains
positively charged. The electric field in this regiis a function of the distance from the
surface. The space charge region within the serdigdor leads to a dependence of
electron energy on distance, which is referred 2dand bending at the surface. Band
bending causes the majority carriers at the surtacenove towards the bulk of the
semiconductor, while holes are attracted to théasar The semiconductor electrodes is
then said to be in depletion mode because elecamomgirained away from the surface.
Therefore, it can be assumed that the number ofmthley generated minority carriers is
not sufficient to produce inversion; the electragi¢herefore under depletion if kept in the
dark.

A hole approaching the interface initiates the kimt electrochemical dissolution of a
silicon surface atom at the emitter in the regirharmdic current densities belowsJ The
dissolution proceeds under formation of &hd electron injection, as given in Equation

(2.3). The formation of PSi structures is confinedhis region.

Under anodic potentials in acidic electrolytes fadefluoride, silicon is passivated by
formation of an anodic oxide under consumption aidrfholes (F), according to the

reaction:
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Si+2H,0+4h* - SiO, +4H" (2.3a)

Sio, +6HF - H,SiF, +2H,0 (2.3b)

In acidic electrolytes with fluoride, silicon isatle at open circuit potential (OCP), while
electrochemical dissolution takes place for anguiitentials. For anodic current densities
below the critical current densityys] PSi is formed and the electrolyte-electrode fater
is found to be Si—H covered. Species active indigsolution process are HF, (HFnd

HF," . A dissolution reaction proposed for this regisie

Si+4HF, +2h* ~ SiF> +2HF +H, (2.4)

For anodic current densities abovgs Jetravalent electrochemical dissolution of the
electrode is observed. The chemical reaction pax@e two steps, first the electrode is
anodically oxidized, and then the oxide is chenhyodissolved in HF. Overall reactions, as
given in Egs. (2.3) and (2.5), show that the disisoh of one silicon atom consumes four
holes. If the anodic potential is increased, theeni density becomes larger thas dnd
dissolution occurs via an intermediate anodic oxidi®. Hence the reaction can be
separated into electrochemical oxide formation etiog to reaction (2.2) and chemical
dissolution of the oxide due to HF, (HFr HR™ [143]:

SiQ, +2HF, +2HF — SiF* +2H,0 (2.5)

For the p-type substrate, which is kept in the darkignificant number of electrons are
collected at the backside which indicates thattedaes are injected during the tetravalent
dissolution reaction. In the regime of oscillatidghs electron injection current is found to

oscillate.

In this regime, the current density exceeglsaihd the simple diode behavior disappears. I-
V characteristic shows a more complex structurén amother current maximum and a
region of current oscillations. These featureshef £V curve are related to the properties
of a thin anodic oxide present on the electrodésar The current is not limited by charge

supply from the electrode any more, but by diffasio the electrolyte.
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When silicon is chemically or electrochemicallyhetd in HF acid containing solutions,
the exposed silicon surface becomes terminatedkvditoms. A characteristic feature of a
hydrogen-terminated silicon surface is its wat@eting property. Such a surface exhibits
a large contact angle for a drop of water and ésetfore called hydrophobic. Ethanol used
as a surfactant served to enhance the wettabflippmus silicon. The term “surfactant” is

derived from the words “surface activity” and isedsto describe chemical compounds
used for the purpose of modifying the surface pribge of solutions, specifically in

reducing the surface tension. Surface tension stisea solution due to the attraction
between its constituent molecules. This gives thal fsurface a property similar to a
stretched elastic membrane. Water has a high sutiatsion and in organic solutions,
actions are known to increase the surface tendidheosolution, fluoride ions are known

to be particularly effective in this process.

Porous layers formed in ethanoic HF acid soluti@neamore uniform than those formed in
HF acid alone. In the anodic dissolution procesgjrégen gas is released from the
dissolving silicon surface which was given in réact(2.4). Therefore, if the surface
tension is high, the hydrogen gas is effectivelgpped on the silicon surface. The
hydrogen bubbles then screen the underlying silitom solution, preventing etching.
Reducing the surface tension has two effects.|¥iiswill reduce the size of the hydrogen
bubbles, and secondly allow the formed bubblestage more easily from the solution. In
addition, HF acid find a way to penetrate into thiened layer more easily, and therefore
attack the underlying silicon, increasing the amoah etchant at the etch front and
therefore the etch rate. Hydrogen bubbles can ladstrapped within the forming pores
disrupts the silicon/electrolyte contact resultingthe current flow being diverted away
from the main pore tip thereby causing more side goowth.

Therefore, electrochemistry of silicon in an anatian solution must contain HF acid,
water and ethanol. Complete electrochemical antidizaeaction is still not clear but the
most recent reaction mechanism proposed by Kolddiid4] is given in Figure 2.2.
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Figure 2. 2 Reaction of porous silicon formatioramodization solution containing HF
acid and water (Adapted from [144])

HF normally etches SiDand terminates on Si. By biasing the Si positivelgles can be
injected by an external circuit which will oxidizlee Si and form hydroxides which the HF

can then dissolve. This produces an excellent lpolisetch. If the etching is performed in
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very concentrated HF (48 % HF, 98 % EtOH), thensilieon does not fully oxidize when

etched, and porous silicon is formed, which appbesg/nish.

Increasing the wafer bias above the OCP will ineeethe etch rate by supplying holes
which will oxidize the Si. Increasing the wafer ®iéurther will reach the passivation
potential (PP) where Sigforms. This passivates the surface and terminaestching.
The HF acid and pO solution does not exhibit a passivation potensaice the Si@is
dissolved by the HF.

Current is the driving force in the reaction pughihe charge carriers to the silicon surface
where the reactions occur. Higher currents will seawa greater flux of carriers and
therefore will accelerate the reaction — howeveod many carriers arrive, the oxidation of
the surface will greatly exceed dissolution ofcsih, and electropolishing will dominate. It
is known that the charge supplied to the silicoprgportional to the amount of porous

silicon formed.
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Figure 2. 3 Representative |-V curve for p-typésih in aqueous HF acid solution
(Adapted from [116])

The main understanding of porous silicon formastith comes from |-V relationships and

a basic knowledge of silicon electrochemistry iseesial to understand the fundamentals
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of pore formation. |-V relationship of p-type siic substrates formed with aqueous HF
acid solutions exhibit the same trend as givenigufe 2.3 and Figure 2.4 [112, 116].
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Figure 2. 4 Representative anodic I-V relationshdpssilicon in HF showing the salient
regions of dissolution. In region A pore formatioccurs, and in region C silicon

electropolishes (Adapted from [112])

Electrochemical anodization of silicon samples thase characteristic regions. The region
up to first peak is named as pore formation. Thggore up to second peak is named as
transition where there are two competing reactior@amely pore formation and
electropolishing of silicon. After the second pehk region is named as electropolishing
which lead to smoothing of the surface. Region B tsansition zone between regions A
and C. Scale units and zeros are arbitrarily chas®h depend on silicon sample and
experimental conditions.

Electropolishing and electrochemical pore formatése two main reactions observed in
electrochemistry of silicon. In the former case thee-limiting species in the chemical
reaction is HF, it is obvious that hillocks willsgiolve faster than depressions because they
are more exposed to the source of the rate-limisipgcies. If the reaction is limited by
charge (holes) supply from the electrode as irldtier case, the center of a depression will

dissolve faster. This process will lead to porenfation. [145]. Electropolishing of
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semiconductors commonly involves the presence tifira oxide film as in the case of
silicon. In the electropolishing region further imadhe peak value, there are oscillations at
higher voltages. Current oscillations at silicoeotiodes under potentiostatic conditions in
HF were already reported in one of the first eladtemical studies of silicon electrodes
[98] and ascribed to the presence of a thin ansiimon oxide film. Several groups have
studied this phenomenon since this early work, amdmmon understanding of its basic

origin has emerged, but details of the oscillappoocess are still controversial.

A key to understanding the oscillation processes dbservation that two forms of anodic
oxide are present on the electrode: a dense, skselding type of anodic oxide and a soft,

fast dissolving type.

A first indication of different dissolution rates the shape of the I-V curve itself. For
current densities aboveglit is mainly determined by the dissolution rate tbé thin

anodic oxide. The existence of the current maxin(first peak in Fig. 3.4) and the current
minimum (first bump in Figure 2.4) can be interpaetis an indication of anodic oxides of

different dissolution rates [147].

The oxide etch rates at different times of the lm@n cycle can be determined in situ, if
the time delay between switching the electrode @P@nd the appearance of hydrophobic
surface conditions is measured. Despite the fatttie oxide thickness changes by only
about 20 %, the time required for etching of thialtoxide thickness varies by a factor as
high as 3. This modulation of the oxide etch raself is sufficient to generate an

oscillation loop.

The initial formation of an oxide with a low disstibn rate leads to an increase in
potential under galvanostatic conditions with irmsiag oxide thickness. If the potential
across the oxide is constant over the whole sarmpda, which is fulfilled for a good

conductivity of electrolyte and substrate, the exidecomes very homogeneous in
thickness. This is a self-adjusting process, bexdhs electric field across a thin oxide
would be higher than for an area with a thickerdexigenerating a higher oxide growth
rate at the thin spot until a homogeneous oxidektigss is reached. This effect is

sufficient to synchronize the oscillations.
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At a certain thickness a change in the oxide mdgayoccurs, which transforms the
dense oxide into the soft, porous form. After tbiange the anodic oxide shows a high
permeability for ions of the electrolyte. This |leam the sudden drop in the potential and
an increase in etch rate. The etch rate exceedgohngh rate and the total oxide thickness
decreases until the fast etching layer is etchedyawhe next slow etching oxide is

exposed to the electrolyte and its thickness irsgeagain, and so on.

There is strong evidence for such a layered straaitithe oxide and the transient behavior
of their etch rate, which is proposed to be theidg force of the oscillation process [148,
149]. However, the microscopic origin of this chanigp oxide morphology is as yet

unidentified. Different oscillation models are undiéscussion.

Typically, etch rates for silicon with differentear(100) > (110) > (111). There is an
etching hierarchy from easily etched to hardly etthegarding doping of silicon starting

from n+, p+, p and n illuminated, p in dark, n ikl

The rate of porous formation is unaffected by tlemcentration of HF acid, but the

porosity changes dramatically, increasing with erease in the HF acid concentration.

The porosity of the porous silicon layer can beiadhby changing the current density.
Fronhoff et al. determined the porosity valuesdiferent current densities for p-, p and

p+ silicon material ranging from 20 % up to 80 %QL

The influences of parameters on porous siliconrlgyeperties were given in Table 2.1.
Porosity, etching rate, electropolishing threshaifbrmation gathered from literature

given in references [105-143].

This information was also supported by the workiedrout in this thesis work as given in

the experimental and also in the results sections.
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Table 2. 1 Parameter dependences on the propeffpesous layer

Electropol- |[Raman spectrum

~ |Etching | PL spectrum
Increase of Porosity ishing peak wavenumb
rate _ peak energy
threshold |shift
HF _
. decrease| decreaseincrease decrease decrease
concentration
Ethanol _
_ decrease| decreaseincrease decrease decrease
concentration
Current density| increase¢ increase - increase increase
Anodization _ Almost _ .
. increase - increase increase
time constant
Wafer  doping : ;
decrease| increase increase NA NA
(p-type)
Wafer doping .
increase | increase - NA NA
(n-type)
Temperature - - increase - -

Porous silicon (PSi) is obtained by partial electremical dissolution (anodic) of Si
substrates in hydrofluoric acid (HF) based solwgidn this process, the amount of material
etched from the substrate surface can range frod 20 90 %, and layers characterized
by a wide range of porosity are obtained. The ailievafers with resistivities of 0.005
Q-cm to 15Q-cm are expected to have doping concentrationss@f 8 16° atoms- i to
1.03 x 106° atoms-cr, respectively. The space charge region (SCR) wadithe wafers
under the etching conditions is critically deterednby the distribution of dopants in the
wafers. In addition, the charge carrier transfeetis also varied during the etching process
with the doping concentrations [151]. As a resalich difference in the doping levels
seems to bring up the morphological variation. Bsreilicon (PSi) formation is still a
controversial phenomenon and there is no uniqueryhehich explains all the structural

features resulted from the anodization processeschwihave different formation

parameters.
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2.2. POROUS SILICON MORPHOLOGY AND FORMATION THEORIES

Proposed formation theories are mostly relatedhéopore dimensions which were defined
in UIPAC document as follows [152]:

* Microporous structure (1 nm — 10 nm)
» Mesoporous structure (10 nm — 50 nm)

» Macroporous structure (50 nm — 100 nm)

Pore dimensions are also identified according ¢ir fhore diameters as follows:

* Nanoporous silicon (1 nm — 100 nm)
» Microporous silicon (Jum — tens ofum)
» Hybrid micro-nanoporous silicon

The terms “nanoporous”, “nanopore”, and so on haeeome commonly used in recent
years. It would be meaningless to follow the Slhwntion for the Greek prefixes, which
would require that a nanopore be 1000 times smtikem a micropore. While it currently
carries no officially accepted definition, genenahge indicates that a “nanomaterial” has
structural features of the order of 100 nm or |€Hsus the term nanoporous can be
considered to be a general descriptor referringnty of the above macro - , meso -, or
microporous materials with pore sizes less than A0 In fact, this is more in line with

the original Greek meaning of nano, which translate “dwarf” [14-117, 153].

The basic conditions for electrochemical pore fdramain a homogeneous electrode are a
passive state of the pore walls and an active,stdtieh promotes dissolution, at the pore
tip. Dissolution of a silicon electrode in hydradlic acid will occur if holes (B are
present at the surface. Consequently a surface vanezh is depleted of holes will be

passivated.

Hole depletion will only occur if any hole that okees the interface is immediately
consumed in the dissolution reaction. This requin@s the chemical reaction is not limited

by mass transfer in the electrolyte. This condii®fulfilled if the current density is below
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a critical valuelps which is given by the following equation, in whidksis in A-cni?, ¢ in
Wt.% HF, T in K, E. = 0.345 eVk = 8.6171 x 1§ eV-K* andA = 3300 x (Wt.% HFY"?

A-cm?:

Jos = Alexp(- E, /KT) &% (2.6)

Figure 2.5 shows which kind of porous structure banexpected depending on current
density and doping density of the bulk silicon. Fetrample for a low doped n-type
electrode anodized at a current density smaller #hg a superposition of a microporous

and macroporous structures can be expected.

(@) Electropolishing
J<JPS
p+or n+
Microparous Mesoporous Macroporous
Formation Formation Formation
sQuantum size *Tunnelling *Diffusion
(b) effect »Spacecharge *Avalanche

region effact Areakdown
+Minority Carrier
Collection

*Space charge
region effect

Figure 2. 5 Formation conditions and responsibiiece$ for porous formation
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It also gives information on which effect is respitahe for the formation of micro-, meso,
and macroporous silicon structure. Quantum-sizecefs responsible for the formation of
microporous structure. Space charge region (SClREteils responsible for the formation

of both mesoporous and macroporous structure.

For current densities greater thdy the reaction is limited by ionic mass transferjclih
will lead to a surface charge of holes and to a athing of the electrode surface

(electropolishing).

Formation of porous silicon structure
\
N2 N2
Quantum size Field effect (SCR)
effect / & .
- — ] Avalanche Minority
Tunneling Diffusion Breakdown Carrirer
J L ) L
Microporous Mesoporous Macroporous || Macroetchpits Macroporous
p,n p n n

Figure 2. 6 Effects responsible for the formatidpare wall passivation and passivation
breakdown at the pore tip with resulting porousctire (Adapted from Ref. [163])

Figure 2.6 give about the effects which are resipimdor the formation of pore wall
passivation (second row) and passivation breakdawthe pore tip (third row) with
resulting porous structure together with substdaping type (bottom row). For current
densities smaller tharps holes are depleted at the surface due to two rdiite

mechanisms:

i) A surface region which is depleted of mobile igeacarriers (space charge region) will
form if a semiconductor electrode is in contactwan electrolyte. Under anodic bias this
layer is thick for low doped n-type, is thin forghiy doped p-type or n-type, and does not
exist for p-type silicon. Consequently, the sizetlud pores will scale according to the
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depletion region width and therefore to resistiviihiese pores are designated according to

their size macroporous or mesoporous.

i) A depletion of holes is also expected, if thendnsion of a semiconductor particle, wire,
or sheet is below the Bohr radius of an excitofefa nm). In this case holes are depleted
independently of doping density due to quantum ioenfient. These small pores are

designated microporous.

Both mechanisms i) and ii) are independent of edbler and may coexist, resulting in a

superposition of microporous and mesoporous or opacous and silicon structures.

Energy band diagram of crystalline silicon, porail&on, and silicon nanocrystallites is

depicted in Figure 2.7.

Silicon

Crystalline Si  Porous Si nanocrystallites

3.3eV
3.8eV 1 Conduction
band
1.1 eV
29eV 1.9eV
4.9 eV 2= valence
el— band
6.2 eV

Figure 2. 7 Energy band diagrams of crystallinieail, porous silicon, and silicon

nanocrystallites (Adapted from Ref. [153])
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2.2.1. Formation theories and morphology related with meroporous structure

In 1992, Lehmann proposed a formation mechanismnfmroporous silicon which is
based on a depletion of holes in the porous redio® to quantum confinement. This
theory allows predictions concerning the dependesfcthe porous morphology on the

formation conditions [154].

Microporous structures formed by hole depletion ttuguantum confinement (QC) effect
was published in the literature extensively [952,1114, 119-124, 142, 155-163]. The
proposed formation mechanism of microporous silicobased on the fact that holes are

necessary for the electrochemical dissolution pead silicon.

If the dimensions of a silicon crystallite are redd to a few nanometers, its bandgap
increases as a result of quantum confinement effbth is explained in the next section.

The same holds true for the thin silicon walls safiag the micropores.

Since the band gap in porous silicon is increasadpared to bulk silicon, holes need the
additional energyE, to penetrate into the porous layer. Band gap éeemf crystalline
silicon, porous silicon, and silicon nanocrystalitwere depicted in Figure 2.7. The
increase in bandgap enerByin the wall region compared to the bulk electropesduces
an energy barrier for holéss If Ej is larger than the bias-dependent energy of htthes,
porous region becomes depleted of holes and tlerfmassivated against further

dissolution. This is sketched in Figure 2.8.

It is then energetically more favorable for a htdeenter the electrolyte directly (solid
arrow), than via the porous structure (dotted ajréwr the case of pore formation due to
QC no additional effect is required to explain #wative state of the pore tip, which is in
contrast to passivation by a space charge regiGR)SThe pore tip is active, because it is
in contact with the unconfined bulk electrode, whihe pore walls are passive due to the
close spacing of the pore tips. These will resaltidistinct porous-bulk interface, and
significant porosity values. If the formation curt@lensity is increased, the bandgap of the
porous structure is expected to increase. A higherent density requires an increase in

the anodization bias, thus holes have more enrggrdes the barrieE,. SinceE, is a
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function of the size of the micropatrticles thatnfiothe porous skeleton, one can conclude
that an increase of the formation bias will reguléan increased band gap and a decrease of
particle size in the porous layer. Additional hoses generated in the porous layer while
the anodic bias is applied, which will promote hat thinning of the skeleton. Therefore,
the nanometer sized structures that form the pos&aketon will be etched further, until
their bandgap energy is large enough to becomevasesd again. The described effect can
only be expected for photon energies that are icegex of the gap energy in the

microporous silicon layer.

(@)

Figure 2. 8 (1a) Sketch of the interface betweany®silicon and bulk silicon. There are
two possibilities for hole to cross the interfasesaown as arrows. (1b) The corresponding
energy band diagrams. The energy required for @ teoénter the anodization solution via
the porous silicon structure is larger Bythan the energy that is required to enter the
anodization solution directly. (2a) Photons of gydarger tharips will be absorbed in the
topmost region of a porous silicon layer and widhgrate an electron hole pair. The

electron will move to the bulk if an anodic biasplied whereas the hole will enter the
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anodization solution and promote further thinnifighe porous structure. (2b) The

corresponding energy band diagram

An increase of the band gap in PSi will produce easarable blue shift of the optical
absorption edge. A blue shift of the photoluminesee (PL) peak position due to an
increased band gap is also expected for a direotmbination process or a recombination

process via centers that show an energy distributio

An extension of QC model, including tunneling proitidtes between the confined
crystallites and the bulk, has been developed byltoff [164].

2.2.1.1. Quantum Confinement

Every atom posesses specific, discrete energyddaelelectrons. These levels are either
empty or occupied by one or two electrons accortinipe Pauli Exclusion Principle. The

energy of the levels can be found by solving ther&tingers equation. Exact solutions,

however, can only be obtained for single electtoms.

If many atoms are bound together, like in a crystadir atomic orbitals overlap and form
energy bands with a high density of states. Difietgands may be separeted by gaps of
forbidden energy for electrons. The calculatiorelgctron levels in the periodic potential

of a crystal is a many-electron problem and reguseveral parroximations for a solution.

When a metal particle having bulk properties isugsdl in size to a few hundred atoms, the
density of states (DOS) in the conduction band ghardramatically, because there is less
atoms. The continuous DOS in the band is replaged ket of discrete energy levels,
which may have energy level spacings larger thanthlermal energyksT. Eventually a
size is reached where the surfaces of the partirkeseparated by distances which are in
the order of the wavelengths of the electrons.hia situation the energy levels can be
modelled by the quantum-mechanical treatment olréige in a box. This is referred as
the quantum size effect. The emergence of newrelactproperties can be understood in
terms of the Heisenberg uncertainty principle, Wwhétates that the more an electron is
spatially confined the broader will be its rangenadmentum. The average energy will not

be determined so much by the chemical nature oathens, but mainly by the dimension
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of the particle. Quantum size effect occurs in semductors at larger sizes because of the
longer wavelength of conduction electrons and hatesemiconductor due the larger
effective mass. In a semiconductor the wavelengthapproach one micrometer, whereas

in a metal it is in the order of 0.5 nm.

Change in valence energy band levels with
size
Bulk metal Large metal Small metal
cluster cluster
(a) (b) (©)

Figure 2. 9 Changes in energy levels of a metdl thié reduced number of atoms of the
material: (a) valence band of bulk metal; (b) langetal cluster of 100 atoms with opening

of band gap; (c) small metal cluster containingéhatoms

The minute network structure of microporous siligenn between the two extremes of a
single atom and a large crystal. A crystallite &&a& hundred silicon atoms is large enough
to have a rich electronic band structure but i stall enough to show an increase in the
energy of an electron-hole pair due to quantuminenient. The effect of an increase in
fundamental bandgap due to size quantization ispetific to silicon, but common to all

semiconductors.

Photoluminescence, which is the light emission egrfrom recombination of quantum
confined electron-hole pairs in nanocrystallindceih domains, was observed during
characterization of porous silicon samples andréselts were presented in results and

discussion section.
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The vibrational properties of a crystal determinechn macroscopic behaviour: thermal
properties, transport properties, and the intesactiith radiation, for example in infra-red

absorption and Raman scattering.

Raman spectrum of crystalline silicon, the only Ranactive mode is zone centi@<0)

optical phonon mode due to the conservation of phonmomentum

g . The localization of phonon in silicon crystalg$eats theg =0 selection rule allowing

transitions withg # 0 which leads to the broadening and the redshift.

The effects of strong phonon confinement, redsdiftl broadening, were found on the
Raman spectra and the blueshift of the photolumerese peak was observed by reducing
the crystalline sizes. Vibrational and optical fings were analysed within the existing
models of confinement for silicon nanocrystals ey to determine diameter of the
silicon nanocrystallites, and the findings weresprded in the results and discussion

section.

2.2.2. Formation theories and morphology related with meoporous structure

A common feature of all pore formation mechanismsilicon electrodes is a dissolution
reaction limited by hole supply. The hole transfate is determined by the electronic
properties of the semiconducting electrode. Ihexéfore possible to describe a solid state
equivalent for any interface condition present ngrelectrochemical pore formation. The
passivation of microporous silicon against eledtssuical dissolution, for example, can be
understood if compared to the charge carrier thstion in a quantum well structure. The
latter material shows local variations of the baamig@nergy. As a consequence the free
charge carriers populate the quantum wells, whatgons with a large bandgap become
depleted. For an anodized silicon electrode, thisesponds to a populated bulk and a
depleted, and therefore passivated, microporoumnmed\ll remaining mechanisms for
pore formation, responsible for meso- and macropanmaation are due to charge carrier
depletion caused by a space charge region. Thd stdite equivalent is therefore a

Schottky diode with a non-planar interface [165].
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Pore formation in silicon electrodes is only obseinunder anodic conditions in HF acid
for current densities belowps In this case a depletion region is present ifcasil
electrodes independent of type and density of dppivith increasing doping density the
electric field strength increases and the widththed depletion region decreaases. This
enables charge carriers to pass through the spacgecregion by band-to-band tunneling.
The currents in the electrochemical cell are alwlagged by mass transport of chemical
reactants in the electrolyte and by reaction kasetihe electric field depends on doping,
applied bias, and geometry. Around a depressidhdarelctrode the depletion region width
is decreased and the field strength is increaség;hwincreases tunneling probability of
charge carriers and thereby the local current tenBhis effect becomes significant if the

radius of curvature of the etch pit is smaller tttzen SCR width.

Tunneling is expected to dominate all pore fornratin the mesoporous regime and
extends into the lower macropore regime, while avethe breaskdown is expected to
produce structures of macropore size. Space chagjen effect is another proposed
mechanism for the formation of mesoporous silicottuctures resulted from

electrochemical anodization process on silicon wafe

The current density decreases from the tip towtrdsvall according to a cosine law and

becomes zero when the pore wall is truly cylindrasadepicted in Figure 2.10.

Figure 2. 10 The current density distribution atepiap
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Oxide formation and dissolution tend to occur & plore tips at a lower potential than at
the side of the pore bottom. There is a distributd the kind of reactions along the pore
bottom. For a pore to propagate under a steady #tatcurrent density on the side of the
pore bottomjs, and that at the pore tip, as illustrated in Figure 2.10 have the following

relation.

Iy =1,cosf +i, (2.7)

In the above equationy is the extra current mostly due to the anisotragifect and is

responsible for the formation of side pores. Theent density at different sites on the
bottom depends on the angl “It is the largest at the tip wheB=0, and is the smallest
on the boundary of the bottom whe#e90°. Such a distribution of current density is
provided by the distribution of radius of curvatusdong the pore bottom, which

determines the field at the silicon surface andnduere of the reactions.

At the wall segment that is close to being cyliodki the current density becomes small,
but not zero. Because any current flow is assatiateh the breakdown condition, the

pore diameter increases until the limiting valuettoneling at the pore wall is reached.

The consequences of type and density of substgengl on pore geometry and pore
spacing will be given below. The concept of a hoermpus SCR with a constant width
independently of the absolute value of the dopiegsdy is considered. The width and the
electric field in the SCR are therefore inhomogerseand it can be assumed that the

growth of a mesopore depends on the local fielttidigion.

If the distances between the pores become signtficéarger than twice the SCR width
W, the pore wall regions will no longer be depletédis enables branching at the pore tips
and side pores would penetrate this region unplet®n is established again. As a result
of this mechanism, pores tend to space themsetwtistances below 2W. In highly doped
p-type silicon the pore diameter is comparable tp AWd so mesoporous layers of

significant porosity are formed.
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The doping density and the type of doping are itgydr because it determines whether
the silicon electrode is under forward or reversaditions. A p-type silicon electrode is
under forward conditions in the anodic regime. Boéd- state equivalent is a forward-
biased non-planar Schottky junction. Depending opirtg density the forward current of a
Schottky diode is dominated by diffusion, thermmm@mission over the barrier, or by

tunneling through the barrier.

The field at a spherical pore tip is significanyger than in the planar case and mesopore
formation due to tunneling is observed for p-tympidg densities up to 3 x 10cm™.
Avalanche breakdown in p-type electrodes is, ofreeuconfined to the cathodic regime,

and is therefore not relevant to formation of pore.

2.2.3. Formation theories and morphology related with maroporous structure

This section is devoted to the formation mechanisinas have been proposed as being
responsible for formation of macropores on p-typeo electrodes. First models for

macropore formation on p-type Si electrodes wesethan surface passivation by organic
molecules [166] or on electrostatic consideratift®7]. These models, however, were

found to contradict experimental observations [168]

It was first believed that macropores in Si werstrieted to rather peculiar electrolytes
(especially water-free Acetonitrile) and Si withhagh-resistivity, it was later discovered
that many electrolytes are suitable including @tuHF and that the doping is not decisive.
The nucleation of macropores in p-type Si is somesi difficult, and in some electrolytes

the macropores are filled with meso- or nanoposilitson [169].

Macropore formation on p-type silicon electrodessviiasst observed for anodization in
water-free mixtures of anhydrous HF [170, 171].drat was observed that aqueous HF
electrolytes [168, 172], are also sufficient foe tformation of macropores on p-type Si
electrodes. This indicates that macropore formadiorsuch electrodes cannot be ascribed
to the chemical identity of a certain electroly@nly the presence of HF in the electrolyte
is required, as is the case for the other pore spémes. The pore morphology and

stability of pore growth, however, depend on elggte composition and concentration, as
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well as on additives such as surfactants [168,.1I#3 morphology of macroporous layers
formed on p-type Si electrodes can be understood asnsequence of the stringent
requirement for pore wall passivation in low dopedype substrates: pore walls are
depleted if their thickness is less than twice $i&ZR width W. Width depends on doping
density and applied bias.

For p-type silicon, the dependence of macroporesiteron doping density is linear.
However, the absolute values of pore density oleseon nonstructured p-type substrates
are about one order of magnitude larger than foype- electrodes. This produces high
values of porosity (p > 0.5) for random p-type nopare structures as well as for arrays
[167, 168]. The pore walls become fragile if thepithy density is increased above'10
cm and usually only a roughening of the electrodéaseris observed for anodization in

aqueous HF.

For macropore formation on low doped p-type substrathe applied bias and current
density are coupled: a change in the applied bragyzes a corresponding change in
anodization current density. For macropore growtlpdype electrodes an increase in the
current density has little effect on pore diametmri produces a roughly proportional
increase in pore growth rate [168]. Concerning ghovate and the dissolution valence,
macropore formation on p-type silicon shows sintiles to micro PSi formation. This can
be understood as a consequence of the fact thagtidepin p-type substrates is only
present for an applied bias significantly lower nthéhat corresponding to the critical
current densityJes Thus Jps is never reached at the pore tips or pore wallsndu
macropore formation on p-type Si electrodes. Thisupported by the observation that
microporous silicon covers not only the macroposgisvbut also the pore tips. For higher
HF concentrations the whole pore volume can bediWith micro PSi.

The dependence of pore morphology on crystal aatemt is found to be weak in agqueous
HF. Some faceting can be observed at the pore Apsigh HF concentrations or in
mixtures with organic solvents, most of the poréunee is found to be filled with micro
PSi. The presence of an oxidizing species, likeewatduces the amount of pore filling
[174].
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The growth of a macropore on a p-type substratébeanitiated by artificial etch pits. The
growth of predefined pore arrays is observed tobee stable than the growth of random

pores on flat electrodes [168, 173].

In conclusion it can be said that the flexibilitiypore array design on low doped p-type Si
is less than that for macropore formation on n-typlestrates, because of the limitations in

array porosity and substrate doping range.

2.3. CHARACTERIZATION OF THE STRUCTURE

Characterization of porous silicon structures wasomplished by optical microscopy,
scanning electron microscopy, Raman spectroscomyphotoluminescence spectroscopy

techniques. Brief introduction to these techniqwas given in the following sections.

2.4. OPTICAL MICROSCOPY

The first instrument to determine any structurarades in the silicon wafer was the optical
microscope after the application of electrochemaadization process. The images taken
from optical microscopy can be taken either of wiferent modes: bright field or dark
field.

In the bright field microscopy, the light impingeertically on the sample. Horizontal

surfaces reflect most of the light while slantedrertical surfaces reflect less. The convex
lenses bend light rays in a peculiar manner solitiat hitting the center of the lens goes
straight through. But light hitting other areasbisnt toward a focal point. This bending
allows the view at a specific distance from an obje see the image as larger than it

would appear to the eye as depicted in Figure @L1
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Figure 2. 11 The schematic of optical microscop@)rbright field and (b) dark field

modes

Light is first emitted by the light source and isedted by the condenser lens on to the
specimen. The light from the specimen then pa$sesigh the objective lens. This lens is
the main determinant for the level of magnificatittrbends the light rays and sends them
to a projector lens, which reverses their direcgorthat when the image reaches the eye it
will not appear "upside-down". The light rays’ thieavel to the ocular lens or "eye piece".
This is often a 10X magnification lens, meaningniagnifies the magnified image an

additional ten times. The image is then projected ihe eye.

In dark-field microscopy, the light impinges atteaBow angle on the sample. Light from
horizontal sample surfaces does not reach the lamslight from slanted and vertical
surfaces does. The image contrast is the reverdeabbf bright light imaging. Dark field

microscopy is especially useful to bring out snsaliface irregularities that are difficult or
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impossible to see with bright light microscopy. Bdield microscopy is akin to seeing
dust in the air in a darkened room when brightigiifalls into the room, scattering light
from dust particles. The schematic of optical mscape in dark field mode is depicted in
Fig. 2.11 (b).

Dark field microscopy excludes the unscattered bgam the image. As a result, the field
around the specimen is generally dark. In opticadroscopy, dark field describes an
illumination technique used to enhance the contiasinstained samples. It works by
illuminating the sample with light that will not m®llected by the objective lens, and thus
will not form part of the image. This produces ttlassic appearance of a dark, almost

black, background with bright objects on it [175].

The light path through a dark field microscope:

* Light enters the microscope for illumination oéteample.

A specially sized disc, (dark field stop) blocksree light from the light source, leaving
an outer ring of illumination.

» The condenser lens focuses the light towardsaheke.

» The light enters the sample. Most is directly $raitted, while some is scattered from the
sample.

* The scattered light enters the objective lens|enthie directly transmitted light simply
misses the lens and is not collected due to atdihemination block.

« Only the scattered light goes on to produce tregien while the directly transmitted light

is omitted.

2.5. SCANNING ELECTRON MICROSCOPY

SEM is a non-destructive method, which probes tindase area of the material. The
microscope used throughout this thesis work was LJEBB335F scanning electron
microscope (SEM). The schematic of scanning elactricroscope is depicted in Fig.
2.12. Although SEM resolution is 1 nm, blurred gea obtained for resolutions lower

than 10 nm during porous silicon measurements.
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Figure 2. 12 Schematic of scanning electron miopg¢l76]

When an electron beam from the electron gun enecsird specimen in the specimen
chamber, several important kinds of emissions f@dkee. The most useful emissions are
emissions of backscattered electrons, secondacyr@hs, photons cathodoluminescence),
and X-rays. The number of backscattered electramner! from a material bombarded by
the electron beam (and thus the brightness of slckdeattered image) is a function of the
average atomic number of the material. Therefor&§E Bimages are useful for

distinguishing among different minerals in a spemm The emission of secondary
electrons is related to topography of the specin@onsequently, secondary electron

images are useful for studying the shapes of dsystaother objects [177].
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SEM was used to obtain the surface and cross-sattionages from porous silicon
structure throughout this study. SEM images obthiftem porous silicon samples with

75,000 magnifications were depicted in the expeniaesection.

2.6. IMAGE PROCESSING

An image processing algorithm developed in the MABLenvironment was applied to
determine the granule diameters of SEM images t&kem porous Silicon samples formed

under different anodization conditions.

Size distributions, including the diameter of namtben sized silicon crystalline islands or
granules, were determined from the algorithm dewadoin a MATLAB environment.

MATLAB Image Processing Toolbox functions were iaiy used to reduce the noise,
while preserving the edges of the circular shageth® granules. Then, contrast of the
grayscale images was enhanced, and finally morgiab opening together with the

circular structuring element were performed on ¢hesages.

The algorithm was based on the use of the ‘Granetgmfunction, which determines the
size distribution of objects in an image, withoxpkcitly segmenting and detecting each
object first. This enabled a calculation of theesilzstribution of objects in any given image
obtained from SEM. Granulometry estimates the sitgrsurface area distribution of an
image as a function of granule size. Granulomekgnls image objects to stones. Their
sizes can be determined by sifting them througheests of increasing size. In
granulometry, image objects are sifted by openhggitnage with a circular structuring
element of increasing size. Counting what remaifter gpassing through screens of
successively increasing aperture corresponds tatic@uthe remaining intensity surface

area after each opening in granulometry [178].

Size distributions, including the diameter of nanystallites were determined from image
processing of the SEM images using an algorithnelbg@ed in the MATLAB environment

and given in Appendix A. The algorithm was useddduce the noise, while preserving
the edges of the circular shapes of the granulefter Acontrast enhancement a

morphological opening was performed. These outliaeabled calculation of the size
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distribution of objects in any given SEM image ® dibtained. Diameter values obtained
from the algorithm written in the MATLAB Image Pressing Toolbox environment were
presented in the experimental section, in the fofrhistogram gather information about
the diameter values of the granules versus numibebjects at that diameter value found
in the SEM images of crystalline silicon samples.

2.7. RAMAN SPECTROSCOPY

Atomic vibrations in a solid have a profound effectits properties. For example, heat is
transported via atomic vibrations and the spedigat of a material is determined mostly
by the spectrum of allowed vibrational modes. Femtiore, under certain conditions,
electro-magnetic radiation can interact with atoraibrations for example in Raman
scattering, thereby directly determining the optimaperties of the material. In crystals,
vibrational modes can be classified in terms of thavevector because of lattice

periodicity. The schematic of Raman spectroscoplefscted in Figure 2.13.

Notch Filter
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| | camera
<> Microscope Laser
lens )
Mirror
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Figure 2. 13 Schematic of Raman spectroscopy [183]

Raman spectroscopy is a non-destructive method hahatbeen used to investigate the
morphology of porous silicon structure. Raman cti@rization have a probing volume
which depends on the laser wavelength, laser spetasid the beam penetration depth. It

probes a volume of the material with a resolutioncm better than 10 nm, essentially
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together with the model used in this thesis wohgnges in nanocrystallite diameters of 1
nm could be detected [123, 179-182].

Raman spectroscopy measurements were carried dht avilaser having excitation
wavelength of 514 nm which has a penetration dep@#62 nm in silicon, together with a
2 um laser spot diameter resulted in a probing volofrepproximately 2um* [184]. Since
the diameter and the penetration depth of the Rdasamn spot are approximately Léh,
the Raman intensity measured on this volume isstimemation of intensities contributed

by each nanocrystallite within the specified Rarzeser spot.

The diameter of granular type nanocrystallites walsulated using a model presented by
Zi et al in 1996 and developed by Lu et al in 20199, 182]. Dimensions for silicon
spheres were calculated by Lu et al ranges frormih4o 4.9 nm. It is assumed that the
calculation of the size of the spheres can be eeigmup to 16 nm according to the results
obtained from Faraci et al [180]. The Richter emmatwas also used to show an
asymmetric Raman spectrum line shape and wavenueid&nshifts with decreasing
nanowire diameter from 20 nm to 3 nm [173]. ThehR¢ equation, which is assumed to
approximate well up to 20 nm, is used throughoig graper. An analytic form of this

model was used, as shown in Equation 2.8.

2
Aw= g~ W = _A[étj (2.8)

In the above equatiomps; (cm %) andwcs; (521 cm?) are the characteristic Raman band
positions of or the frequency of the Raman phomoparous silicon nanocrystallites and c-
Si respectively. The parameteksand y are used to describe the vibrational confinement
due to the finite size in a nanocrystallite. Théuea of the two parameters were obtained
by fitting them to the calculated values for Si ems [179]. For spherical Si
nanocrystalliteA = 47.41 cm’, y= 1.44 [179]. 4" is the lattice constant of silicon and is

equal to 0.543 nm.

In single crystalline silicon only first-order staing at the optical phonon in the center of
the Brillouin zone is allowed, which produces arphRaman peak at 521 &n{185].

Confinement of the phonon leads to a momentum teio¢y, and so the Raman peak
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broadens and shifts to lower energy. This effentlm@used to determine the size of silicon

nanocrystallites using Raman measurements [122].

Comparison of Raman spectra of all the samples thithRaman spectrum of crystalline
silicon showed a red (down) shift in the opticalopbn mode after porous silicon
formation due to the phonon confinement effect.sThidicates that nanometer sized
silicon crystallites in the silicon samples weregnfed as a result of electrochemical
anodization process. Such structures exhibit refisstiom crystalline silicon (c-Si) in

Raman spectra when nanometer sized structuresesenp.

In general, Raman scattering is a complicated gso¢e describe theoretically, since a
multiple scattering of photons, electrons, and mmsnis involved. Any microscopic
theory, attempting to explain the Raman Effect isodid, should take into account the
dynamical correlation between the atomic motiohs, lbcal polarizability of the bonds
and the changes of the dipole moments on everyiatsite. Due to the fact that the wave
vector of the light is very small compared with tredevant reciprocal distances in the
crystal, the momentum conservation rule allows igpigdtion of phonons around thHe

point only [186].

2.7.1. Raman Spectroscopy Principles

The phenomenon of inelastic scattering of light Was$ postulated by Smekal in 1923 and
first observed experimentally in 1928 by Raman dridhnan [187]. Name was given after
the Nobel wining Indian physicist Raman who reportthe effect. Since then, the
phenomenon has been referred to as Raman spegyosRaman Effect constituted an
excellent tool to study excitations of moleculesl anolecular structures. In addition to
these studies, systematic investigations of sioglstals in order to obtain information for
the semi-empirical treatment of their lattice dymesrwas also drew attention. The first-
and second-order scattering in silicon with theG88 line of the A¥ laser by Parker et al.

is one of the breakthroughs in the history of Ranspectroscopy [188]. Raman
spectroscopy also gives valuable information egigcithe crystallite size of the

nanostructures. Porous silicon is one of the meltestudied extensively to characterize

the pore sizes by Raman spectroscopy [123, 18048%2,189-191].
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Light scattering techniques provide an exceedingdgful tool to study fundamental
excitations in solids, such as phonons, becaudet ligan be scattered from solids

inelastically, whereby the incident and scatteredtpns have different frequencies.

Inelastic light scattering became an important foolthe study of excitations in solids in
the mid-1960's with the advent of laser light segicbecause the inelastically scattered
light is typically only 10" of the intensity of the incident light. When elechagnetic
radiation (light) interacts with matter, most okthadiation (photon) continues along its
original path, but a tiny amount is scattered iheotdirections. Some portion of the

radiation may also be absorbed.

Light that is scattered without a change in enegyyalled Rayleigh scattering. Light
scattering accompanied by vibrations or rotatiomsmiolecules or in crystals is called
Raman scattering. Raman spectroscopy is basedeosdicalled Raman Effect which
describes the inelastically scattered light on eletary excitation of a solid material like

lattice vibrations, i.e., phonons.

Raman is an inelastic light-scattering process hctwv small fractions of the incident

photons from an arbitrary light source are scattevith a spectral frequency (energy) shift
that is characteristic of the scattering mediunin&arly polarized laser light source with

electric field, E, induces an oscillating dipole mment, or polarization, upon the electron
charge field in the scattering medium in the linkgint-scattering processes. The radiating
dipole emits in the characteristic pattern withozemission along the dipole axis and
radiation maxima at normal angles to the dipole. IFear light-scattering processes, the
total light scattering is proportional to the sgyém of the induced dipole moment and the

incident laser field.

E.=P=¢,0E (2.9)

In the above equatior indicates proportionality,& is the free-space permittivit§s is

the scattered electric fiel®, is the induced polarizatiolx; is the incident laser field ara
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is termed the electric polarizability, which quéies how readily the scattering medium is

polarized by the incident laser field.

In general, the electric fields and induced pokdian are vector quantities so thais a
rank-2 tensor. The polarizability is generally exgad in terms of the equilibrium and

displaced positions of the medium’s atomic strustur

a=a,+ (gg]& (2.10)

In the above equatioq is a time-varying internuclear displacement anaind (s2/0Q) are
the equilibrium polarizability and time-varying oizability derivative, respectively. If
the incident laser field is at frequeney, and the internuclear separation is oscillating at

some natural frequencyQ, theng <g cost and =4, costsuch that the scattered

electric field is now written as,
E,=a,E ,cosat + (gg} E, , cosat cosQt (2.11)

The above equation may be rewritten in this mariakowing application of a simple

trigonometric identity,
E,=a,E  cosut + (ggj E, [cos{a)+ Q)t + coia)— Q)t] (2.12)

The first term in Equation (2.12) is the elasticRayleigh, scattering contribution, which
represents dipole scattering at the incident lasguencyw. The Rayleigh peak is by far
the strongest of the linear scattering processes.sEcond term represents the inelastic, or
vibrational Raman components, which are spectrstijted to the Stokesn(- Q) and
anti-Stokes ¢ + Q) sides of the probe laser by characteristic vibral resonances of the
scattering medium. In this manner, Raman is spesgtective since different compounds
display distinct molecular resonance frequencied #dre readily identifiable in Raman

spectra.
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In solid-state materials, Raman scattering arisemugh the interaction of probe laser light
with quantized lattice vibrations, or phonons stiwdt 22 in Eq. (2.12) now represents the

optically coupled phonon-mode frequency.

Raman selection rules describe the change in fresple (energy), and wave vectdk,

(momentum), for the inelastic scattering process.

Ur=6tQ (2.13a)
ke =k £ K (2.13b)

In the above equationssr andkg refer to Raman-scattered photoasandk refer to the
probe-laser beam, an@ andK refer to the phonon. In the Stokes process= o — Q,
and a red-shifted Raman photon results from thaticre of an optical phonon &t with a
loss of optical energy. The anti-Stokes processs o + Q, creates a blue-shifted Raman
photon from the annihilation of a thermally genedabptical phonon and a gain of optical
energy [192-197].

2.7.2. Raman Spectroscopy of Crystalline Material

In crystalline solids, the Raman Effect is causgghbonons. There is an incident photon-
electron interaction followed by an electron-lagtioteraction. An incoming photon excites
an electron, causing an excited electron-hole phe latter is scattered at the lattice,
inducing a phonon in the solid and causing thetedaehole pair to return to the origin

state by emitting a photon. The latter is reducednergy compared to the incident photon

by the amount lost in the scattering event.

For every crystal symmetry class, it is possiblecadculate which phonons are Raman
active, and in which measurement geometry, i.ewfoich direction of polarization of the

incident and scattered light, relative to the allegraphic axis.

In nanocrystalline materials, the phonons are wiilar dimensions to the nanostructures,

and so are confined. As a result, Raman spectpagtishe macro size crystalline Raman
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features broadened and shifted by phonon confineriflamometer sized silicon structures
are known to exhibit red shifted Raman spectra {189, 185, 189-191]. By using an

adequate model, it is possible to estimate thedfilee nanocrystals [198].

The critical result of small size effect in nanaigllite structures is the breaking of
translation symmetry, which results in the losiigpbonon momentum conservation and
the relaxation of phonon wavevector selection mfleg ~ 0 in their Raman scattering.
Crystalline semiconductors exhibit first-order $eahg only by phonons witlkk ~ O.
Phonons with largek must be observed in second order. Many of theahetiral
semiconductors, however, may be prepared in amagfarm for whichk conservation
no longer holds. Thus, in the amorphous materfaditst-order Raman spectrum is broad

and corresponds to the density of one-phonon sta9€q.

Another fortunate circumstance is the fact thas thensity of states is often a broadened
version of that of the corresponding crystallinetenial. This implies a large amount of

conservation of short range order [199].

2.7.3. Stokes and Anti-Stokes Raman Scattering

Two situations arise with Raman scattering:

» Scattered photons have a lower energy (Stoketesogt — phonon emitted). Molecule
absorbs energy: Stokes scattering. The resultirgophof lower energy generates a
Stokes line on the red side of the incident specttru

» Scattered photons have a higher energy (anti-Stekattering — phonon absorbed).

Molecule loses energy: Anti-Stokes scattering. danot photons are shifted to the blue

side of the spectrum, thus generating an anti-Stbke
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Figure 2. 14 Stokes and anti-Stokes Raman scajtareathanisms

In Stokes—Raman scattering the incident photonpleduvith phonon-induced changes in
the polarizability of the solid, causing the scadtephotons to lose a quantum of lattice
energy or phonon relative to the incident photoRegarding to the conservation of
momentum, only phonons close to thegoint of the Brillouin zone are excited in such

processes [200]. Moreover, the frequenegf the excited phonons is described as:
a=[YA -YA] (2.14)

In the above equationl; and As are the wavelength of the incident and scattea€edation
respectively. The Raman shift is that describethasvalue ofw and is generally have a
unit of cm®. Then the Raman spectrum can be produced as & gfathe scattered
intensity as a function of the Raman shift and am® information about the physical and
chemical characteristic of the solid. A presencenethanical stress/strain can cause this

frequency of Raman modes to change, and lifts thegeneracy. Tension will change the
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peaks of Raman shift to a lower wavenumber tharstiess free frequency; in contrary a

Raman shift higher than stress-free frequency atd&compressive stress [200].
A direct measure of strain of a microstructure dae determined using Raman

spectroscopy. For a cubic diamond lattice crystallstructure of silicon, Loudon [201]

derived three Raman tensors; in a crystal coordisgstenmx = [100],y = [010] andz =
[001] they are given by:

R

For back scattering from a (001) surface, and spord to scattering by transverse optical

o O O
Q O O
o o o
O O O
o O O

d
0
0

o o o
o O Q
o O O

J (2.15)

phonons (TO), polarized along and y respectively, and corresponds to scattering by
longitudinal optical phonons (LO), polarized alomgFor an unstressed condition, the
corresponding three degenerate Raman-active oppicahon modes of single crystal

silicon have the same frequency of about 52T.chinen the total Raman intensity is given

by:

| :‘QR‘ pi‘z (216)

In the above equatiom; andpsare the polarizations of the incident laser andcthitected
scattered photons, respectively. All quantitativeasure of all unknown stress states can
be revealed by evaluating particular crystal oagnoh and monitoring various scattering
polarization [202].

2.7.4. Phonons

A phonon is a quantized mode of vibration occuriimgigid atomic lattices, such as those
in crystalline solids. In lattice dynamics, theme a finite number of vibrational modes,
and the energy of each mode is quantized. So, ptsoa@ also these normal modes. Also,

although phonons are exclusively a property of qukci media, vibrations exist in all
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solids. The properties of long-wavelength phonorg gse to sound in solids (hence the

name phonon).

Phonons participate in many of the physical progedf materials, including heat capacity
and thermal/electrical conductivities, e.g. thepagation of phonons is responsible for the

conduction of heat in electrical insulators [203].

There are two types of phonons: acoustic phonoesptéd with the subscript A, and

optical phonons, denoted with the subscript O.

2.7.4.1. Acoustic Phonons

Acoustic phonons have frequencies that become siioalllong wavelengths and
correspond to sound waves in the lattice which psogerty of phonon dispersion relation
[204].

These long wavelengths correspond to bulk tramsiati Acoustic phonon means that all

basis atoms in the primitive cell move in phase ne relative motion among themselves.

Longitudinal- and transverse-acoustic phonons dtenoabbreviated as LA and TA

phonons, respectively.

2.7.4.2. Optical Phonons

Optical phonons, which arise in lattices with mtitan one atom per unit cell, always have
some minimum frequency of vibration, even whenrtievelength is infinite [204]. The
two atoms in the unit cell are vibrating with a paalifference of which usually creates
a dipole moment, and therefore couples to electgmeigc waves, hence the name of

optical for these modes.

In ionic crystals (such as NaCl) they are alsotexkcvery easily by light (such as infrared
radiation). This is because they correspond to @emaf vibration where positive and
negative ions at adjacent lattice sites move, tireating a time-varying electric dipole
moment. Optical phonons that interact in this wathwvight are called infrared active.

Optical phonons, which are known as Raman actiae,adso interact indirectly with light,
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through Raman scattering (an inelastic scatterirg ghoton that creates or annihilates an
optical phonon). Optical phonons are often abbtedias LO and TO for the longitudinal

and transverse varieties, respectively.

In the diamond-type lattices there are two atomspienitive unit cell, and hence there are
six phonon branches. These are divided into thoeeistic phonon branches (the three
lower energy curves) and three optical phonon cur@ippose there are N atoms in the
primitive cell. Since each atom has 3 degrees eédom, there are 3 acoustic phonon

branches (1 longitudinal and 2 transverse) and 2igt@al phonon branches.

2.7.4.3. Longitudinal- and Transverse- Acoustic/Optical Phonons

Under the influence of a pressure wave, displacémiatomic planes will occur. Along
high-symmetry directions (such as the [100] and.[Mirections in Si) the phonons can be
classified as transverse or longitudinal accordiogwhether their displacements are

perpendicular or parallel to the direction of thews vectoq.

For a three-dimensional crystal, for each longitatiwave there are two transverse waves.
The dashed lines represent the equilibrium postiand the solid lines indicate the

deflected positions at a given time.
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Figure 2. 15 For a longitudinal wave (a), the daspiment is in the direction of motion. For

a transverse wave (b), the displacement is trassverthe direction of motion
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In a solid the long-wavelength transverse acoysiibreviated as TA) phonons are shear
sound waves while the longitudinal acoustic (LAppbns correspond to compressional
sound waves. The velocities of these sound wavwesletermined by the shear and bulk
elastic moduli, respectively. Since it is usualfsier to shear than to compress a crystal,
the TA phonons travel with lower velocities thae tbA phonons.

Two special features of the TA phonons in the diathtype semiconductors are: (1) their
dispersion curves are relatively flat near the zedge; and (2) their energies are much

lower than the LA phonon energy near the zone edge.

In Si the two atoms in the unit cell are identisalthe bonding is purely covalent and the
two atoms do not carry charge. As a result thermiadditional restoring force associated
with LO phonons and the transverse optical (TO)nams and the longitudinal optical
(LO) phonons are degenerate at the zone center.

Vibrational modes in a crystal can be symmetrizezbeding to the space group symmetry
of the crystal just like the electronic states.#opon mode is defined by the displacements
of the atoms inside the unit cell. Thus the symynefrthe phonon must belong to the

direct product of the representation of a vectod #me representation generated by a

permutation of the positions of equivalent atomghmunit cell [194].

2.7.5. Phonon Dispersion Curves

The dispersion curve of Si can be regarded as septatives of semiconductors with the
diamond-type lattices. Specially treated siliconfevas also used in the calibration of
Raman spectrometers. Phonon dispersion curves ystats along high-symmetry
directions of the Brillouin zone can be measuredegprecisely by inelastic neutron

scattering and more recently by high resolutioeaisiic x-ray scattering.

Photon-phonon interaction is easily described frim@ dispersion curves. An example
showing the longitudinal and transverse optical acoustical modes (LO-TO and LA-TA

respectively) of silicon is given in Figure 2.16.
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Figure 2. 16 Dispersion curves of silicon (a) ia threction (001) and Raman spectrum of

amorphous silicon (b) (Adapted from [205])

Optical and acoustical modes interact with lasghtliE=hv) to give an inelastic
scattering. NeaK=0, for silicon these dispersion curves can be apprately described

by a parabolag= A-BK? for optical modes andr= vs K for acoustical modes; being the
sound velocity.

In the bulk material the wave vectors and energyseovation laws between the phonéhs

and the incidenk, and scatterekl’, photons K=2771) are expressed as:

k=k +K (2.17a)
hv=hv thw (2.17b)

Due to the small values of tlkeandk’ wavevectors for the visible light compared to the

Kmax wavevecton|k| =11/ 2a) the photon-phonon interactions are limited to teater of

the Brillouin zoneK=0. Selection rules taking into account the given stry of the
semiconductor (m3m for silicon) show further thia¢ tonly first order Raman transition
allowed corresponds to the triply degenerate (1 20©) phonon at 521 ¢ at K=0.
Second order effects involving pairs of phononshvappositeK vectors give rise in the
bulk material too bands of lower intensity [206].

The energy of a phonon is generally given in teofni$s wave vectok,, and by use of the

phase velocity, it can also be given in terms sfaihgular frequency, and directiors,.
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For photons, generally the frequenoyh (or wavelengtht) is used. Regardless of their
specific presentations, these carriers contain imootis and discrete energies and

exchange these energies through various interaction
2.7.6.Size effects in quantum dots

The direct consequence of the confinement effectpuantum dots is due to lack of long

range order. The wavefunctied®" of the infinite crystal is now replaced by:
W =™ XW(r,A) (2.18)

In the above equation, the limited correlation ng corresponds to the limited size of

the crystal.

The effect of this spatial damping factor is figtrelax theK=0 selection rule [195]. In the
case of the amorphous silicon this relaxation le@da Raman spectrum which clearly
reflects the density of states (Figure 2.16). Arhorgs silicon, where only the short range

order is retained, can be considered as the liasé ©f a nanocrystal.

When the size of nanocrystals decreases an inogepsirt of the dispersion curve is able
to interact with light. The detailed behavior of ®an line with decreasing has been
extensively used these last years in the case wduposilicon with the objective to
characterize the nanostructures. From the restilahiter et al [185] and Campbell and
Fauchet [189], it has been shown that it is posdiblreproduce the broadened nanocrystal
Raman line in porous silicon by a simple model whionsiders the curvature of the LO
dispersion curves. It was shown that by the abaxkaas that the Raman intensity of the

line is given by:

Ico.K)d*K

(2.19)
w-afK))* +1,/2

In the above equatio(0,K)is a Fourier coefficient obtained from tWgr, A1) function.
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2.7.7. Rule of Mutual Exclusion

If a molecule has a centre of symmetry, then Raative vibrations are IR inactive, and
vice versa. If there is no centre of symmetry tkeme (but not necessarily all) vibrations
may be both Raman and IR active. Note that this ¢me mean that a mode which is not
Raman active must be IR active: in fact, it isl gtibssible that a mode of a particular

symmetry is neither Raman nor IR active.
2.7.8. Microscopic Theory of Raman Scattering

Classical theory correctly predicts that Ramantedag should be weaker than Rayleigh
scattering and that there is a simple linear depecel of Raman scattering on incident
intensity and on sample concentration. With cladsibeory, Stokes and anti-Stokes
intensity ratio is predicted to be:

[(Vo ~ W )/ (Vo Vi )]4 (2.20)

However, Boltzmann distribution will be major facto determining relative Stokes and
anti-Stokes intensity. The excited vibrational staitill be only thermally populated, and

Stokes intensity will be much larger than anti-&®k

State of the three systems involved has to be fsp@@n order to describe microscopically

inelastic scattering of light by phonons in a semductor:

* Incident and scattered photons with frequenaiesnd ws, respectively;
* Electrons in the semiconductor;

» The phonon involved in the scattering.

In the initial stateli> (before scattering occurs) there are, respecti{yy) and N(cw)
photons with the frequenciea and «. There are alsd\y; phonons present in the
semiconductor (assumed to be at a nonzero temperBtwhile the electrons are all in

their ground states (i. e., the valence bands amgptetely filled and the conduction band
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empty). In the final statff>, after Stokes Raman scatteriif) has decreased by one
while N(«) andNq have both increased by one. The electrons remmashanged. At first
sight it seems that this scattering process doesmolve electrons and therefore it can be
described by an interaction Hamiltonian involvirfgppns and phonons only. The strength
of this interaction, however, is very weak unldss photons and phonons have comparable

frequency.

When visible photons are used to excite Ramanesoagtin a semiconductor, they couple
by-and-large only to electrons via the electroniatah interaction. The scattering

proceeds in three steps.

1. The incident photon excites the semiconducttar &m intermediate state |a> by creating
an electron—hole pair (or exciton).

2. This electron—hole pair is scattered into anostate by emitting a phonon via the
electron—phonon interaction Hamiltonian. Thi intediate state is denoted by |b>.

3. The electron—hole pair in |b> recombines radedyi with emission of the scattered
photon.

Thus electrons mediate the Raman scattering of gi®although they remain unchanged
after the process. Since the transitions involthegelectrons, are virtual they do not have
to conserve energy, although they still have tcseove wavevectors [194].

Crystalline silicon has only one Raman active pmomeode. This mode is three-fold
degenerate. Its frequency is, at room temperabi2® cni' for Si. The wave vector k of the
mode which is excited with conventional lasersagligible as compared to the size of the
Brillouin zone: other phonons with finitk are Raman forbidden as a result of the
translational symmetry. These phonons can, howelier,observed as two phonon
processes in the second-order Raman spectrumislicake only the sum of this of the
two phonons must be vanishingly small and hencevin@e Brillouin zone contributes to
the Raman spectrum. In amorphous Si the transkltiomariance is broken by the lack of
long-range order. As a result tkeonservation selection rule breaks down and alhph

modes become first-order Raman allowed [208].
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2.7.9. Types of Raman Spectra from Porous Silicon

Raman spectroscopy has been widely used to characteoth amorphous silicon (a-Si)
and microcrystalline silicon (c-Si). Raman shiftlues are 480 cth and 521 cr,
respectively. Their full widths at half maximum (M) values are 20-30 ch and 3-5
cm?, respectively, at the temperature values of 30@nd 80 K [119]. If the structure
within porous silicon material resembles to a-SiceBi, the Raman spectrum of porous

silicon should resemble to that of a-Si or c-Si.

Raman spectra obtained from porous silicon matgsialivided into two categories. For
one type of structure, the Raman shift is very sinto c-Si and shifted by about 2-4 ¢m
compared to c-Si. But the full width at half maxim@FWHM) value is larger than in c-Si,
around 7-9 cl. Second type of Raman spectrum has a large shifiwer energies by
around 7-10 cf or even more, and their FWHM values are much fattyen the first type

of Raman spectrum, around 10-40tft19].

The dimension of the porous silicon structure isculated using Raman spectrum
parameters (Raman peak shift, and FWHM values) wigad to dimensions 2-3 nm upto
20 nm. Confinement of the phonon leads to a monmentacertainty, and so the Raman
peak broadens and shifts to lower energy. Thiceffan be used to determine the size of
silicon crystallites using Raman measurements. Dgio®s calculated from Raman
spectrum is found to be correlated well with thetpluminescence spectrum of the porous
silicon material. The diameter of the porous sitigiructure can also be analysed using

electron microscopy techniques staring from 2-3upto several hundred micrometers.
2.8. PHOTOLUMINESCENCE SPECTROSCOPY

2.8.1. Photoluminescence Theory

The luminescent material must have a semicondwsttacture with a nonzero band gap
energyEy and energy must be imparted to this material leefominescence take place.

The mechanism of photoluminescence in semicondsidrschematically depicted in

Figure 2.17, which plots the-k diagrams for an indirect gap material, whErandk are
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the kinetic energy and wave vector (momentum véctar the electron or hole,
respectively. Upon absorption of an UV or visibleopn with an energhiwe.x. exceeding
the band gap energy of the material, an electrda+bair is created and the hole (electron)
is excited to states high up in the valence (cotidatband. During a photon absorption
process in semiconductors, both energy and momemenconserved. For an indirect
band gap material of which the conduction band mimh and the valence band maximum
have differentk values, conservation of momentum implies that gheton absorption
process must be assisted by either absorbing dtimgna phonon (a quantum of lattice
vibration), because the electron wave vector mighge significantly in jumping from the
valence band in state to a state in the condudiard, and the absorption of a photon
alone can not provide the required momentum changee photon wave vector is much

smaller than the difference between initial analfivave vectors.

E
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Figure 2. 17 Photoluminescence mechanism of indiraed gap semiconductors
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The excited electron and hole will not remain ieithnitial excited states for very long;
instead, they will relax very rapidly (~ 1®s) to the lowest energy states within their
respective bands by emitting phonons. When the (edetron) arrives at the top (bottom)
of the valence (conduction) band, the electron-paie can recombine radiatively with the
emission of a photon (luminescence). In an indigap material, the excited electron
located in the conduction band undergoes a chamgmdmentum state before it can
recombine with a hole in the valence band; consenwaf momentum demands that the
electron-hole recombination must be accompaniethbyemission of a phonon, since it is
not possible to make this recombination by the simors of a photon alone. The PL
efficiency is determined by the competition betweesdiative and nonradiative
recombination. For an indirect gap material, the gebcess, which requires a change in
both energy and momentum for the excited electr@hteence involves both a photon and
a phonon, is a second-order process with a longtied lifetime (~ 1¢ -10° s), and
therefore a relatively small efficiency because té competition with nonradiative

combination.

However, for particles in the nanometer size domsirbstantial changes are expected in
both the efficiency and the peak energy of the glotinescence due to the quantum
confinement effect. This can be understood in tewhsthe Heisenberg uncertainty
principle. Unlike in bulk materials the electronsdaholes are free to move within their
respective bands in all three directions, in nanopes the electrons and holes are
spatially confined and hence their motion is quaadiin all three dimensions. The spatial
confinement of a particle of mass m to a regioa given direction of lengtix introduce

an uncertainty in its momentu/Ax and increase its kinetic energy. The quantum
confinement effect would lead to a progressive widg of the band gap of a nano-sized
semiconductor as its size is reduced, along whilbadening of the electron-hole pair state
in momentum space (i.e. an increased overlap betwdée electron and hole
wavefunctions), and a decreasing probability foe tphair to find a nonradiative
recombination center, provided that the surfaceylilagn bonds are passivated which would
otherwise act as traps for the carriers and quémehL. While the former would shift the
PL peak to higher energies, the latter two effeatsild greatly enhance the electron-hole
radiative recombination probability and result ihigher PL efficiency. This is one of the

main reasons why silicon nanocrystals are studesxéntly since they are capable of



101

luminescing very efficiently (with essentially 100guantum efficiency) in the energy
range (~ 1.4 eV - 2.4 eV), while bulk silicon, ardirect gap semiconductor with a band

gap of ~1.17 eV at T = 0 K, does not luminesce.

Since visible photoluminescence is the most attradiechnological property of porous
silicon, photoluminescence measurement is one efcttaracterization technique used in
this work. The basic principle is the optical eatibn of an electron-hole pair, followed by
radiative emission. While basic principle of eletiminescence is electrical excitation of

an electron-hole pair, followed by radiative enossi

The broad PL band from porous silicon has beenrabdeexperimentally and studied
theoretically, and a quantum confinement model besn proposed. It is now mostly
accepted that with reducing the size of silicon Qbe zero-phonon direct band-to-band
transition becomes partially allowed and therefibre effective red band originates from
two kinds of luminescent mechanisms: direct bantand recombination and phonon-
assisted indirect recombination in parallel. Widducing size of the nanoparticles the
guantum confinement effect is enhanced. Howevedikainother direct band-gap
semiconductor nanostructures in which most of theical properties follow the
predictions of the quantum confinement model, mahyhe basic properties of silicon
nanocrystals do not follow this model. Thus som#edint physical mechanisms in
addition to the quantum confinement effect involvadthe effective room temperature
emission in silicon nanostructures have been pexhok is now generally agreed that
photoluminescence from porous silicon domain caivedrom a combination of quantum
confinement and surface effects. To date therdiliscentroversy concerning the origin
and nature of the radiative states that contridoteghe PL and the detailed physical
processes are still unclear and under debate. i$hisost likely due to the variability in

sample structure and the many possible statetigorshanostructures [209-223].

Photoluminescence from porous silicon is an indbcathat the optical physics of the
nanocrystallites in the porous silicon materialfadg from bulk crystalline silicon.

Photoluminescence in the visible region of the Bpet corresponds to energies
significantly larger than the band gap energy bé@n. The band gap energy of silicon is

1.17 eV, with corresponding wavelength of 1100 nithe photon energy of
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photoluminescence from porous silicon falls maibigtween 1.6 eV to 2.2 eV. The
“energy of the peak” of the photoluminescence whghigher than the band gap energy
of 1.17 eV of crystalline bulk silicon can be expkd in terms of quantum confinement
effects. Quantum confinement effects are also mesipte for the formation of nanometer

sized structure in silicon and this lead to anease in the band gap of this structure [119].

UV lamp

Porous
silicon
sample

A
V

Figure 2. 18 The schematic of photoluminescencetspzopy

Spectrometer

The schematic of photoluminescence spectroscoggpited in Fig. 2.18.

Table 2. 2 Porous silicon photoluminescence bands

Peak wavelength | Luminescence
Spectral range PL EL
nm band label
uv 0350 UV band yes no
Blue-green (470 F band yes no
Blue-red 400-800 S band yes yes
Near IR 1100-1500 IR band yes no
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Canham reported strong PL from porous silicon anrdemperature and suggested the
quantum confinement (QC) model for its mechanismsl990 [95]. He demonstrated

efficient visible photoluminescence (PL) in Si tae first time and its shift from the infra-

red to red as the porosity of the sample increageith is assumed to be a proof of
quantum confinement. He also showed that the fatioic process is simple and low cost
regarding that electronics and optics could begiatieed onto the same chip. Since then
there has been a long debate for the PL mecharo$mSi [209-2011]. It was suggested
that more than one type of mechanism were needeadtenpreting photoluminescence

from PSi. It was suggested that for the S-band meistence the QC model works but the
F-band luminescence is very likely to originatenircontaminated or defective Si oxides
[212]; and that for nanometer silicon particleshndrger sizes, the QC model works, but

for nanometer silicon particles with smaller siZes;0 bond plays the key role [213-214].

Quantum confinement of carriers in Si nanostrucgtumas the first model proposed to
explain PS luminescence [95]. The various models ba grouped in six different
categories which assume an extrinsic origin forltimeinescence, except for the quantum-
confined model: The hydrogenated amorphous silmael, the surface hydrides model,
defect model, siloxene model, surface states maaed, quantum confinement model.
Quantum confinement effects result in an enlargerakthe band gap, in the relaxation of
the momentum-conserving rule, and in the size dégece of the PL energy that naturally
explains the efficient luminescence, the up-shiftd the tunability of the PL band in PS.
Many other experimental results support the quantanfinement model. Structural
characterization has proven that PS is crystallingature. Observations of nanocrystal of
nanometric dimensions have been reported. The lgapdup-shift is clearly visible in
absorption spectra, and the luminescence blue afteft further chemical dissolution in HF
is easily explained by further reduction of nanstay dimensions. Fresh structures can be
theoretically modeled as quantum wires, while agdctures are usually more dot-like
[215-216].

The spatial confinement of excitons in small nagstais breaks the k-conservation rule

for indirect transitions. Thus no-phonon assistaaditions, which are forbidden in bulk
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silicon, have the same probability as TO phononste$ processes at a confinement

energy of > 0.8 eV.

However, it is becoming increasingly clear thatervin the gquantum confinement
framework, the emission peak wavelength is not oelgted to size effects. Freshly etched
and very high porosity samples which have not legosed to the air have luminescence
peak energies in the 3 eV range while as soon &g glet into contact with air their

luminescence peak moves to the usual 2 eV range328].

The photoluminescence from porous silicon can pats from a combination of quantum
confinement and surface effects. Contribution dedes, interfacial oxides, hydrides, and
chemical impurities to photoluminescence spectruenadso found in the literature. The
four main observed spectral ranges for photolunt@ese spectrum is given in Table 2.2.
An orange photoluminescence at room temperatureesoprimarily from quantum
confinement in nanocrystalline silicon domains aing designated by “S” label which
stands for “slow”, because the emission lifetime tlois material is on a timescale of
microseconds. In the blue-green spectral range, eRlission lifetime is in a few
nanoseconds. Therefore “F” label stands for “fést’this range. The UV and IR bands are
labeled for the region of the spectrum in whichytbppear. Since the UV and F bands are
only seen in oxidized porous silicon, they are tffduto originate from oxide-based
defects. The IR band has been ascribed to dangbng states or a silicon atom that is
bonded to three other atoms rather than its usaraptement of four atoms. Thus it is not

passivated, it is “active”.

To obtain a bright S band (orange) photoluminesegpeorous silicon domain must contain
a large number of quantum-sized silicon crystal|itghich cannot be quenched by surface
species or defects. Studies have shown that thenooy observed red/orange visible
luminescence band is due to direct radiative redoation of carriers in the crystalline
nanostructures. The shift of the bandgap into tlséle is due to quantum confinement.
The quantum structure also results in the formatiba pseudo-direct gap increasing the

efficiency of radiative recombination by over’10
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Formation conditions including wafer cleaning prbaes affect the efficiency of the
photoluminescence spectrum. It also stated in iteeature that, PL spectra can not be
obtained from porous silicon structure includinghometer scale silicon features. But, to
display bright S band photoluminescence, samplest ngontain a large number of
guantum-sized silicon crystallites which cannotgoenched by surface species or defects
[124]. S-band has the most technological signifteasince it can be electrically excited

and it can be tuned in the visible band from 400tar80 nm.

The main problem in luminescent porous siliconhis tegradation of the luminescence.
Treatments for stable and efficient photoluminesedmave been studied extensively in the
literature [219-220]. High pressure water vapouneaiing was found to be the most

effective solution for stable photoluminescenceanous silicon material [221].

The photoluminescence spectrum of light given ofihf porous silicon structure can be
tuned by changing the formation parameters suchamadization current density,

anodization time, and HF acid concentration inghedization solution.

A set of PL spectra were obtained from the sampfe&-series, B-series, and C-series
which were produced during this study given in éx@erimental section. Those spectra
were interpreted as a manifestation of quantumigenfent effects. PL spectrum is in
correlation with nanometer sized structure. Radiusrystallites which can emit photons
with an energyE was calculated by the following formulas given Ygrikawa et al. in
1998, [222] and by Ledoux et al. in 2000 [223].

RE)=[y/([E-E)" (2.21)
In the above equationz24.0 (eV A), n=1.25 ancE,’ =1.17 eV.
E, (d) = E, +(373d™) (2.22)

In the above equatioisy =1.17 eV,d is the particle diameter in nanometeks, (d)is the

photoluminescence peak energies obtained from paitinzon samples.
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Equation (2.21) given by Yorikawa et al. statedttiizsis equation is found to be
underestimated the particle diameter when the euatrameters set 4=14.8 (eV A),
n=1.25 ancEg0 =1.17 eV. Equation (2.21) and Equation (2.22) wsed for the calculation
of the diameter values of porous silicon structurBse results were given in the next

section.
2.9. ELECTRICAL CHARACTERIZATION
2.9.1. Current versus Voltage Measurements

Current versus voltage measurements were carriedittua Keithley SourceMeter model

2400. Constant current values were also supplieah Keithley SourceMeter model 2400
during the anodization process. Current source coasected to the home made Teflon
anodization cell with a suitable wiring. Silicomsle was utilised as anode, while spirally

wounded platinum wire was utilised as cathode is slgstem.

I-V relationship of p-type silicon substrates foangith aqueous HF acid solutions exhibit
the same trend as given in Figure 2.3 and Figut¢la.2, 116].

Measured |-V curves for p-type silicon in agueous &tid solution for different silicon

substrates are given in the next section.
2.9.2. Capacitance Measurements

Capacitance measurements were carried out withGR imeter with model 7600 from
QuadTech in a thermally isolated chamber of a hitgngenerator from Thunder Scientific
and the results were given in Table 3 and Figufeedative humidity values from 20 %rh
to 95 %rh at specified temperature value were gaedrusing a “two-pressure, two-

temperature” humidity generator from Thunder Séientnodel 2500ST.

Relative humidity sensors are characterised mastherms of their sensitivity, linearity,

and capacitance change [41, 42, 224, 225]. Nanagasdicon relative humidity sensors



107

were characterized in terms of its sensitivity fr@® %rh to 95 %rh relative humidity
values. Nanoporous silicon relative humidity seasare characterized in terms of
normalized percentage capacitance chamnjeCQ in the range from 20 %rh to 95 %rh
[226]. Normalized percentage capacitance changecatzsilated using the below stated
equation and the results were given in the reseitsion.

NPCGy = ((CRHhigh_ CRHIow)/CRHIow) [G]/ARH) [100 (2.23)

In the above equatiodNPCCis the normalized percentage capacitance chaDgfign is
the capacitance at highest relative humidity valOgyow iS the capacitance at lowest

relative humidity value, andiRH is the relative humidity change.

Sensitivities values of sensors were calculatedguEiq. (2.23) as given below and from
the measured capacitance values at above spe@fett/e humidity range. The calculated

sensitivity values were given in the results sectio

S=AC,/ARH (2.24)
AC, = Crinigh ~ Crrow (2.25)
ARH = RH,;, —RH,, (2.26)

In the above equatior§ is the sensitivity,AC, is the capacitance changdRH is the
relative humidity changeCrrhigh is the capacitance at highest relative humiditjuea
Cruiow IS the capacitance at lowest relative humidityueaRHiign is the highest relative

humidity value, andRHy,, is the lowest relative humidity value.

The parallel plate capacitor mod€= £A/d) can be utilised here to understand the change
in capacitance @) of the NPS sensor (with effective surface sangplareaA) with
humidity. Hered is the sample thickness amdhe electric permittivity of the dielectric
materials (silicon, air, water) between the eletd® Since electric permittivity of water is

greater than that of air, the increase of capac#faacross the sensor with humidity
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corresponds to an increasing electric permittiotythe sensor as the percentage of water
filled pores increases at the expense of air fijjedes; as they are in parallel, a linear

combination of the dielectric materials is assumed.

It should also be noted that the effective crostise area would increase for a capacitor
with a very high porosity, the effective surfacearcan increase the apparent surface area

by up to a million times [226].

Capacitance measurements also gauge the qualiheahechanical structure of the NPS
layers. This is critically important, since it detenes the time period over which the

sensor can be reliably utilised. Thus, after theasneements were completed on each
sample, they were kept at ambient conditions foedhmonths and their performance over

the humidity range was again determined to gaugie thechanical stability over time.
2.9.3. Capacitance Modeling

The parallel plate capacitance of a material iigin the following equation.

C=eA/d (2.27)

A series combination of capacitorsC; causes an equivalent capacitance,

CSeries=]/zi(]/Ci), and a parallel combination of capacitors cauaesequivalent

capacitanceCp, o = 2. C, -

These combinations can be utilised here to gailghihsnto the change in capacitance of
the NPS sensor (with effective surface sampling Arel cnf) with humidity. Here d is

substrate thickness amdhe electric permittivity of the dielectric betwethe electrodes.

Cross-sectional SEM images of the five sampless@ed in the experimental section),

reveal the structure shown in Figure 2.19.
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Figure 2. 19 The schematic of porous silicon stect

Once the NPS layer is formed the new dielectricemiatis a combination: air, SNC, and
water. Since electric permittivity of wateyber = 7.12x10° F-ni') is greater than that of
air (&r = 8.9x10" F-ni'), the capacitance increase across the NPS seritforRM
corresponds to increasing electric permittivitytié sensor as the fraction of water filled
pores increases at the expense of air filled pdtrebould also be noted that the ‘effective’
cross-section are@ is much greater tha#, for a capacitor with high porosit(=ka An);

factorka may increase to £¢226].

Since the areaAj of the sample is measured as °¢&0* m?) and the crystalline silicon
wafers had a stated thickness dbf= 500 um, it was straightforward to calculate the
theoretical capacitance of the silicon wafer witactical permittivity of silicon,&si =
1.053x10"° F-ni*.

During modelling of the measurements, it was assuinat during sensing water diffusion
only occupies a fractior of dyps (diop = X Chpg giving rise to capacitandg,,. Beneath
this, the second sub-surface NPS layer has a thssk(ix)dnps giving rise to capacitance
Cnps In addition, these two upper layers are themsebambinations of dielectrics: (i)
thin surface layer composed of three dielectricatéw air, and NPS) (ii) sub-surface layer

composed of two dielectrics (air and NPS).
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Thus, each layer has its own capacitanCgp, Cwps and the bottom layeCs. A
combination of these three causgsnse Even allowing for a slight decrease dndue to
formation ofdyps Csi >Csense Thus,Ciop and Cnps must be acting as a series connection of
capacitors, since a parallel connection would iaseg rather than decreasgfs. A simple
mathematical model of the theoretical total capenieCsenscOf the three layers is shown
in Equation (2.28).

Coense™ ]/((]/Ctop) + (]/CNPS) + (]/CSi)) (2.28)

The capacitance values of wat€), air (Cair), and NCS Cnc9 within each of the top two
layers (i) and (ii) for a typical value df;ps= 10um were calculated from Equation (2.28).
It was assumed that each layer had at ldast1(P, and that water displaced air in the
nanopores of the surface layer by a fracfio@alculated values of wate€/), air Cai),
and NCS Cnc9 are presented in the results section, wheaadf were variables in the

model.

Sincex is a fraction, all capacitances (exc€p) are greater tha@s since they are much
thinner layers. Thus, in order th@tense< Csi, Capacitances within layer (i) must act as a
series capacitor combination. This must also bectse for layer (ii) since, except water,
its structure is similar to layer (i). Thus, Eqoati(2.28) is modified to give a total

theoretical capacitance as follows.

Crow=H(([1G.)+(1C, )+ (UG +([ G )+ G+ G (2.29)

By fixing dypsandka and varyingx andf, the theoretical data fitted to the measutgghse

values are calculated.
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3. EXPERIMENTAL PREPARATION OF NANOPOROUS SILICON
SAMPLES FOR RELATIVE HUMIDITY SENSING

3.1. POROUS SILICON BASED MATERIALS FOR HUMIDITY SENSI NG

Porous silicon (PSi) is a material prepared by tedebemical or chemical etching of
crystalline silicon in acid or alkali based solum$o Porous silicon structures contain
nanometer to micrometer sized not only columnarepdiut also granular islands and

sponge-like structure.

Since porous silicon (PSi) has several unigue ptigse it has been extensively studied for
many applications. After the discovery of its effict photoluminescence in the visible
region in 1990 by Canham [95], the main intereserewfocused on optoelectronic
applications. After that, the field of interest halso expanded in micromachining [227]

and biomaterial applications [228-230], among ather

Due to its large specific surface area, porousailihas also been found to be a potential

material for gas and humidity sensors. [125-141]

3.2. POROUS SILICON PREPARATION

A crystalline silicon (c-Si) wafer with (100) origtion and of p-type is preferred for the
experiments done throughout this thesis work. Astalline silicon wafer with (100)
orientation is preferred since structure is maidgpendent on orientation [231]. Porous
structure created on c-Si wafer having (100) oatobh produce perpendicular structures
to the plane surface of the wafer. A crystallingcsn (c-Si) wafer of p-type is preferred
since it doesn’t require an excitation source saghght to generate hole which is required
to start the reaction takes place between c-Simafd a solution containing hydrofluoric
acid to produce porous structure.
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Porous silicon (PSi) structure is formed on crysteal silicon (c-Si) wafers which are
divided into nine pieces having similar dimensiobDszided c-Si wafer pieces are named
as samples hereafter. These samples are diced so adapt well with a hole of the

anodization cell designed accordingly.

The typical device structure for porous silicomtliim relative humidity sensors used in

this work is presented in Figure 3.1.

Al

Porous Si

p-Si

Al

Figure 3. 1 Typical device structure

3.2.1. Preparation of porous silicon for analysis in thé thesis

Silicon substrates of p-type which have 1-30 Ohmaem 1-20 Ohm-cm resistivity, and
(100) orientation with thickness of 5Q0n were used for the formation of porous silicon
structures. Polished surface of the wafer is namedront surface of the wafer, and

unpolished surface of the wafer is named as rafaiof the wafer thereafter.

Formation of porous silicon steps are given as:

» Chemical cleaning of silicon wafer

» Thermal evaporation of metal in vacuum to the seaiface of the wafer
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» Formation of porous silicon on the front surfaé¢he wafer

 Design of anodization system regarding solutioth @actions

 Setting up current versus voltage (IV) measurersgsiiem

* Final drying treatment of the porous silicon staue

» Surface stabilization of porous silicon samples

» Thermal evaporation of metal interdigitated eled& (IDE) in vacuum on front surface

of the porous silicon structure

3.2.2. Chemical Cleaning

The first step of the fabrication of porous siliasra standard RCA cleaning of the silicon
wafer. RCA clean developed by Werner Kern working the Radio Corporation of
America (RCA) in 1965. After that, it is named a&£AR cleaning method, and it is
accepted as a standard set of wafer cleaning puoeeBCA cleaning for silicon wafers

has five basic steps:

* Removal of organic and inorganic contamination,

* Removal of certain organic and metal surface comtation,

* Removal of native oxide layer and any contamimaiiothe oxide,
» Removal of certain ionic and metal surface conteatndon, and

 Drying with nitrogen purge.

First cleaning was accomplished by using a mixtafesulfuric acid and hydrogen
peroxide. Second cleaning was performed in a Sdtit mixture of deionized (DI) water,
ammonium hydroxide, and hydrogen peroxide. Thiepstvas a 30 second dip in 1:20
hydrofluoric acid (HF) and DI water. Fourth stepsaacleaning of wafer in 10 minutes in
a 6:1:1 ratio mixture of DI water, hydrogen chl@iHCl) and hydrogen peroxide mixture.
Each step was ended by rinsing in deionized watet® minutes.

After RCA cleaning silicon wafers were dried wititragen gas purge. As soon as the
drying was completed, samples were placed insidghilysical vapor deposition system to
deposit aluminum on unpolished surface of the allyse wafer.
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3.2.3. Thermal Evaporation

After drying of the silicon wafer, unpolished sidethe wafer was coated with aluminum
by physical vapor deposition technique. This teghaiis a vacuum evaporation of metals

such as aluminium on silicon wafer.

Coating of aluminum is required for the humiditynser structure. In order to make an
ohmic contact between silicon wafer and aluminitim, silicon wafer was put in a furnace

having a temperature value of 400 °C with time daraof 30 minutes.

Si0,

p-type

¥

Figure 3. 2 Ohmic contact using Aluminum on crystalsilicon

Procedures described up to this point were apglieéach silicon wafer used for the

formation of porous silicon structure.

3.3. FORMATION OF POROUS SILICON

3.4. DESIGN OF ANODIZATION CELL SYSTEM

Home-made system was designed to enable the ctioreass through the cell at the same

time as given in Figure 3.3. Technical drawingloé Teflon anodization cell design was

given in Figure 3.6.
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An isolated, closed system is required into whioh $ilicon sample can be placed and the
solution containing hydrofluoric (HF) acid can act it to produce the nano-sized porous
or granular structures. Since HF acid was chooseanaanodization medium, materials

compatible with HF acid must be chosen. Thus platirand Teflon were chosen as they
withstand HF acid.

A home-made Teflon cylindrical cell together withaginum electrode, named as the
electrochemical anodization system used in thisishevork, were designed for the

formation of porous silicon.

08/07/2008

Figure 3. 3 Home-made Teflon anodization cell alatirum spiral shaped electrode

A silicon wafer was diced into nine pieces as eye&d possible as given in Figure 3.4.
Each piece had an appropriate size in order totbtTeflon cell in the anodization system.
Platinum wire act as cathode while crystalline slicact as an anode in the chemical
reaction. Anodization solution, platinum electroded silicon were the main parts of the

system as figured out in Figure 3.5. Detailed dnayof the system is given in Figure 3.6.
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Figure 3. 4 A silicon wafer diced into nine pieces

Pt reference
electrode

Etching
solution >

Silicon wafer —

Brass circular disk

Figure 3. 5 Drawing of the Teflon anodization cell
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As a third step, formation of porous structure dican wafer is conducted with the
anodization system. The most common way of produprous silicon structure is based
on the electrochemical etching of crystalline sitic(c-Si) in aqueous hydrofluoric (HF)
acid solutions by passing specific current valdesthe anodic dissolution process, it is
known that hydrogen gas is released from the dissplsilicon surface, so if the surface
tension of the anodization solution is high, theldmgen gas is effectively trapped on the
silicon surface. Thus the reaction ceased. Besglase silicon is hydrophobic, hydrogen
bubbles will then mask the underlying silicon sagfdrom the HF acid based anodization
solution. In order not to cease the reaction antht@a a homogenous structure it is
necessary to use another material namely a suntatttat reduces the surface tension of
the anodization solution. The term *“surfactant” derived from the words “surface
activity” and is used to describe chemical compauunsged for the purpose of modifying
the surface properties of solutions, specificallyreducing the surface tension. Surface
tension arises in a solution due to the attracbhetween its constituent molecules. This
gives the fluiid surface a property similar to eesthed elastic membrane. Reducing the
surface tension has two effects on the anodizationess. Firstly it will reduce the size of
the hydrogen bubbles, secondly allow the formedblasbto escape more easily from the
surface of the silicon and the solution. Surfactastich as Triton or ethanol are the
materials used for this purpose. Ethanol was usethe formation of porous structure on
silicon substrate throughout the experimental wawoke in this thesis work. HF acid, DI
water and ethanol were the main components ofibéization solution. The variation of
HF acid concentration affects the structure forraedilicon substrates.

HF is diluted with ethanol since silicon is orgahiiec and hydrophobic, the use of ethanol
guarantees a higher homogeneity, due to a betteahidy of the surface than deionized
water. Ethanol was used unless otherwise stated.

Chemical reaction of silicon with HF acid for therrmation of nanocrystallite porous
structure is given in theoretical section from Beua(2.1) to Equation (2.5) and in Figure
(2.2).
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Figure 3. 6 Technical drawing of home-made Tefloadization cell
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4. RESULTS AND DISCUSSION

4.1. CURRENT VERSUS VOLTAGE (I-V) MEASUREMENT SYSTEM

Current versus voltage (I-V) measurement system sesup which is used both for
determining the anodization current density valoe tor applying the determined current

density value to obtain porous structure on edaosi sample.

Computer controlled source and measure unit wasgiated to the home-made

anodization system as given in Figure 4.1.

The current was applied in dark to produce pordoustire on crystalline silicon in all the
samples fabricated throughout this work. Samplesewoduced with specific current
density values between 5.0 mA-émnd 50.0 mA-cfin time durations between 1 minute

to 75 minutes.

Figure 4. 1 Home-made computer controlled anodinadind 1-V measurement system

I-V relationship of p-type silicon substrates fodneith agueous HF acid solutions
obtained throughout this study which are givenha Eigure 4.2 to Figure 4.5 exhibits the
same trend with the literature which is depicteéigure 4.6 [116].
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4.1.1.Measured I-V curves for varying HF molarities

Representative |-V curves for p-type silicon in egus HF acid solution are given in
Figure (2.3) and Figure (2.4) [116, 112].

I-V measurement graph obtained during the experisnparformed on crystalline silicon

samples were given in Figure 4.3. Anodization sotutontains HF acid and ethanol in
equal proportions of volume. Voltage values stgrfirom -25 V until +25 V was applied

in order to get the |-V curve which is a charastigei I-V curve of the crystalline silicon

sample used throughout this study. Current valuetlie formation of porous silicon

structure was obtained using this |-V curve. Thstfpeak in this I-V curve is called as the
maximum current in order to get the porous sili@ructure, which is almost 50 mA.

Therefore, current values smaller than 50 mA mustubed in order to get the porous
structure within the crystalline silicon samplesost specifications given in the Section
3.2.1.

An experimental representative |-V curve was olgdifrom a sample which was diced

from a single wafer before electrochemical anodizaprocess.



121

0
Voltage (V)

Anodization solution composition: 50 % HF+H,0 : 50 % C,HsOH
-10

0

Figure 4. 2 Measured I-V curve for p-type siliconaiqueous HF acid solution for a silicon
substrate
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I-V measurements of various HF molarities were qraned and graphs for these

measurements are given in the Figure 4.3, Figureashd Figure 4.5.
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Graphs obtained from silicon samples have threeackexistic regions as seen both from
Figure 4.2, Figure 4.3, Figure 4.4, and Figure 46l from literature as given in the
references between 142 and 159.

Upto first peak the region is named as pore foromatlJpto second peak the region is
named as transition where there are two compegagtions namely pore formation and

electropolishing of silicon. After the second péla& region is named as electropolishing.

- {Region A} !: Region BE Region C
[ Geiny | \iacropalting
£15 ! |
3 i I
] i
E ] I
B 107 : I
— :
E 5 — I I
(1]
5 E i
U i ]
°1_~ : :
L] | T 1 T 1 I ] T
0 0.2 0.4 0.6 0.8 1.0
Potential (arbitrary zero/units)

Figure 4. 6 Typical anodic |-V relationship forisdn in ethanoic HF acid showing the
salient regions of dissolution. In region A, pooemhation occurs, and in region C silicon
electropolishes. Region B is a transition zone betwregions A and C. Scale units and

zeros are arbitrarily chosen and depend on sikzonple and experimental conditions

(Adapted from [112])

In some ways electropolishing and electrochemicaie gormation can be understood as
the two competing reactions. In the first case rthie-limiting species in the chemical
reaction is HF, while in the second it is the syppf holes from the electrode. If we
assume a rough silicon wafer surface and a reatimnis limited by the diffusion of HF,
it is obvious that hillocks will dissolve fasterath depressions because they are more
exposed to the source of the rate-limiting specikeshe reaction is limited by charge

supply from the electrode, the center of a depoessill dissolve faster. The latter process
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will lead to formation of pore while the former Wiéad to smoothing of the surface [116].
However, this is a simplified picture of the ele@olishing effect; real systems are more
complex and electropolishing of metal and semiceotmhs commonly involves the

presence of a thin oxide film.

Current oscillations at silicon electrodes undeeptostatic conditions in HF were already
reported in one of the first electrochemical stadié silicon electrodes. [98] They were
ascribed to the presence of a thin anodic siliceidleo film in first place. High current
values causes competing silicon oxide removal aobireg reactions, but details of the
oscillation process are still controversial. [148]

4.1.2. Oscillation process during anodization

A key to understanding the oscillation processes dbservation that two forms of anodic
oxide are present on the electrode: A dense, sissolding type of anodic oxide and a
soft, fast dissolving type. A first indication oifférent dissolution rates is the shape of |-V
curve itself. For current densities above JPSIs imainly determined by the dissolution
rate of the thin anodic oxide. [147] The oxide etates at different times of the oscillation
cycle can be determined in situ, if the time dddayween switching the electrode to open
circuit potential (OCP) and the appearance of hykobic surface conditions is measured.
Despite the fact that the oxide thickness changesnby about 20 %, the time required for
etching of the total oxide thickness varies by @daas high as three. This modulation of
the oxide etch rate itself is sufficient to generah oscillation loop. The initial formation
of an oxide with a low dissolution rate leads toimerease in potential under galvanostatic
conditions with increasing oxide thickness. If gaential across the oxide is constant over
the whole sample area, which is fulfilled for a dooonductivity of electrolyte and
substrate, the oxide becomes very homogeneousidkndss. This is a self-adjusting
process, because the electric field across a thdeavould be higher than for an area with
a thicker oxide, generating a higher oxide grovetfe iat the thin spot until a homogeneous
oxide thickness is reached. This effect is suffiti® synchronize the oscillations. At a
certain thickness a change in the oxide morpholaggurs, which transforms the dense
oxide into the soft, porous form. After this chantiee anodic oxide shows a high

permeability for ions of the electrolyte. This |leam the sudden drop in the potential and
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an increase in etch rate, a wavy pattern in I-Vphsa Now the etch rate exceeds the
growth rate and the total oxide thickness decreasdt the fast etching layer is etched
away. The next slow etching oxide is exposed toetbetrolyte and its thickness increases
again, and so on. There is strong evidence for adelgered structure of the oxide and the
transient behavior of its etching rate, which isgwsed to be the driving force of the
oscillation process [148, 149]. However, the micamsc origin of this change in oxide

morphology is as yet unidentified. Different oszilbn models are under discussion.
4.1.3. Final drying treatment

After anodization process, porous silicon sampbkegehto be dried. Due to large capillary
stress, drying of samples is a critical step am result in extended cracking if special
procedures are not followed. Drying procedure wadiad to all of the samples in order to
cease the anodization (etching) reaction to preweatking of the nanometer sized
structure. Deionized (DI) water was used for teation of the reaction. But it is
insufficient for the surface stability of the pososilicon structure since evaporation of
water vapor from nanoporous structure will resoliapse of the structure because of the
high pressure exerted by water vapor pressuredig high surface tension.

The origin of the cracking is the large capillatsess associated with evaporation from the
pores. During evaporation a liquid-gas interfacei®inside the pores. The surface tension
at liquid-gas interface is responsible for the pues decrease in a capillary liquid, which is

given by the Laplace equation
AP = —-(2ycos8)/r) (4.1)

In the above equatior)P is the pressure decrease in liqujds the surface tension of the

liquid-gas interface,dis the contact angle with the surface, and the radius of the

capillary.

The pressure decrease given by Equation (4.1)le@t to high force per unit area on the
capillary walls in contact with the capillary fluids the pressure decrease is limited to the

pores, the average strees in the film is approxamaEquation (4.1) multiplied by the
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porosity of the structure. If a structure havingpecific surface area of 600°rani®, then
13.2 MPa was calculated for ethanol [232-233].

Therefore, a material with a lower surface tengltan water is required such as pentane.
But since pentane and water are immiscible, anrmediate step is also required. Ethanol
was chosen since it is miscible with water and geatand also it has a surface tension
value in between water and pentane. As a resuthebkamples were rinsed and kept in DI
water, ethanol, and pentane for 5 minutes, respgagtiHence a process called pentane

drying was applied to all the porous silicon samapleoughout this thesis work.

In the literature there are three different proesdsr the drying of porous silicon to reduce

or eliminate the capillary stress:

* Pentane drying [114, 165]

» Freeze drying [114, 234, 235]
 Supercritically drying [114, 211, 236, 237]
« Slow evaporation rates [114, 165]

Among them pentane drying is the most suitablefon@ur purposes not only it requires
simple equipment and material but also it is apphé room temperature. Pentane has a
very low surface tension, and shows no chemicaraation with porous silicon unlike
ethanol. Using pentane as drying liquid enablesethuce strongly the capillary tension
inside the porous structure and exhibit no crackiagiern after drying. On the contrary,
freeze and supercritically drying requires comgédaequipment, special materials and

cannot be applied at room temperature.

Some photographs of drying process which was appdieall the samples produced in this

thesis work were shown in the Figure 4.7.
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® ©

Figure 4. 7 Pentane drying steps: (a) distilledewsansing of porous silicon sample (b)
ethanol rinsing of porous silicon sample — pordlisam sample was seen at the bottom of
the home-made anodization cell (c) pentane rinsfr@prous silicon sample after removal

of the sample from the anodization cell

Silicon samples diced from a single silicon wafergvshown in Figure 4.8.
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Figure 4. 8 Silicon samples before etching

Porous silicon samples after anodization and drgimogess were shown in Figure 4.9.

A UL E )Y
S L LT B T R
g o g g
J v A
v
A

Figure 4. 9 Silicon samples after etching with psretructure
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4.1.4. Surface passivation

In the literature there are many methods for thdase passivation of porous silicon

surface as given in the Table 4.1.

Table 4. 1 Surface passivation techniques for posaicon

Method Procedure Result

Oxidation » Slow ageing in the dark (week® --
or months]120]

* Anodic oxidation in a nonte Electronic passivation; red to

fluoride electrolyt¢120] orange light emission [120]
e Chemical oxidation (hydrogene Blue shift of luminescence [120]
peroxide, nitric acid)120] » Electronic surface passivation
* Thermal oxidation (300 °C | [120]
900 °C)[120] » Conductance and capacitance| of

* Thermal annealing at 400 °C |n the annealed PS sensor becgme
nitrogen ambient [130] more stabl§l120]

Nitridation « Rapid thermal annealing in,N The humidity absorption behaviour
or NH; (more efficient) (1100 is only slightly improved aftef
°C, 30 s)[120] thermal nitridation[238]

* Annealing above 400 °C

converts surface into nitride

[120]

* Annealing at 300 °C in 9
[120]

* Annealing at 1000 °C in NH
[120]

* Annealing at 600 °C severa
hours [120]

Halogenation » Exposure to halogen vapor for Photoluminescence quenched
few minutes [120] [120]
Modifications » Deposition of metal from thee Strong luminescence quenching

involving metals solution [120] [120]
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Organic chemical

derivatization

PS react with 1-alkenes, no
conjugated dienes ar
aldehydes at 85 °C - 115 ¢
[239]

Derivatization by
groups offers an alternatiy

possibility to oxidatiorf120]

Thermal derivatization with
alcohols[120]
Partial  methoxylation by

immersing in boiling methand
[120]
Grafting alkoxy groups by
immersing in methano
ethanol or propanol, irradiatio
of few minutes using 6W U\

lamp located 2 cm awd$20]

organic

e

Il

Aging in ambient has no effe¢t
on PL[239]

Modification is accompanied by

some oxidatiorf120]

Slight decrease and a red shift|of
luminescence. Alkoxy specigs
covalently bind to the surfage
probably oxidized to somg

extent. [120]

Electrochemical

derivatization

Derivatization with formate
groups (HCOOH+1M
HCOONa 2 mA-cii, 10-20

min)

Grafting with trifluoroacetate

groups (CECOOH+1M
CFRCOONa)[120]

Methoxy derivatization by
anodisation of PS in anhydro
methanol  electrolyte (1

mA/cnt, 20 s)[120]

Some oxide is created. SiQC
bonding and loss of SiH groups
[120]
These modifications are
detrimental to the
photoluminescence intensity.
Reaction breaking Si-Si bonds
rather than Si-H bondgL20]
Dissolution occurs by chemica

attack of Si-Si back-bonds at|a

methoxylated Si site. The silican
ends dissolve as Si(OGH and
the surface is rehydrogenated
behind. Luminescence intensity

is

is preserved; stability to ageing

N

improved by about a factor of
[120]
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» Direct methyl grafting by
anodization of PS in
diethylether with CHLi.Lil or
CHsMgl. (1-10 mA/cnd, 10

min.) [120]

N

» Substitution efficiency of —H b}

—CH; is over 80 %, and only
few percent of the surface
atoms get
Luminescence

preserved and stability to agei
is improved by about an order

magnitude[120]

oxidized.

intensity  is

Impregnation

* Indium plating [120]

» Polymerization by polypirrole

PL blue shift, intensity increased

by about a factor of 20. [120]
EL

increased. [120]

efficiency and

stability

Lewis acid

hydrosilylation

» Hydrosilylation of unsaturate
carbon-carbon bonds on il
native hydride terminated P
can be induced by the Lew
acid EtAICL or white light
illumination at room

temperature in a matter

minutes or hours. [240]

ne
S

is

Df

Porous structure is main

unaffected [240]

Ozone oxidation * By placing PS in a stream of Hydrophilic surfacg120]
ozone for 1 houf120]
Carbonization 15 min. acetylene roam Excellent long term stability

temperature & nitrogen

15 min 500 °C nitrogen till roon
temperature

10 min. 820 °C

15 min. acetylene roon

temperature & nitrogen
10 min. 820 °C nitrogen till roon
temperature [241]

against ageing [241]

Resistant against harsh corrosi
like HF and NaOH [241]
Stable in humid air [139]

es

Change hydrophobic PS surface

to hydrophilic [139]
Enlarging pores [242]
Sensitivity of  the
decreases [242]
Capacitance does not vary
much as the resistance duri

ageing [242]

sensar

as
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Among them below stated methods are found to bé effsctive and do not require

complex experimental procedures.

Table 4. 2 Surface passivation techniques for posaicon

Method Procedure Result

Oxidation Chemical oxidation (hydrogerBlue shift of luminescence

peroxide, nitric acid)

Oxidation Thermal annealing at 400 °C |i€onductance and capacitance | of
nitrogen ambient. the annealed PS sensor becgme
more stable.
Impregnation Indium plating PL blue shift, integsihcreased

by about a factor of 20.

Impregnation Polymerization by polypirrole EL ef6ocy and stability
increased.

As a result of the literature search, the mostablet and cost-effective process was
choosen as the thermal annealing process. A s@oafus silicon samples was then

annealed in the furnace at 300 °C for two hours.

4.1.5. Thermal evaporation of interdigitated top electrale

After the formation of porous silicon, an interdaged electrode (IDE) was vacuum
evaporated on top of the structure. Designed IDE tha final step for the fabrication of
humidity sensor. Multiple and single technical dirays of IDE were given in Figure 4.10
and Figure 4.11. Nine samples were coated with ialum by evaporation in a single run

by using IDE array as depicted in Figure 4.10.
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Figure 4. 10 Technical drawing of multiple top étedes for thermal evaporation of

aluminum on porous silicon samples to form humidegynsor
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Porous
silicon
sample

Figure 4. 12 Diagram of imaginary areas where imag#ained from optical microscope

from a porous silicon sample

4.2.1. Optical Microscope Images of Porous Silicon Sameé with <100> wafer

orientation, 1-30Q.cm, at various anodization current densities and arations

50 mA current applied in 5 min duration

Figure 4. 13 Optical microscope images of porolisosi structure with diameters around

2 um obtained with a current value of 50 mA appliedSonin
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5 mA current applied in 4 min, 5 min, 6 min, andr8h durations

Figure 4. 14 Optical microscope images of porousciire with diameters arounduin

obtained with a current value of 5 mA applied fan#h (sample number: PS019)

Figure 4. 15 Optical microscope images of porousctiire with diameters arounduin

obtained with a current value of 5 mA applied fanb

Figure 4. 16 Optical microscope images of porousctire with diameters arounduin

obtained with a current value of 5 mA applied fanth (sample number: PS022)



(TS0Sd equnu sjdwes) G2:52T:GCT
% JO UONBNUIIUO0I HOSHD:4H ‘uigligl paljdde wyw G Jo anjeA 1ualind e Yylim paureiqo

ugrbunoue sialawelp yum almgsnolod Jo sabewl adodsoloiw [eando 6T "7 8inbi4

(050Sd :Jeqwinu ajdwes) uiglig) paljdde YW G JO anjeA JualInNd ® Yium paureiqo

ugrbunoue sialawelp yum almsnolod Jo sabewl adodsoloiw [eando 8T {7 ainbi4

VUL S ULl OF T:T HOSHZD-4H%8k 005084

01021043

(020Sd :Jeqwnu ajdwes) guoy paljdde YW G JO anjeA Jualnd e Yyium paureiqo

ugrbunoue sialawelp yum almgsnolod Jo sabewl adodsoloiw eando LT 7 8inbi4

orT



spouw p|ay
-yleq ((£00Sd :lequnu ajdwes) ulupgpaljdde yw QT 10 anjeA Jualind ® Yyim paureiqo

ugrbunoue sialawelp yum almgasnolod Jo sabewl adodsoloiw [eando Tz ‘7 ainbi4q

"SapoW p|al-pwp plal-1ybliq syl wol) usxel sabewi ay) usamiaq

90UBJaYIp BY) 1eNISUOWSP 0] Jepam|aq pajuasald sem zz't ainbi4 pue Tz’ ainbi

(600Sd :Joqwnu ajdwes) ulupgpaljdde yw QT JO anjeA 1uaiind e Ylim pauieiqo

ugrbunoue sialawelp yum almgasnolod Jo sabewl adodsoloiw [eando 0z "7 ainbi4q

0G:G2:GZ % JO uonenuaduod HOSHYD:4H pue ‘wd'y0e-Z ‘uoneiualo
Jajem <TTT> yum $adwes uodl|IS snolod jo sabew| adoososonn eondo 'z'zv

i



142

Figure 4. 22 Optical microscope images (brightfielode) of porous structure with
diameters around Im obtained with a current value of 10 mA applied3anin (sample
number: PS003); Bright-field mode

4.2.3. Scanning Electron Microscope (SEM) Images of Pous Silicon Samples

Since optical microscope is not sufficient to regohanometer sized structures scanning

electron microscope images were also taken anch dgpeow.

1V 5 min furnace annealed sample with 50,000 timagnification:

Figure 4. 23 SEM images of porous silicon sampklld &D,000 times magnification.
Sample was etched at constant voltage of 1 Voh ditration of 5 minutes and annealed at

the furnace
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1V 5 min furnace annealed sample with 150,000¢imagnification

TUBITAK SEI 15.0kv X150,000 100nm WD

Figure 4. 24 SEM images of the same porous silgzmple with 150,000 times

magnification showing an approximately 10 nm holes

The arrows in Figure 2.24 indicates the pores g@pmately 10 nm obtained from the

microscope software.

Schematic of cross section porous silicon struciias given in Figure 4.25.

Aluminium top electrode—T ¥
Porous silicon structure——-—"i\’ v,

v

Crystalline silicon

Aluminium back coating——>

Figure 4. 28Cross section schematic of porous silicon strudiumaed inside the silicon

wafer with a 50Qum thickness
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Table 4. 3 Formation conditions of porous silicamgles (set-A)

Sample name Anodisation | Anodisation time,, HF:C,HsOH
current, mA min concentration, %

Al 5 15 25:25:50

A2 5 30 25:25:50

A3 5 45 25:25:50

A4 5 60 25:25:50

A5 5 75 25:25:50

4.2.5. SEM Images of Porous Silicon Samples: Set-B

SEM surface area images of set-B samples preparechditions described explicitly in

the Table 4.4 was presented in the Figure 4.28.

Figure 4. 28 Top view SEM images of the porougailisample surfaces (B1, B2, B3, B4,

and B5) with 75,000 times magnification showingmgtar-type porous structure
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Figure 4. 29 Cross section SEM images of the posdie®n samples (B1, B2, B3, B4, and

B5) with 75,000 times magnification showing gramtthgpe porous structure

Table 4. 4 Formation conditions of porous silicamples (set B)

Sample name Anodisation | Anodisation time,, HF:C,HsOH
current, mA min concentration, %

Bl 22 15 25:25:50

B2 22 30 25:25:50

B3 22 45 25:25:50

B4 22 60 25:25:50

B5 22 75 25:25:50




ain1oni1s snolod adfpruelb Buimoys uonesiiubew sawin 000G, Yum (sD
pue ‘D ‘€D ‘2D ‘TD) sajdwesipeznoliod ay) Jo sabewl NIS mala do] OE i 2inbi4

AvLgntL wwgylL M _WUgoL  000'G2X  MI0'0Z 138 AvLgntL

SvLIEN. wuizyL M _tu

002 B
R
oy, M c%‘
S

"0€ 7 21nbi4 ay) ul pajuasald sem G a|ge ayl

ul Apoldxe paguosap suonipuysaugdald sajdwes D-18s Jo sabewl eale aseuns N3JS

D-19S :sajdwes uo2I|IS snolod Jo sabew| NIS 92V

‘SjuswaInseaw

Adoosonoads 14 pue uewegpl) pue ‘JUBWUOIIAUS gV TLVIN Ul aremyos bBuissasolud
abew! Ag palre|ndjed aiam SIS)aWRIPLPE SB|0Y PazIS Ja1awWoldIw pue Sajl|e1sAid uodl|is
Je|nuelb pazis asnswoueu Ylep$yss woly sajdwes Jo ainonis ayl "sesadoldd NIS
pue ‘NdV ‘endads aouadsauludianoads uewey JO Sjuswainseaw ayl 10} pasn alam
SaAeY JBY10 8yl ajiym ‘pawlesas sjuswainseaw aoueloeded pue ‘losuas Alpiwny

aAljejal e aq 0] paubisap aiam saglaip Jo Jjey auQ 'sadaid om) ojul 1D alam sajdwes

‘627 24nbBi4 ay1 ul payuasald sem ' 9|gel ayl ul

Aol dxa paguosap suonipuod relpaigs|dwes g-19s Jo sabewl eate uolloas ssoid NIS

174"



149

Mvugant
WD 152mm
WD 14.6mm

1pem
10zm

20.0kv¥  X5,000
20.0kV  X2,000

SEI
SEI

N
S
sl
2
3
2
S
3
8
3
S
5
=
b=

TUBITAK
TUBITAK

WD 14.7mm
WD 15.8mm

10am
10am

200kv  X1,000
200kv  X1,000

SEI
SEI

TUBITAK
TUBITAK

C4 C5

Figure 4. 31 Cross section SEM images of the posdicen samples (C1, C2, C3, C4, and

C5) with 75,000 times magnification showing gramiige porous structure

Table 4. 5 Formation conditions of porous silicamgles (set C)

Sample name Anodisation | Anodisation time,| HF:C,HsOH
current, mA min concentration, %
C1 22 15 12.5:12.5:75
C2 22 30 12.5:12.5:75
C3 22 45 12.5:12.5:75
C4 22 60 12.5:12.5:75
C5 22 75 12.5:12.5:75
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SEM surface area images of set-C samples preparezhditions described explicitly in

the Table 4.5 was presented in the Figure 4.30. $Eis section area images of set-C
samples prepared at conditions described explititihhe Table 4.5 was presented in the
Figure 4.31. The inset images in the Figure 4.28 leigure 4.30 were surface images of

the samples with magnification of 500. The corresiiog area is 181'm x 2400/m.

Half of the samples were designed to be a relatimidity sensor, and capacitance
measurements were performed, while the other haless used for the measurements of
Raman spectra, photoluminescence spectra, AFM,SEM proceses. The structure of
samples from set C has mainly micrometer sizedshbig the walls of these holes were
found to be composed of nanometre sized granuliaorsicrystallites whose diameters
were calculated by image processing software in MAB environment, and from Raman

and PL spectroscopy measurements.

4.3. IMAGE PROCESSING

Microscope images of porous silicon structures mgvinoles and/or granular islands
ranging from micrometer to nanometer sizes obtafrau different formation parameters
were given in Section 4.5. Images of porous silistnuctures having micrometer sizes
were obtained from optical microscope. Images ofop® silicon structures having

nanometer sizes were obtained from scanning eleatioroscope.

Figure 4. 32 (a) Original image Al (b) Contrastamted and filtered image of Al



151

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

e

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

A1 minimum points vs. Ratio of obects.

2

B

Ratio of bjects (%)

Figure 4. 33 Porous silicon samples (Al, A2, A3, A8) and their corresponding
histogram graphics showing granul diameter distriou

Size distributions, including the diameter of nanystallites were determined from image
processing of the SEM images using an algorithneldged in the MATLAB environment
and given in Appendix A. The algorithm was useddduce the noise, while preserving

the edges of the circular shapes of the granuleter Acontrast enhancement a
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morphological opening was performed on these imagedescribed elsewhere [243, 244].
An example of contrast enhanced and filtered imegapared with the original one is

shown in Figure 4.32.

These outlines enabled calculation of the sizeridigion of objects in any given SEM
image to be obtained. The output of the program avastogram of the size distribution,
which is given in Figure 4.33; the average nandatydiameter of each sample was

calculated from these histograms, and results gi@en in Table 4.6.

Table 4. 6 Diameter values of granular silicon tales and holes in porous silicon

samples calculated from image processing of SEMj@ndset A)

Sample name| Etching timje Average nanocrystallite | Average hole diameter obtaing¢d
min diameter obtained from from MATLAB Image
MATLAB Image Processing Processing
nm nm
Al 15 255 15.0
A2 30 28.0 13.0
A3 45 29.0 14.0
Ad 60 32.0 14.0
A5 75 30.0 14.0

Diameter values obtained from the algorithm writterthe MATLAB Image Processing
Toolbox environment were presented in the analgsigion, in the form of histogram
gather information about the diameter values ofdgranules versus number of objects at
that diameter value found in the SEM images oftatiise silicon samples.

Calculated average diameter values of holes wihrgelinabetween the nanocrystallites were
found to be smaller than the nanocrystallite diarsetvhich are also apparent from the
SEM images. Different algorithms were used in ortecalculate the average diameter
values of both nanocrystallites and holes. Caledlatverage dimater values of both
granules and holes are cross checked with the teamalues obtained during SEM

analysis.
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4.4, STRUCTURAL CHARACTERIZATION OF POROUS SILICON SAM PLES
USING RAMAN SPECTRUM ANALYSIS

In single crystalline silicon only first-order staing at the optical phonon in the center of
the Brillouin zone is allowed, which produces arphRaman peak at 521 &m[119]
Confinement of the phonon leads to a momentum teiogy, and so the Raman peak
broadens and shifts to lower energy. In Ramanestadt, a multiple scattering of photons,
electrons, and phonons is involved. The wave veatdhe light is very small compared
with the relevant reciprocal distances in the @lysthe momentum conservation rule

allows participation of phonons around theoint only. [245]

Raman spectroscopy is a non-destructive methodhhatbeen used to investigate the
morphology of nanoporous silicon, and to deterntiveesize of silicon nanocrystallites. In
order to evaluate the dimensional parameters, fticptar the pore or nanometer sized
granular island diameter, the full width half maxim (FWHM), maximum peak intensity,
and Raman shift values for each of the samplesapedmat different current density values,
at different duration of times, and at differenhcentrations of solution was evaluated by a
model which relates the photon-phonon interactionciystals with the aid of Origin
software. Enhancement of the Raman spectra injemnkie to increased density of
nanometer sized crystalline silicon inside the cdtme of anodized silicon samples was

also observed.

4.5. ANALYSIS OF POROUS SILICON SAMPLES USING MATLAB | MAGE
PROCESSING OF SCANNING ELECTRON MICROSCOPE (SEM) AND RAMAN
SPECTRUM ANALYSIS

Porous silicon (PSi) is a material with voids amdmnels in it. PSi structure is produced
on the crystal silicon by the electrochemical amation of silicon wafers in aqueous HF
which leads to the formation of a layer containan¢arge number of small pores and/or
granular type islands, pyramidal shaped holes. réason for using porous material as a
relative humidity sensor is that the immense setaevolume ratio and the abundant void
fraction which leads to very high sensitivitiesrustural features were characterized by
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using optical microscopy, scanning electron micopsc(SEM), and Raman spectroscopy

techniques.

Raman spectroscopy and microscope images procasdATLAB are utilized for the
dimensional characterization of porous silicon ctiee produced in different formation
parameters. Samples are prepared at current @snsiti2.2 mA-cf, 4.4 mA-cnt, 8.8
mA-cmi?, 9.7 mA.crif, 10 mA.crif, 22.0 mA-crif and 33.1 mA.cf with duration of
times of 5 min, 10 min, 20 min, 30 min, 45 min, &@in, and 75 minutes. The
concentrations of solution are 1:1:1,(HHF:GHsOH) and %2:%%:1 (bD:HF:GHsOH).
The diameter of the silicon nanocrystallites aregimag from 2 nm to 30 nm and the
diameter of pores in between the nanocrystallitesanging from 2 nm to fm which is
resulted from the analysis of Raman spectroscopgigiuminescence spectroscopy, and

image processing of scanning electron microscoplyoguical microscopy images.

Finally, silicon nanocrystallites and pore diameibtained from either optical microscope
or scanning electron microscope images process@dAMLAB are compared with the

diameter values calculated from Raman spectra peesm

Comparison of Raman spectra of all the samples thighRaman spectrum of crystalline
silicon showed a red (down) shift in the opticalopbn mode after porous silicon
formation due to the phonon confinement effect.sTimdicates that nanometer sized
silicon crystallites in the silicon samples werenfed as a result of electrochemical
anodization process. Such structures exhibit refissiiom crystalline silicon (c-Si) in

Raman spectra when nanometer sized structuresesgenp.

Enhancement of the Raman spectra intensity duecteased density of nanometer sized
crystalline silicon inside the structure of anodizelicon samples was also observed and
was given in this section. Raman intensity valwggther with the depth of porous silicon

structure are also found to be highly correlated.

The dimensions of the porous silicon skeleton | ¢dinder of micrometer to nanometer
sizes are very small to be resolved by microscepiriiques that generate a direct image

of the morphology, e.g. SEM. However, an understapaf the morphology of porous
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silicon has emerged from a superposition of reslitained from different techniques such
as SEM, and Raman spectroscopy. On the other panol)s silicon skeleton in the order

of tens of micrometer sizes can easily be obsebyeaptical microscopy [122].

The Raman spectrum obtained from porous silicon)(R&ich, due to its microstructure,
contains a massive surface area to volume ratig, pvasented. Moreover, MATLAB
Image Processing Toolbox is used in order to aralys microscope images to determine

the porous silicon structure features such as gharaeter, hole diameter and porosity.

Porous silicon samples are prepared at currentit#en&.2 mA.-crif, 4.4 mA-cn¥, 8.8
mA-cni?, 9.7 mA-cn, 10 mA-cn¥f, and 22.0 mA.cfiand 33.1 mA. cii with duration of
times of 5 min, 10 min, 15 min, 20 min, 30 min, #Bn, 60 min, and 75 min. The
concentrations of solution are 1:1:1,(HHF:GHsOH) and %2:%%:1 (KD:HF:GHsOH).
Sets of samples prepared at different current tdemalues, at different duration of times,

and at different concentrations of anodization Sotu

Table 4. 7 Formation conditions of porous silicamgles prepared from c-Si wafer with
<100> orientation

Wafer HF:H,O:C,H:sO |Current mA _ )

Sample |Wafer o ) |Time Pentane drying

) _|resistivity |[H concentratiof{Current density

name |orientation 5 min. Thermal treatment
Q.cm % mA.cm<)

PS050 | <100> 1-30 25:25:50 5.0 (2.2) 30 YY

PS026 | <100> 1-30 25:25:50 5.0 (2.2) 7 YN

PS025 | <100> 1-30 25:25:50 5.0 (2.2) 7 YN

PS022 | <100> 1-30 25:25:50 5.0 (2.2) 6 YN

PS020 | <100> 1-30 25:25:50 5.0 (2.2) 6 YN

PS019 | <100> 1-30 25:25:50 5.0 (2.2) 4 YN

PS018 | <100> 1-30 25:25:50 5.0 (2.2) 1 YN

PS015 | <100> 1-30 25:25:50 5.0 (2.2) 5 YN

PS051 | <100> 1-30 12.5:1.25:75 5.0 (2.2) 30 YY
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Table 4. 8. Formation conditions of porous silisamples prepared from c-Si wafer with

<111> orientation.

Wafer HF:H,0:C,Hs0 | Current mA ) )
Sample| Wafer o ) | Time Pentane drying
_ ~|resistivity |H concentration(Current density |
name |orientation ) min. Thermal treatment
Q.cm % mA.-cmi©)
PS013 | <111> 2-20 25:25:50 5.0 (2.2) 3 YN
PS007 | <111> 2-20 25:25:50 20.0 (8.8) 5 NN
PS005 | <111> 2-20 25:25:50 75.0 (33.1) 20 NN
PS004 | <111> 2-20 25:25:50 50.0 (22.0) 20 NN
PS002 [<111> 2-20 25:25:50 20.0 (8.8) 20 NN
PS009 [<111> 2-20 25:25:50 10.0 (4.4) 5 NN
PS003 | <111> 2-20 25:25:50 10.0 (4.4) 5 NN

Table 4. 9. Raman spectrum evaluation of the posdie®n samples prepared from c-Si

wafer with <100> orientation.

Diameter |Diameter
Current Raman |Raman
Wafer |HF:H,0:C,H Pentane Raman (from from
o mA peak waven
Sample resisti | sOH Time |drying spectra | Raman MATLAB
. _ |(Current ] wavenum umber
name |vity concentratio ) min. |Thermal ) FWHM |spectrum | Image
density ber shift 4 ) )
Q.cm |n% treatment cm analysis | Processing
mA.cm?) cm? cm?
nm nm
PS0501-30 |25:25:50 50(2.2) 30| YY 511.94 9.06 10.92 711. 588.2
235.2
PS0261-30 |25:25:50 50(2.2) 7 YN 51496 6.04 8.02 2.27
588.2
235.2
PS0251-30 |25:25:50 50(2.2) 7 YN 511.94 9.06 9.42 1.71
588.2
235.2
PS0221-30 |25:25:50 5.0(2.2) 6 YN 511.94 9.06 11.09 11.7
588.2
588.2
PS0201-30 |25:25:50 50(2.2) 6 YN 51194 9.06 10.79 11.7
705.8
235.2
PS0151-30 |25:25:50 50(22.2) 5 YN 51194 9.06 10.14 11.7 |588.2
705.8
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823.6

PS01911-30

25:25:50

5.0 (2.2

YN

511.94 9.06

9.39

1.71

588.2
705.8
823.6
1058.8

PS0181-30

25:25:50

5.0 (2.2

YN

511.94 9.06

11.53

11.7

235.2
588.2

PS0511-30

12.5:1.25:7
5

5.0 (2.2)

30

YY

514,96 | 6.04

9.24

2.27

529.2
588.2
705.9

Table 4. 10. Raman spectrum evaluation of the mosdicon samples prepared from p-

type c-Si wafer with <111> orientation.

Wafer
resistivi
ty
Q.cm

Sample
name

HF:H,O:C
oHsOH

concentrat
ion %

mA

density

Current

(Current

mA.cm?)

Time

min.

Pentane
drying
Thermal
treatment

Raman | Raman

peak wavenu
Wavenu | mber

shift cm
1

mber

cm?

Raman
spectra
FWHM

cmt

Diameter
from
Raman
spectrum
analysis

nm

Diameter
from
MATLAB
Image
Processing

nm

PS013| 2-20

25:25:5(

5.0 (2.2)

YN

511.94 9.06

611.

1.71

235.2

PS007| 2-20

25:25:5(

20.0 (8.8

5

NN

511.94 9.06

9491

1.71

PS005| 2-20

25:25:5(

75.0 (33

2

NN

511.94 | 9.06

10.92

1.71

PS004| 2-20

25:25:5(

50.0 (22

op

NN

514.96 | 6.04

8.99

2.27

PS002
PS009

2-20
2-20

25:25:50
25:25:50

20.0 (8.8)

10.0 (4.4)

20

NN
NN

514.96 | 6.04

9.78

2.27

411.6
529.2

PS003| 2-20

25:25:5(

10.0 (4.4

) 5

NN

511.94 9.06

641

1.71

294.1
352.9

Table 4. 11. Porous silicon samples prepared tdrdiit conditions

Sample\Wafer

name

orientation

Q.cm

Wafer resistivity

HF:H,0:C,HsOH

concentration %

Current m#
(Current

mA.cm?)

densit

Time

min.

Pentanedrying
Thermal

treatment

PS06( <100>

1-30

25:25:50

5.0 (2.2)

15

Y N

PS06: <100>

1-30

25:25:5(

5.0 (2.2)

30

Y N
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PS06; 100>  [1-30 05:25:5( 5.0 (2.2) 45 Y N
PS06: 100>  [1-30 05:25:5( 5.0 (2.2) 60 YN
PS06: [<100>  [1-30 D5:25:5( 22.0 (9.7) 15 YN
PSO06! [<100>  [1-30 D5:25:5( 22.0 (9.7) 30 YN
PSO06( [<100>  [1-30 D5:25:5( 22.0 (9.7) U5 Y N
PS06 <100  [1-30 D5:25:5( 22.0 (9.7) 60 YN
PSO06¢ [<100>  [1-30 12.5:1.25:75 22.0 (9.7) 15 NN
PSO06¢ [<100>  [1-30 12.5:1.25:75 22.0 (9.7) 30 YN
PSO7( [<100>  [1-30 12.5:1.25:75 22.0 (9.7) 45 Y N
PS07: <100  [1-30 12.5:1.25:75 22.0 (9.7) 60 YN

Table 4. 12. Three set of porous silicon samplepamed at different conditions.

Sample|Wafer Wafer HF:H,0:C,HsOH . ™ |Time Pentane drying

name |orientation|resistivity Q.cmjconcentration % (Currenzt OIenSItS;nin. Thermal
mA.cm©) treatment

Al <100> 1-20 25:25:50 5.0(2.2) 15 YN

A2 <100> 1-20 25:25:50 5.0(2.2) 30 YN

A3 <100> 1-20 25:25:50 5.0(2.2) 45 YN

A4 <100> 1-20 25:25:50 5.0(2.2) 60 YN

A5 <100> 1-20 25:25:50 5.0(2.2) 75 YN

B1 <100> 1-20 25:25:50 22.69 (10.0) 15 YN

B2 <100> 1-20 25:25:50 22.69 (10.0) 30 YN

B3 <100> 1-20 25:25:50 22.69 (10.0) 45 YN

B4 <100> 1-20 25:25:50 22.69 (10.0) 60 YN

B5 <100> 1-20 25:25:50 22.69 (10.0) 75 YN

C1 <100> 1-20 1.25:1.25:75 22.69 (10.0) 15 YN

c2 <100> 1-20 1.25:1.25:75 22.69 (10.0) 30 YN

C3 <100> 1-20 1.25:1.25:75 22.69 (10.0) 45 YN

Cc4 <100> 1-20 12.5:1.25:75 22.69 (10.0) 60 YN

C5 <100> 1-20 1.25:1.25:75 22.69 (10.0) 75 YN
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Table 4. 13. Raman spectroscopy and MATLAB Image&ssing Analysis of Porous

silicon samples prepared at different conditionalqulated using [179] and 181])

Current mA Raman Raman Raman |Diameter Diameter

Sample |(Current Time peak \;vzlrvenum spectra |from Ramaffrom MATLAB

name density min. wavenum| FWHM  |spectra Image
mA.cm?) ber cm' i::flt cm* analysis nm [Processing nm

Al 5.0 (2.2) 15 518.67 2.33 5.95 4.4 24

A2 5.0 (2.2) 30 519.26 1.74 5.72 54 27

A3 5.0 (2.2) 45 519.59 1.41 5.72 6.2 30

A4 5.0 (2.2) 60 519.77 1.23 5.35 6.9 39

A5 5.0 (2,2) 75 519.63 1.37 5.56 6.4 28

B1 22.69 (10.0) |15 519.31 |1.69 14.0 5.5 --*

B2 22.69 (10.0) |30 519.31 |1.69 17.0 5.5 --*

B3 22.69 (10.0) |45 521.00 |(0.00 19.0 -- -

B4 22.69 (10.0) |60 521.00 |(0.00 21.5 -- --*

B5 22.69 (10.0) |75 521.00 |(0.00 16.0 -- -

C1 22.69 (10.0) | 15 521.00 0.00 14.0 -- --*

c2 22.69 (10.0) | 30 521.00 | 0.00 145 -- -

C3 22.69 (10.0) | 45 521.00 | 0.00 15.0 -- -

C4 22.69 (10.0) | 60 521.00 | 0.00 155 -- -

C5 22.69 (10.0) | 75 521.00 | 0.00 155 -- -

*Diamater values cannot be calculated because Rahdinwas not observed in these
samples, which have mainly micrometer sized pddes.they yielded photoluminescence
signals and PL peak energy values were used focdlmilation of the diameter of the

nanometer sized granular silicon crystallites.

4.5.1. Raman Peak Wavenumber Variation

Raman spectra obtained from each A series sampbiuped at fixed current value but
variable anodization times (15 -75 minutes) aregin Figure 4.34, and Figure 4.35.



160

O T T T T T T T T T
400 420 440 460 480 500 520 540 560 580 60(

Raman spectra intensity, arb. unit

Raman wavenumber shift, dm

——Al-1 A2-2 —— A3-2 ——A4-2 A5-1

Figure 4. 34 Original Raman spectra of A seriespam

These spectra depict the main Raman spectral peatacteristic of each nanoporous
silicon sample with respect to the spectrum ofisthae crystalline silicon (c-Si), the latter
are represented as diamond-shaped markers in d@iph.gfhe Raman spectrum of strain-
free crystalline silicon (c-Si) exhibits a specifieak at 521 cth The peaks of Figure 4.34
were compared by overlapping them and limitingwlsrenumber range from 500 ¢no

540 cm*, as shown in Figure 4.40.

Comparison of Raman spectra of all the samples thighRaman spectrum of crystalline
silicon showed a red (down) shift in the opticalopbn mode after porous silicon

formation, due to the phonon confinement effecstamvn in Figure 4.34 and Figure 4.40.
This indicates that nanometer sized structuregoaneed in the silicon samples as a result
of the electrochemical anodization process [253P6,31, 37, 41, 42]. These wavenumber
shifts of Figure 4.34 are listed in Table 4.14,ngkide the nanocrystal diameters

calculated from them.
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Table 4. 14. Raman (a) Diameter values obtained MATLAB Image Processing (b)

Diameter values calculated from Raman spectra aisaly

(a) (b)
Sample| Anodization| Average diameter Raman Raman Diameter
number time obtained from | spectra | wavenumber calculated from
min. MATLAB Image | FWHM shift Raman analysis
Processing values cm* nm
nm cm?

Al 15 26 15.4 2.33 4.4

A2 30 28 15.1 1.74 5.4

A3 45 29 14.9 1.41 6.2

A4 60 32 14.8 1.23 6.9

A5 75 30 14.9 1.37 6.4

Due to resolution differences, SEM and Raman restiiarly differ in the calculated
dimensions of the nanocrystals from Figure 4.26 Rigdire 4.27, respectively. However,
both calculation methods show exactly the samelfran increase in nanocrystal diameter
with anodisation time (15 min., 30 min., 45 minQ &in., and 75 min.) of the silicon

samples during fabrication.

The diameter values obtained both from MATLAB Imdgecessing environment and
Raman spectra parameters are given in Table 4.hd. résults of MATLAB Image
Processing are given in part (a) of Table 4.14 Jevtiiat of Raman spectral analysis are
given in part (b) of Table 4.14. The calculatediers of part a) SEM analysis displayed
a correlation of 96 % with part b) Raman analysis.

The diameters in Table 4.14 are also given in ttaply of Figure 4.35. These shows a
steady increase in the dimensions of the nanodsystdh anodization time up to 60
minutes, which is also depicted in the photograpihBigure 4.26 and Figure 4.27. After

this anodisation time, the nanocrystallite dianseticrease.

This is thought to be caused by the HF dissolviregdilicon until its concentration exceeds
solubility; the concentration then exceeds thecaitlimit, allowing it to nucleate. This is
followed by diffusion limited growth in which thevarage nanocrystal radius Rav
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increases with the square root of treatment timg (R tY?) [248]. Finally, after the
available concentration of reactants has droppéxibe critical level, Ostwald ripening or
coarsening sets in: larger particles grow at thpeage of smaller particles. Since the graph
of Figure 4.44 is linear, it must depict the Ostivapening stage; diffusion limited growth
must occur prior to 20 minutes. The growth of tlatiples may be inhibited after 60
minutes due to diffusion of HF away from them itite increasingly deeper nanopores. It
may also be caused by the disintegration of thecrgstallites due to structural collapse.

Analysing samples using Raman spectroscopy prowiftemation about the structural
features of porous silicon, especially the porengiger. These parameters are interrelation
with the full width half maximum (FWHM), maximum gk intensity, and Raman shift

values.

To obtain information about the structure, in pautar the pore diameter, the FWHM, peak
intensity, and Raman shift values are evaluateda byodel which relates the photon-
phonon interaction in crystals with the aid of @rigoftware. The correlation between the
results obtained from both methods as given in 8abll4 show that they are highly
correlated and calculated to be 0.96.

Finally, pore diameter obtained from either opticaicroscope or scanning electron
microscope images are compared with the informagathered from Raman spectra.
Microscope images were analysed with MATLAB Imagedessing Toolbox to obtain the
pore diameter, and porosity. Diameter values obthiinom MATLAB image processing

and Raman spectroscopy measurements given in #ablewas also depicted in Figure
4.35.

Raman spectra wavenumbers at peak intensity vadue also compared with the literature
and it was given in Figure 4.36. Raman peak slafsws crystallite size follows the same

trend as given in ref [181].
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4.5.2. Raman Peak Width (FWHM)

Increase of the Raman intensity and FWHM valuedtaeconsequence of increase of the

nanometer sized porous structure in the samples.

Porous silicon samples were anodized at specifiediaation times with varying current
density values of 2.2 mA-cm 4.4 mA-cnf, 8.8 mA-crif, 9.7 mA-cnif, 10.0 mA.-crif,
22.0 mA-cnif, and 33.1 mA.cfi Intensity of Raman spectra and FWHM values from
porous silicon samples were increased with respeaingle crystalline silicon spectra
values. Increase of the Raman intensity and FWHNies are the consequence of

nanometer sized porous structure in the samples.
4.5.3. Raman Peak Shift vs FWHM

Raman peak shift values versus FWHM values givetaliles from Table 4.7 to Table
4.13 were analysed and given in Figure 4.37. Rapeak shift values versus FWHM
values calculated from the above graphs were caedpaith the literature and they were

found to be in good aggrement.
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Figure 4. 37 Experimental Raman peak shift valesus calculated FWHM values
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4.5.4. Raman Intensity Variation

Porous silicon layers were formed on p-type silisgafers having a resistivity of 1-20
Q.cm and (100) orientation, by anodizing in an hfldiaric (HF) acid 48 wt. % in bD
and ethanol (€HsOH) of 1:1 volume per volume (v/v) mixture. Anodim times were
set to 15 min., 30 min., 45 min., 60 min., and 7#6.mt 2.2 mA-crif current density. The
anodized samples were named as Al, A2, A3, A4, Andespectively. As a result of
prescribed anodization parameters, thicknesselseopaorous silicon samples were ranged
from 2.9 um to 13.9um. Pentane drying was applied to all of the sampdeprevent
cracking of the porous structure due to evaporatiowater from nanometer sized porous
structure. Therefore, they were first rinsed wiehothized water and then kept in deionized
water, in ethanol and in pentane for five minutesmsecutively. Entire pentane was
evaporated just before characterization measurem@tit samples were formed on the
same silicon substrate in order to eliminate thiece$ of doping concentration, resistivity,
and orientation parameter on the structure. Otlaeameters affecting the formation of
porous silicon structures such as temperature p&hdalue of anodization solution were
assumed to be same by keeping concentration ofiangdsolution constant during
preparation of all the samples. Samples were peepar the dark. Similar granular-type
structures produced on both p-type and n-typeosilsubstrates can also be found in the

literature.

Intensity of Raman spectra and FWHM values fronopsrsilicon samples were increased
with respect to single crystalline silicon spectaues with the increase of anodization
time. This is most likely to be caused by an inseshnumber of nanocrystals inside the
anodized silicon samples as the depth of the nanaporegion (and thus nanopore
lengths) below the sample surface increases (showhigure 4.40 for the A-series
samples). Table 4.14 shows anodization times vetsigorresponding depth of porous
silicon that is caused by this treatment. Clearypldyed is an increase in NPS depth with
anodization time; this is also corroborated byltteeature [247].

Superimposed Raman spectra of the samples (A1A82A4, and A5) were given in
Figure 4.40.
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Figure 4. 40 Raman spectra of samples Al, A2, AB,A45
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Figure 4. 41 Raman spectra of samples B1, B2, B3aBd B5
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Figure 4. 42 Raman spectra of samples C1, C2, €3a@&l C5

Raman spectra of B-series (10.0 mA3rand C-series (10.0 mA-¢éhwith half of HF
concentration) samples show no Raman wavenumbi¢egoept B1 and B2. This result is
expected from the SEM images of B-series (B3, Bd, B5) which show micrometer sized
pyramidal shaped pores and hole arrays perpendicuthe surface. C-series samples also
show no Raman wavenumber shift which have microns&ted hole arrays perpendicular

to the surface.

In order to verify the current value (2.2 mA-9mwhich was found to be suitable for the
formation of nanometer sized porous structurengerinediate current value (4.4 mA-9m
was also applied to get Raman spectra having wawkeu shift. Raman spectra
wavenumber shift was also observed at 4.4 mA-amd depicted in Figure 4.43.
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Figure 4. 43 Raman spectra of samples anodizeshatant current density of 10 mA.ém
with different anodization times

Table 4. 15. Raman depth of porous silicon strestim the samples at different

anodization times obtained from cross section imaxpained from SEM

Depths of porous
silicon structure in Raman spectra
Sample Anodization time | the samples from intensi[t)
number min. SEM images Y
arb.unit
pHm
Al 15 2.9 802.4
A2 30 4.0 824.6
A3 45 4.8 863.4
A4 60 5.1 904.9
A5 75 13.8 1034.2
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Raman peak intensities together with the depthhef dorous silicon structure of set-A

series samples are shown in Table 4.15.

The graph of Raman peak intensities together waighdiepth of the porous silicon structure
displays a quadratic increase (I = 25;460d+1053) in Raman peak intensity (I) as the
depth (d) of the SNC region below the sample serfacreases as depicted in Figure 4.38.
Although Raman cannot theoretically penetrate mtran 0.5 pum, it does seem
surprisingly that it can sense a quadratic increagbe number of SNC formed down to
SNP depths of 5.um. At greater depths, this quadratic dependencencaionger be
detected and the graph levels off at 13m8; perhaps indicating that Raman cannot sense
as well beyond Jum. This means that either Raman can sense belowsuttiace by 10
times more than its theoretical limit, or the SNéhsity itself varies with anodisation time

as shown in Figure 4.44.
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Figure 4. 44 Raman peak intensities together inéhdepth of the porous silicon structure
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Figure 4. 49 Raman spectra intensity of sample &b &6rh and 95 %rh

4.5.5. Comparison of Raman and SEM Results

From the graphs given in Figure 4.35, although St#i@meters determined from the
Raman spectral analysis increase with anodisatiog, tthey decrease after 60 minutes:

this is also the case for the SEM results givehahle 4.15.

The difference in diameter computed from MATLAB dRdman spectra is a consequence
of the different resolution of the two charactetia@a techniques.and also image processing
of SEM images sets up spherical shapes with wéiheleé edges. SEM only scans the

surface where larger structures may occur due rigeio exposure to the chemicals. It is

likely that the surface nanocrystals and poresedse in diameter downwards into the
silicon wafer. In the images obtained from SEM (Feg4.26) 25 nm to 40 nm diameter

granular islands are actually composed of muchlsm&NC. Certainly, their cross section

images in Figure 4.27 show that the diameter ofgitsmular islands decreases from the
surface down to the bottom of the porous structukevariation in pore diameter

dimensions is usual in porous silicon structur@s;esthere are basically two independent
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formation mechanisms which may coexist simultangoughis results in a superposition

of pore structures of nanometer and micrometer[4i42].

Raman spectroscopy can resolve structures from &2 nm, matching the Kelvin pore
dimensions for up to 95% rh (Figure 1.12), as ptedi by the phonon confinement model
predicted by Richter et. al. [185].

4.6. CAPACITANCE MEASUREMENT RESULTS

Porous silicon humidity sensors fabricated by etettemical anodization from the four

basic steps as given in section the first sectfidheexperimental part are shown in Figure
4.50.

Figure 4. 50 Fabricated porous silicon humidityssea

Electrical characterization of porous silicon huityidsensors were performed in a
temperature and humidity controlled environmentngsia LCR meter. Capacitance
measurements were performed for the determinatforelative humidity sensitivity of

porous silicon sensor. LCR meter was used for mbatt parameter measurements,
especially capacitance versus frequency, and velatimidity versus frequency. Electrical
characterization of porous silicon humidity sensas performed using a relative humidity
generator working two-pressure and two-temperatpreciple by controlling both

pressure and temperature values both in the chaamaethe humidifying unit (saturator).

Measurement setup is given in Figure 4.51.
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Figure 4. 51 Measurement setup for electrical aattarization of porous silicon humidity

sensor in a humidity generator using an LCR meter.

4.6.1. Equivalent Circuit Model for Porous Silicon Humidity Sensor

Capacitance value of porous silicon relative hutgidiensors depend on measurement
frequency since dielectric permeability of porodsicture depends on frequency. This
resulted from the long relaxation time of dipole ment of water molecules absorbed by

porous structure. In addition corresponding eqeinatircuit is much complex than stated.

(& -]

Figure 4. 52 Equivalent circuit model for poroulgcsin humidity sensor

Equivalent circuit model for metal/PSi/metal sturetis composed of serial resistafe
a parallel resistand&sn, capacitanc€,, and inductiori (regarding cables). Porous silicon
layer was designated by a parallel resistaRgg and capacitanc€; in the proposed

electrical circuit.
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A simplified schematic for capacitor action for hidity sensing of porous silicon sensor is

given in Figure 4.53.

NPS + AR NPS + WATER + AIR

Figure 4. 53 Capacitor action for humidity sensifigporous silicon sensor

4.6.2.Response Determination by Variying Frequencies
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Figure 4. 54 Frequency sweep versus capacitanaevaf porous silicon relative
humidity sensors at 23 °C and 50 %rh.
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At a specific voltage value (1 V) frequency valuasging from 10 Hz to 1 MHz was
applied in order to determine the response of iv@dtumidity sensors as given in Figure
4.54.

In addition, specific frequency value was deterdimgnere maximum capacitance change
occurs in the above mentioned frequency range. ffagiency value was then chosen to
be used for rest of the measurements. From thecitapee versus frequency data, a
frequency parameter was found to be 1 kHz for vayyelative humidity values from 20
%rh to 95 %rh at a temperature value of 23 °C. tRelahumidity versus capacitance

values at three specific frequency values was gnéngure 4.55.

1,20E-09

8,00E-10
% = Cp
1 kHz
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—+—Cp
1.4
kHz

Capacitance (F)
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Relative Humidity (% RH)

Figure 4. 55 Relative humidity versus capacitaneglg of porous silicon humidity sensor
at three specific frequency values around 1 kHz.
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Figure 4. 56 Relative humidity versus dissipatiactér graph of porous silicon humidity

sensor at three specific frequency values aroukidzl

4.6.3.Sensitivity Determination of Sensors

Relative humidity sensors were characterized ims$eof their sensitivity. Sensitivity is the
change in capacitance with relative humidity. Sensy values were given in Table 4.17.
AC C

g ot ~Cpi (4.2)
ARH ~ RH, -RH,

Capacitance measurements were carried out withCh heter (QuadTech — Model 7600)

in a thermally isolated chamber of a humidity getar from Thunder Scientific (Model
2500ST).

4.6.4.Response Time Determination of Sensors
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Figure 4. 57 Response time measurements of therseaisvarying RH values from 5 %rh
to 95 %rh

Response time of the sensors were carried outamthCR meter (7600 from QuadTech)
at nitrogen atmosphere in a closed container veldtive humidity values of 5 %rh, and at
50 %rh, and 95 %rh relative humidity value. The sugament results were given in Figure
4.57.

4.6.5.Capacitance Measurements of Sensors

Capacitance measurements were carried out withGid ineter (7600 from QuadTech) at
a frequency of 1 kHz in a thermally isolated chambé a humidity generator from

Thunder Scientific.

Relative humidity sensors are characterised masthgrms of their sensitivity, linearity,
and capacitance change. Nanoporous silicon relativeidity sensors are characterized in
terms of normalized percentage capacitance chadB€C) in the range from 20 %rh to

95 %rh. Normalized percentage capacitance changecalulated and listed in Table
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4.17. Two of the sensor samples A2 and A4 weredsraluring measurements, so only the

three remaining samples (Al, A3 and A5) were used final measurements at a

temperature of 23 °C. The sensitivity of the semswas calculated as 0.66 %rHD.74
%rh*, 0.45 %rh' in the range from 20 %rh to 95 %rh at 23 °C.

Table 4. 16. Capacitance values of porous silietetive humidity sensors at different

anodization times

60 80

Anodization time, min

100

Figure 4. 58 Capacitance values of A-series sanfples 0 %rh to 95 %rh

Capacitance values of porous silicon samples
Sample| Anodization
name time x10° F
M- 1 0.9rh | 20 %rH 40 %rh| 50 %rh| 60 %rh| 80 %rh| 95 %rh
Al 15 6.52 | 13.45] 29.3Q0 37.50 43.26 56.66 63|18
A2 30 - 8.12 | 15.25( 2237 29.6Pp 36.91 54.86
A3 45 0.27 | 10.49| 17.22 24.0p 31.18 48.f/5 66(30
A4 60 0.76 1.39 12.56 25.7V 4414 55.82 66/95
A5 75 0.16 0.49 2.51 543 10.21 23.95 3422
70 —— —¢— 15 min
60 1 —&— 30 min //‘
8
50— 45 min / )
LL RS
$ 10 60 min /’0‘/
g
5
8
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4.6.6. Capacitance and Raman Spectra Intensity Change @v Three Months To
Gauge Mechanical Stability

Capacitance measurements also gauge the qualiheahechanical structure of the NPS
layers. This is critically important, since it detenes the time period over which the

sensor can be reliably utilised. Thus, after theasneements were completed on each
sample, they were kept at ambient conditions foedhmonths and their performance over

the humidity range was again determined to gaugie thechanical stability over time.

The changes in capacitance for each sample wer@ toseletermine deterioration in
mechanical structure over three months. The maxindewiations in the measured
capacitance values over three months were £ 7 nRIo+ 5 nF for A3, + 5 nF for A5
from 20 %rh to 95 %rh. 27 %, 25 %, and 96 % chamgenechanical structure was

calculated according to the changes in the capamtaalues of A1, A3 and A5.

Table 4. 17. Capacitance change of samples ovee thonths with corresponding

percentage deteoriation values of mechanical streict

Capacitand Capacita Differenc| Mechani| Mechani| Mechani
e value of nce valug .
Orous of DOToUS esin cal cal cal
po p capacitar] degradat| degradat| degradat
Anod| silicon | silicon ! . .
L Sensi ce valueg onin onin onin
Sampl) izatio [ samples af tivit samples of porous| percentagpercentagpercentag
e n | 50 %rhat| ™™ |at 50 %rH °' P P ap ap d
. o nF - o silicon | e after 3| e after 3| e after 3
name| time | 23 °C - 1 | at23°C
min 2012 rh 2013 samples| months afmonths afmonths a
' at 50 %rh 20 %rh | 50 %rh | 95 %rh
after after 3 at 23 °C
preparatior] months 9 9 9 9
x10° F x10° F x10°F | x10°F | x10°F | x10°F
Al 15 37.50 0.66 33.27 4.23 26.5 11.3 10.
A2 30 22.37 0.62 - - - - -
A3 45 24.02 0.74 19.86 4.16 25.4 17.3 5.1
A4 60 27.97 0.87, 23.45 4,52 10.4 16.2 15.
A5 75 5.43 0.45 3.17 2.26 95.9 41.4 134
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Table 4.17 depicts a decrease in performance ofsttmeples due to the mechanical

degradation of the porous structure. Raman spettitee same samples after three months
show a similar intensity decrease for all samptes-igure 4.46 and correlate with the

mechanical degradation depicted by the capacitare@surements.

The Raman results are also indicative of a decragafiee number of nanocrystals in the
samples as a result of structural collapse. Thisvshthat using Raman, information about
the decay in numbers and dimensions of nanoporéseilNPS humidity sensors can be
obtained, offering a distinct advantage over capace measurements.

As the depth of the porous structure is increastesl probability of collapse increases due

to insufficient infiltration of the pentane duritige drying stage of the fabrication process.

4.6.7. Comparison of Capacitance Sensitivity and Raman &sults

Contrary to the increase in intensity of the Rarpeak with depth of SNP structure, Figure
4.58 shows that the capacitance does not follosvtteind.

Comparing Tables 4.15, 4.16 and 4.17 clearly shtivestwo opposing trends. This is
surprising since deeper and larger pores are exgbeot be able to accommodate more
water droplets and so an increasing dielectric taoisand capacitance. This may indicate
either blockage of pores at the pore surface ocdfiapse of the SNP structure beneath the
surface. It is known that evaporation of water wapoan cause vapour pressures of some
MPa [114] within the sensing SNP. This itself ip@tential cause of collapse of the SNP
structure, however Table 4.17 shows that the ctgram increases linearly with RH, so the
sensing process itself is not thought to causerwtd&in of the SNP structure. The only
remaining possibility is that the collapse occussaadirect result of longer anodisation
times; this would cause less nanopores, but mareangstallites, hence the increase in the
Raman intensity, but decrease in capacitance asnasopores are available for water
droplets. In Table 4.16 there is almost completaration at 95 %rh, and all the samples
show the same capacitance reading. However, ati) %nen there is no water, the

decreasing capacitance trend with anodisation timthe sample is still apparent. This
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shows that the effective cross section area, Aéncapacitance equati@r €A/d must be

decreasing; this is another clue for SNP structtwhpse.

Table 4. 18. Peak intensity degradation of Ramactsa from porous silicon humidity

sensors fabricated at different anodization times

L Raman spectrg Raman spectra Decrease in
Anodization : : . .
Sample time peak intensity -| peak intensity -| Raman spectra

name : 2012 2013 peak intensity
min. : . .
arb. unit arb. unit arb. unit
Al 15 112.0 72.0 40.0

A2 30 149.0 -- --

A3 45 185.7 146.0 39.7
A4 60 207.7 197.0 10.7
A5 75 341.6 268.0 73.6

The calculated sensitivitys of the sensor samples is calculated in Table #h1fie range
from 20 %rh to 95 %rh at 23 °C. Sample A4 with 6hmes anodisation time was found
to be the most linear one having 0.87 nF.%rhs the nanocrystal size decreases after 60
minutes of anodization (Figure 4.45), it causesntlropore sizes to decrease, which may

lead to the lower sensitivity observed for sample(Rigure 4.57).

Sensitivity of both measurement methods was alsopaped and sensitivity ratio was

calculated according to the equation given below.

Skaman= ((' rR@osh | AR @95rh)_ (' rR@sorh / AR @s0m ))/(RHmaX ~RHy,) (4.3a)
SCap = ((Cmax@95rh / &@QSrh)_ (Cmin@SOrh / &@SOrh ))/(RHmax - RHmin) (4.3b)
Skaman — ((I R @95rh Idg @95rh)_ '(I R @50rh Idg @50rh »{‘(RHmax - RHmin) (430)

SCap ((Cmax@%rh /&:@QSrh ) - (Cmin@SOrh) / &@SOrh ))/(RHmax - RHmin)

In the above equationSzaman and Scap are sensitivity values of Raman spectra

measurements and capacitance measurements, reslyettinax |rRmin Cmax Cmin, RHmax
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RHnin are maximum Raman intensity at 95 %rh, minimum BRarmtensity at 50 %rh,
maximum capacitance value at 95 %rh, minimum capace value at 50 %rh, maximum
relative humidity value, 95 %rh, and minimum relati humidity value, 50 %rh,
respectively.lg is Raman intensity peak height from baseline whsclivided by signal
noisedlr Jlg, anddC are lowest possible Raman signal and capacitaaktees obtained

during measurements.

Ratio of sensitivity values of both Raman spectpycand capacitance measurements
were calculated and given in Table 4.19. The Rasessitivity values of samples A3, A4,
and A5 was found to be greater in one order of ntade, which means that Raman
spectroscopy measurements can be used for thectdrdzation of relative humidity
sensors instead of capacitance characterizatioareldre, Raman measurements can be

placed by capacitance measurements.

Table 4. 19. Sensitivity of Raman spectroscopy@apmhcitance measurements and their

ratio values

Sensitivit Sensitivit .
Sample| lr@som| Ir@95m | dlr@50mh| Il R@951h y Y | Ratio of
Arb Arb Arb Arb values of values of both
name r t r t r t r t Raman spectra capacitance sensitivit
uni uni uni uni measurementsmeasurements y
04 e values
Al - - - - - 1.1 -
A2 - - - - - - -
A3 2113.1 7857.8| 20.1 6.5 24.3 2.3 10.7
A4 4948.411741.9 18.7 18.6 8.2 - --*
A5 15262' 19809.4 18.6 15.6 9.2 6.6 1.4

*as sample is broken sensitivity values are notrgive
4.7. AFM ANALYSIS

AFM images were given in the following figures. Tiesults were given in Table 4.20 and
from Figure 4.59 to Figure 4.55. AFM measuremertiiciv were carried out over 30m?

region provided information about the uniformity thie porous silicon surface. Average
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rougness values of the samples from set-A calailétem AFM measurements were
found to be highly correlated with the average diten values of the same samples

calculated from image processing software.

Average roughness values of set-B and set-C sanghbes provided insight about the

structure that they did not have the required $pations for relative humidity sensor.
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Average roughness values of samples were tabuiatd@@ble 4.20 and given in Figure
4.64 and Figue 4.65. Set-A samples were anodized isolution containing 1:1:1
HF:H,0:C:HsOH at 2.2 mA-cnf with different anodization times form 15 min, 30nm
45 min., 60 min., and 75 min., labeled startingnfré\1 to A5. Set-B samples were
anodized in a solution containing 1:1:1 HEMHC,HsOH at 10.0 mA-cif with different
anodization times form 15 min, 30 min., 45 min., ., and 75 min., labeled starting
from Bl to B5. Set-C samples were anodized in aut®wml containing 1:1/2:1/2
HF:H,0:C;HsOH at 10.0 mA-cmi with different anodization times form 15 min, 30nm
45 min., 60 min., and 75 min., labeled startingrfrG1 to C5.

Table 4. 20. Average roughness values of sampledized at different current densities

and anodization times

Anodization Average Average Average
time, Sample roughness Sample | roughness Sample | roughness

min name Ra, name Ra, name Ra,
nm nm nm

15 Al 24.0 Bl 26.4 C1 125.0

30 A2 23.4 B2 34.1 C2 341.0

45 A3 27.3 B3 105.0 C3 410.0

60 Ad 32.2 B4 115.0 C4 420.0

75 A5 30.1 B5 117.0 C5 419.0
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Figure 4. 64 AFM results of samples Al to A5, BBf and C1 to C5
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Figure 4. 65 Average roughness values from AFMyammbf samples Al to A5, B1 to B5,
and C1to C5
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Average roughness values of set-A samples weradftave in good correlation with the
diameter values obtained from image processing=bfl 8nages. Since the structure of set-
B and set-C samples, except B1 and B2, have midssnmszed pore arrays, their

roughness values are rather greater than the Assenighness values, as it was expected.

4.8. PHOTOLUMINESCENCE ANALYSIS

The photoluminescence spectra were obtained usipG aontrolled MMS spectrometer.
Light from a UV lamp (Konrad-Benda) of wavelength663 nm was used as
photoluminescence excitation. All spectral measemsiwere taken at room temperature.
Photoluminescence spectroscopy measurements sathples and the analysis were given
in the following graphs and tables. Diameter valoakulated from photoluminescence
spectra parameters were given in the Table 4. 2dle™a22, and Table 4.23.
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Figure 4. 66 Photoluminescence spectra of samplaes Al to A5
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Figure 4. 67 Normalized photoluminescence spedtsamples from Al to A5

Table 4. 21. Diameter values calculated using ghotmescence parameters

D

Energy at | Diameter values
Sample |Anodization, maximum PL | calculated from
name time, min intensity PL parameters
(I ), eV nm
Al 15 1.71 4.2
A2 30 1.78 3.8
A3 45 1.91 3.2
A4 60 1.91 3.2
A5 75 1.98 3.0




191

0,35 B1
0,30 B2
0,25 B3
0,20 B4
i B 5
0,15
2%
0,10
0,05
0,00 A .)z.v A
10 12 14 16 18 20 22 24 26 28

Photon Energy, eV

Figure 4. 68 Photoluminescence spectra of samples B1 to B5
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Figure 4. 69 Normalized photoluminescence spedtsamples from B1 to B5



Table 4. 22. Diameter values calculated using ghotmescence parameters

Energy at | Diameter values

Sample |Anodization maximum PL | calculated from

name time, min intensity PL parameters

(lPLma)), eV nm

Bl 15 1.78 3.8
B2 30 1.91 3.2
B3 45 1.91 3.2
B4 60 1.98 3.0
B5 75 1.98 3.0

Photoluminescence Intensity, arb. unit
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Figure 4. 70 Photoluminescence spectra of samples €1 to C5
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Figure 4. 71 Normalized photoluminescence spedtsamples from C1 to C5

Table 4. 23. Diameter values calculated using ghotmescence parameters

Energy at | Diameter values
Sample | Anodization| maximum PL | calculated from
name time, min intensity PL parameters
(I ), eV nm
C1 15 1.68 4.3
Cc2 30 1.75 3.9
C3 45 1.73 4.1
C4 60 1.68 4.3
C5 75 1.68 4.3
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Figure 4. 72 Anodization time versus particle siakulated from photoluminescence

parameters

Shift in the peak of the photon energy was obsewt@idh means that photoluminescence
wavelength can be tuned by changing the formatimditions such as anodisation current

density, anodisation time, and concentration ofitHthe anodisation solution.

Decreasing HF concentration leads to decreaseenntaximum photon energy for all
durations of the anodization time. Increasing apaiitbn time was resulted an increase in

the photon energies in set-A and set-B series wiésie granular structure.

In set-A samples, as the anodization time incredisexnigh 15 minutes to 75 minutes, an
increase in photon energies was observed. Thesplesashow a similar surface structure

regarding scanning electron microscope images.

In set-B samples, as the anodization time incredasemligh 15 minutes to 75 minutes,
photon energies were also increased. These fivepleanshow a dissimilar surface

structure regarding scanning electron microsco@gaes.
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In set-C samples, maximum photon energy occurBeaihodization time of 30 minutes,
after that photon energy tends to decrease. Traaples show micrometer sized regular
pore arrays which are dissimilar surface structuite respect to A- and B-series samples

regarding scanning electron microscope images.
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5. CONCLUSION

It was shown that the image processing of SEM imadeveloped in this work was
successful at determining and sizing surface feastuComparison of Raman spectra of all
the samples with the Raman spectrum of crystallitieon showed a red shift of the
optical phonon mode after porous silicon formatiohis indicates the formation of
nanocrystallites which causes phonon confinemdetisf An increase in Raman spectral
intensity was reliable evidence for the developmehtsilicon nanocrystals during
anodisation. Raman spectral red shifts were foungrbvide data which was reliable
enough to compute sub-surface SNC dimensions. T#e 8iameter within the NPS
sensor region increases with anodisation time up 6@ minutes, at longer anodisation
times the diameter suddenly decreases. Both SEMdamaocessing and Raman spectral
determinations exhibit the same trend with a higbrde of correlation; demonstrating that
both surface and sub-surface SNC exhibit the sashauour.

The SEM images show that the SNC form as uniforhresgs of similar dimension to the
nanopores in-between them. This can only occur whersilicon crystal is dissolved by
HF and allowed to re-crystallise as nanocrystis;germeance time of anodisation allows
the nanocrystals time to grow. Thus, longer andidisatimes are associated with larger
diameter SNC. However, after 60 minutes, the SNamneéier decrease of sample A5
corresponds to a limiting mechanism for the nanstatygrowth rate. This may be caused
when a higher mass of chemically dissolved silicortarried away by diffusion of HF
acid; since the sub-surface NPS layer deepensanitkisation time also. This may start to
limit the nanocrystal growth rate, but causing mietger pores. This seems to be borne
out by the capacitance measurements also. Samplead3he most sensitive to changes in
relative humidity (74 nF%.il), followed closely by sample Al. However, samplé A
displayed the most linear capacitance responseadtfound that a lower anodisation time

resulted in a more reliable mechanical structuesanaller pore dimensions.

Raman and SEM trends with increasing anodisatime orrelated within 0.98, showing
the robustness of Raman analysis. The results stewanocrystallite sizes on the surface
and within the deeper layers increase with anoizdtme, reaching a maximum value at

60 minutes, and then decreasing. The decreasawfetier values after 60 minutes can be
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explained by Ostwald ripening, where a longer pemrnae time of silicon in HF solution
results in larger diameter crystals at the expefisealler ones. However, as the anodized
silicon layer gets thicker, diffusion of HF acid ynstart to limit the growth of the crystals

because of diffusion of HF into the increasinglgper nanopores.

However, the magnitudes of the crystal sizes deteetre different. The difference in
granule sizes computed from MATLAB and Raman sperstra consequence of different
resolution values of two characterization technggu® nm for SEM, and 1 nm for Raman
spectroscopy. In addition, Raman characterizatias & probing volume of gm°®, and
together with the model used in this paper, chamgesmnocrystallite diameters of 1 nm
could be detected. Image processing has also tigniispects arising from the method
chosen to determine the diameter of granular isSsabdiring image processing, edges of
the granular islands have to be enhanced in oawepécify the edges of the granular
islands which cause deterioration of inner striegwf the granular islands. This will also
limit the detection of granular islands smallemti® nm.

This difference between the two techniques alloles Raman spectra to detect much
smaller nanocrystalline sizes (down to 1 nm) withirspecified volume of the samples,
whilst the SEM technique detected much larger (@0am greater) nanocrystalline on the
surface due to its resolution limit and method useding image processing of SEM

images of the samples.

The image processing techniques is only capabiietgrmining spherical shapes with well
defined edges. The differences in diameter valoaad from MATLAB analysis (24-30
nm), and in Raman spectra graphs (3-6 nm) werelyndire to different anodization times
(15 min., 30 min., 45 min., 60 min., and 75 minf)tbe silicon samples while other
parameters including anodization current density anodization solution concentration
kept constant as 5 mA « ¢mand 1:1 volume per volume (v/v) mixture of hydumftic
(HF) acid 48 wt. % in KD and ethanol (84s0H) respectively. Anodization times and the
corresponding thickness of porous silicon strugustated that as anodization time

increased thickness of porous silicon structuresiased.
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SEM images of set-A, B1l, and B2 samples showed tiney have nanometer sized
granular type structure, so both Raman and PL speespond. Raman spectra of samples
(Al, A2, A3, A4, A5, B1, and B2) having granularwsiture introduce a red shift which is
caused as a result of quantum confinement in theouso silicon structure.
Photoluminescence (PL) spectra obtained from sséifes samples also give evidence of
the quantum confinement due to nanometer sizedtatriinside the set-A series samples.
They have photon energies at maximum PL intensitging from 1.71 eV (728.2 nm) to
1.98 eV (628.7 nm). However, the remaining B3, B4, and set-C samples have
micrometer sized holes inside the structure as feem SEM images, give no response to
Raman spectroscopy, but do give PL spectra. ltossiple that PL spectroscopy gives
average PL spectra over all of the surface stracfurcluding silicon nanocrystallite
granules and pores). In PL spectra measurements lartp of much lower intensity than
the Raman laser was used, and all the sample agallaminated meaning the intensity
was even lower for PL spectra of the sample. Hanemm Raman measurements all the
laser beam of areaj#m® makes a contribution to the Raman spectra. Rapectr®scopy
compared with PL spectroscopy penetrates much debpé it measures less volume
meaning less structure, so Raman spectra is net\as for structures having micrometer

sized pores.

PL and Raman spectroscopy measurements were takiffeeent excitation wavelengths
resulting different penetration depths in porodg@n structure. PL measurements were
carried out at an excitation wavelength of 366 nhicw have emission from 728 nm to
628 nm. While Raman spectroscopy measurements wareed out at excitation
wavelength of 514 nm and emit radiation from 52616 to 527.2 nm. Therefore any
discrepancies from Raman and PL spectra couldthbuded to the different penetration

depths and different mechanisms of the two techesqu

Photoluminescence spectra of the porous siliconpkeangive confirmation that the
structure of the samples has nanometer sized ilicgstallites. After SEM and Raman
spectra measurements, it can be concluded thasttheture contains nanometer sized
silicon crystallites. In set-A samples both Ramad BRL spectra were found to be in good
agreement in terms of the diameter values calallliaten both spectral parameters. In set-

B and set-C samples which have micrometer sizedlaegore arrays in the structure did
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not show Raman wavenumber shift but they exhibispéctra. It was easily seen from the
SEM images of these samples that although they maeometer sized pores, the
remaining structure (pore walls and area in betwmsmes) composed of nanometer sized
granular islands which exhibits room temperature. RLis concluded that Raman
spectroscopy together with other techniques sucBEAd or PL spectroscopy is sufficient

to determine that the structure contains nanonséted granules.

It is concluded that Raman and photoluminesceneetspscopy can placed by capacitance
measurements to characterize the structure of paiticon which is suitable for humidity
sensing, and its long term stability. However, Pedroscopy and its interaction with the

porous silicon nanocrystallites must be studiechare detail.

Raman spectroscopy is an indirect method whichreaalve structures from 1 nm to 100
nm, but is also capable of probing much deepervbéle surface, while SEM can only
probe surface area. In images obtained from SEMnr5to 40 nm diameter granular
islands are composed of tiny islands having smdil@meters. Their cross section images
show that the diameter of the granular islands edes®s from the surface down to the
bottom of the porous structure. A variation in psize diameter values is usual in porous
silicon structures, since there are basically tadependent formation mechanisms which
may coexist simultaneously. This results in a spgstion of structures of nanometer to
micrometer sized pores. From the results of Rampasteoscopy and SEM the pores were
determined to be micropores and nanopores, ther lattdimensions 3-6 nm to 26-32 nm,
respectively. This matches the ideal pore dimersimnging from 1 nm to 40 nm
determined from the Kelvin equation for humiditynsig in the range 20 %rh to 95 %rh.
Whereas Raman analysis is a volume detection tqalrand can detect structures down to
1 nm resolution, SEM images have a resolution oh0or greater and can probe only a
surface area of approximatelyrh®. Image processing also has limiting aspects since

edges of the granular islands have to be enhandie@ etriment of smaller structures.

Enhancement of the Raman spectra intensity dueatmmeter sized crystalline silicon
inside the structure of anodized silicon samples alao observed by SEM images. It was
supported with the thickness of the porous sili@rmctures obtained from the cross

section SEM images. As the NP structure below teesar surface deepened with
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anodisation time, the Raman spectral intensitieseased in sympathy with correlation
value of 0.96. This implies that an increasing namiof nanocrystallites is being
synthesised. The capacitance, surprisingly, doefotiow this trend. The only explanation
is that although more and larger nanocrystals evdyted, the nanopores are blocked with
water droplets at the top, preventing further detplentering; thus, the capacitance drops
off. This is important to study further becauseintlicates a limiting mechanism for

humidity sensing.

A parallel plate model with three layers and mugtigeries capacitances per layer was
proposed in this work and could simulate the vemmtin capacitance with relative

humidity of SNP sensors.

The response times for reaching 63% of the stepiditynfunction are extended if the
nanopore sizes are too small. This effect deteresraix fold for step decreases, since it is
much harder for a drying gas to reach the inneopare structure. Samples A5 and A3
respond fastest to step increase in humidity a-86th"; their responses are only slightly
retarded for step decreases. This makes theirtstascsuitable for fast response humidity

SEensors.

Thus, a lower anodisation time resulted in a meti@lole mechanical structure and smaller

pore dimensions.

Mechanical degradation gauged through decreasapacitance over 3 months ranged
from = 4.0 nF from 20 %rh to 95 %rh. Samples Al &l exhibited a much better
mechanical degradation than sample A5. This shbasdfter 60 minutes of anodization,
the resulting SNP structure of the sensor is inftgrainstable, making it unsuitable as a
RH sensor. Both A1 and A3 had the best mechaniahlly, although A3 was about 11%

more sensitive, but with a non-linear response.

Hysteresis results showed the greatest hysterestedur at 95 %rh. A1 had the least
hysteresis at 3.6 % and the maximum value is catiedIto be 4.2 nF (4.6 %) for sample
A5. Thus, with the smallest average SNC size (arté nanopore), sample Al appears to

contain the best structure, displaying adequatsitaty, the most linear response, the
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least hysteresis and a robust mechanical structime.only disadvantage is that response
time for step decreases in humidity is on averaga fimes worse than the other
structures; this may be improved by anodisatiorc@dares that slightly increase this pore
diameter to< 5 nm, since sample A2 has the next lowest pormetier at 5.5 nm. The
average dimensions of surface SNC size are 25 rmetasmined by SEM; Raman analysis

shows that this corresponds to an average subesupfare diameter of 4.5 nm.

Capacitance results show that relative humiditysee4 having nanocrystalline structure
with surface nanocrystallite dimensions of 29 nme(do SEM) and 6.2 nm (due to
Raman), produce the best sample sensitivity of GF4h’. It has only moderate
mechanical deterioration as calculated from capacé changes over three months and

Raman peak intensity change over this time.

It was found that the capacitance value does isergath RH, with samples A1, A3 and
A4, providing the most linear sensor elements. Ti&rease in nanocrystal and so
nanopore size with anodisation time observed fan&aand SEM and may also explain

the decrease in sensitivity for sample A5, as dutstdecreased nanopore size.

Dielectric properties which gauge mechanical stmectof porous silicon layers are
presented. The sensitivity of the sensors was leémi as 0.66 %fh 0.74 %k, 0.45
%rh in the range from 20 %rh to 95 %rh at 23 °C. Themalized percentage capacitance
values were also calculated as 4.93 %, fh09 % rf', 91.78 % rif in the range from 20
%rh to 95 %rh at 23 °C. The capacitance measurenegre carried out at 1 kHz.

A study of deterioration in the NPS structure otreee months showed that the range of
deviation in the measured capacitance values twee tmonths was + 4.0 nF from 20 %rh
to 95 %rh. Sample Al provided the most mechanicstiyle structure due to the fact it
was subjected to anodization for the least timg&Sominutes. Sample A5 cannot be utilised
as it has a 22 % change in Raman intensity, antbthest sensitivity value compared with
the remaining sensors over three months. Capaeitegsults show that relative humidity
sensor A4 having nanocrystalline structure withfaste nanocrystallite dimensions of 29
nm (due to SEM) and 6.2 nm (due to Raman), protdluedest sample sensitivity of 0.74
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nF.rhi*. It has only moderate mechanical deteriorationcalsulated from capacitance

changes over three months and Raman peak intasihyge over this time.

Considering all the factors it appears that a sngore size produced over a shorter
anodisation time produces the best silicon nanamosensor, since Al performed the best
over all three parameters studied in this workgdirty, sensitivity, and mechanical

stability.

Development of more ordered porous silicon formaty template transfer technology/
photolithography is essential to apply the immesesesing potential of porous silicon for

commercial purposes.
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APPENDIX A: MATLAB IMAGE PROCESSING CODES FOR
DIAMETER DETERMINATION

MATLAB files used in diameter determination as ¢olis;

90%%%0%%%0%%%0%% %% %% %% %% %% %% % %% % %% % %% %00

¥0%0%0%%%% %%

%%--Granulometry based program to calculate diamete r of--%%
%%--granular islands in porous silicon structure us ing --%%
%%--SEM images --%%

%%9%%% %% %% %% %% % %% %% %% %% %% %% % %% %% %% %

¥0%0%0%0%%% %%

im=imread('A1-22-75.png";
figure,imshow(im);title(‘original A1-22-75.png");
background = imopen(im,strel('disk’,82));

I2 = im - background;

13=12(:,:,1);

14 = imadjust(13);

figure, imshow(14); title(‘adjust’);

I5 = medfilt2(14);

figure, imshow(15); title('medfilt");

%%------ Matlab function for Granulometry---%%

for counter = 0:80;
remain = imopen(l5, strel('disk’, counter));
int_area(counter + 1) = sum(remain(:));
end
figure, plot(int_area, 'm - *'), grid on;
titte("'Sum of pixel values in opened image as a fun ction of
radius');
xlabel(‘'radius of opening (pixels)";
ylabel('pixel value sum of opened objects (intensit v));

%%--the first derivative of the intensity surface a rea--%%
%%--array, which contains the size distribution of --%%
%%--the pores in the image. --%%

int_area_prime= diff(int_area);
figure,plot(int_area_prime, 'm - *'), grid on;

titte('Granulometry (Size Distribution) of Porous S ilicon");
set(gca, 'xtick', [0246 81012 14 16 18 2022 2 426 28 30
32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70

72 74 76 78 80]);
xlabel(‘radius of pores (pixels)');

ylabel('Sum of pixel values in pores as a function of

radius');

%%--The minima tell you that pores/islands in the i mage --%%
%%--have those radii. The more negative the minimum --%%
%%--point, the higher the pores/islands'cumulative --%%

%%--intensity at that radius. -- %%




i=0;
for i=2:69
if (int_area_prime(i-1) > int_area_prime(i)) &
(int_area_prime(i+1) > int_area_prime(i))
j=i+ 1
minpointindex(j) =1i;
end
end
figure, stem(minpointindex), title(‘radius of minim
points");
[row col] = size(15);
totalarea = row*col;
for k=1:j % j is the length of minpointindex
if k==1
temp = imopen(15, strel('disk’, minpointind
imtemp =15 > temp;
arearatio = 100*(Iength(find(imtemp==1)) /
totalarea);
[label num] = bwlabel(imtemp);
numofobjects(k) = num;
arearatiovector(k) = arearatio;
else
templ = imopen(I5, strel('disk’, minpointin
1));
temp2 = imopen(I5, strel('disk’, minpointin
imtemp = templ > temp2;
[label num] = bwlabel(imtemp);
numofobjects(k) = num;
arearatio = 100*(length(find(imtemp==1)) /
totalarea);
arearatiovector(k) = arearatio;
end
end

figure, stem(minpointindex,numofobjects),title(‘rad
minimum points vs number of objects at that radius'

xlabel(‘'radius of minimum radius value(pixels)");
ylabel('number of objects in image)");

figure, stem(minpointindex,arearatiovector),title(’
minimum points vs area ratio at that radius’);
xlabel(‘'radius of minimum radius value (pixels)");
ylabel(‘'area ratio at that radius)");

um

ex(k)));

dex(k-

dex(k)));

ius of

);

radius of
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%%--Convert grayscale image to balck-white to deter
%%--porosity

eul = bweuler(15,8);

im=15(:,:,1);

figure,imshow(im); hold on;
level=graythresh(im);
imcbw=im2bw(im,level);
figure,imshow(imcbw);
white=numel(find(imcbw==1));
black=numel(find(imcbw==0));
whitepercent=100*white/(black+white);
blackpercent=100-whitepercent;

imlabel=bwlabel(imcbw);
segmentnum=max(imlabel(:));
[row col]=size(im);
totalarea=0;
minarea=row*col;
maxarea=0;
for i=1:segmentnum
temp=imlabel(imlabel==i);
temparea=bwarea(temp);
if temparea<minarea
minarea=temparea;
end
if temparea>maxarea
maxarea=temparea;
end
totalarea=totalarea+temparea;
end
averagearea=totalarea/segmentnum;

im2=15(:,:,1);
figure,imshow(im2); hold on;
level=graythresh(im2);
im2cbw=im2bw(im2,level);
im3=imcomplement(im2cbw);
figure,imshow(im3); hold on;

im4=imcomplement(im2);
figure,imshow(im4); hold on;

mine --%%

--%%

226





