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Abstract

Porous silicon (PSi) is an interesting material and its use in various ap-
plications has been studied extensively. One such application is detecting
humidity and gas under ambient conditions. Typically, PSi gas sensors are
compromised by problems with long term stability and hysteresis. This the-
sis presents optimization procedures for addressing both of these problems,
which are manifestations of both the silicon itself and pores in it.

Typical way of producing porous silicon is to use electrochemical etching
to form nanometer size pores in to the material. These pores enlarge the
surface area to mass ratio and enables the use it as a sensor material. Increase
in surface area also makes the material more susceptible to ambient condition,
especially to oxygen. Carbonization has been found to be sufficient way
to avoid oxidation. Moreover, earlier studies have shown that thermally-
carbonized porous silicon (TCPSi) can be used efficiently as a capacitive
humidity sensor.

One of the optimization procedures was to determine the best possible
carbonization procedure. The hygroscopicity of TCPSi can be tuned by
adjusting the treatment temperature. Acetylene is used as a carbon source
and also the use of acetylene during the thermal treatment has an influence
on hygroscopicity.

Annealing PSi in an inert gas environment to enlarge pores was found to
be an effective way of diminishing hysteresis. However, this also reduced the
surface area of the pores, which in turn had a negative impact on sensitivity.
Even with this reduced sensitivity the sensors showed a correspondingly faster
response and exiguous hysteresis. Based on the studies on the reduction
in hysteresisis, it was concluded that a hydrophilic surface and annealing
are the best choices for TCPSi humidity sensors. These sensors were also
tested for long-term stability. Although sensitivity decreased during storage
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CHAPTER 0. ABSTRACT

under ambient conditions, the overall performance of the sensors remained
satisfactory.

To solve problem arising from decreased sensitivity, electrical insulation
between the sensing layer and the substrate was proposed. As TCPSi is re-
sistant against hydrogen fluoride (HF), a new porous layer can be formed
underneath the previously formed TCPSi sensing layer. Several possibilities
for passivation methods applicable for this porous layer exist. But for ca-
pacitive sensing, oxidation is the rational choice, because the oxidized layer
will form an electrical insulation between the TCPSi sensing layer and the
silicon substrate, so that the current cannot bypass via the substrate at all.
Three different oxidation methods and their effect on the silicon substrate as
a whole were studied. Electrochemical oxidation was found to be the most
suitable method for insulation. This insulation increased the sensitivity of
the sensors by more than five times compared to the original sensors.

In addition, a new carbonization procedure was introduced in the studies
presented in this thesis. In this carbonization procedure two successive ther-
mal treatments were used to obtain a more reproducible surface termination.
Taking into account both the adjustment of the pore size distribution and
the new surface treatments, the study shows better reliability of the TCPSi
sensor in terms of negligible hysteresis without compromised sensitivity, as
well as good long-term stability of the sensor.

v



Tiivistelma

Huokoinen pii (PSi) on mielenkiintoinen materiaali ja silld on useita poten-
tiaalisia sovelluksia, joita on laajalti tutkittu. Yksi tutkimuskohteista on
ollut kosteus- ja kaasuanturien valmistus. Tavallisesti huokoisen piin an-
tureissa on seka stabiilisuus etta hysteresis ongelmia. Tassa tutkimuksessa
esitetllaan tapoja, joilla on pyritty poistamaan kyseisi” ongelmia, jotka liit-
tyvat toisaalta piin tyypillisiin ominaisuuksiin kuin myos huokosista materi-
aalissa.

Yleinen tapa tehda huokoista piita on suorittaa sahkokemiallinen syovytys.
Talla tavalla saadaan aikaan piin n. 10 nm reikia. Huokosten vaikutuksesta
piin ominaisuudet muuttuvat sopiviksi mm. anturisovelluksiin, kun materi-
aalin pinta-ala kasvaa suhteessa sen massaan moninkertaiseksi. Ongelmana
on naissa huokosiisa on, ettd samalla materiaali reagoi herkasti ympariston
hapen kanssa. Huokoisen piin karbonisaatio on yksi tapa ehkaista ja hi-
dastaa piin muuttuminen piioksidiksi. Aiemmissa tutkimuksissa on esitelty
huokoisen piin terminen karbonisaatio, joka on osoitettu toimivan hyvin ka-
pasitiivisena anturina.

Yhtena tutkimuksen kohteena oli karbonisaatioprosessin optimointi. Huo-
koisen piin hygroskooppisuutta voidaan saataa kasittelylampotilaa muutta-
malla. Hiilen lahteena olevan asetyleenin maaraa muuttamalla lampokasitte-
lyn aikana, voidaan myos vaikuttaa merkittavasti hygroskooppisuuteen.

Piin huokosten suurentaminen lampokasittelylla, inertissa kaasussa, ha-
vaittiin olevan varsin hyva tapa pienentaa anturissa esiintyvaa hysteresista.
Toisaalta se my0s pienentaa huokosten pinta-alaa merkittavasti ja siten myos
anturin herkkyyttd. Kaikesta huolimatta anturin herkyys sailyi riittavana
ja lisdksi huokosia suurentamalla saatiin vasteaikaa lyhennettya. Myos an-
turissa esiintyva hysteresis katosi. Tulokset yhdistettyna todettiin lampokasi-
tellyn ja hydrofiilisen anturin toimivan parhaiten anturisovelluksissa. Liséksi
taméan kaltaisella anturilla toteutettiin pitkan aikavalin tutkimus, jossa an-
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turin stabiilisuutta seurattiin. Vaikka anturin herkkyys heikkeni seuranta-
aikana, oli anturin toiminta edelleen tyydyttavalla tasolla.

Herkkyyden parantmiseksi tutkittiin sahkoisen eristeen muodostamista
anturikerroksen ja alla olevan pii alustan véaliin. Tama on mahdollista, koska
termisesti kabonisoitu huokoinen pii on kestaa hyvin uuden syovytyksen ja
uusi syovytys ei vahingoita jo kasiteltya kerrosta. Tamén uuden kerroksen
kasittelyyn on useita vaihtoehtoja, mutta uuden kerroksen hapetus on paras
tapa saada sdhkoinen eriste. Kolmea erilaista hapetusmenetelmaé kokeiltiin
ja tutkittiin niiden vaikutuksia kokonaisuutena anturin rakenteeseen seké an-
turin toimintaan. Sidhkokemiallinen hapetuksen todettiin olevan paras tapa
anturikerroksen eristdmiseen. Sahkoisen eristeen avulla anturin herkkyys
kasvoi viisinkertaiseksi verrattuna tavanomaiseen anturiin.

Néiden anturin toimintaan liittyvien optimointimenetelmien tutkimuk-
sen lisaksi tutkimusken aikana optimoitiin my6s karbonointimenetelma, jossa
karbonointi tapahtuu kahdessa vaiheessa. Talla menetelmalla saatiin karb-
nointi varmemmaksi. Nain ollen tutkimuksessa saatujen tulosten perusteella
huokoisen piin kosteusanturin ominaisuuksia parannettiin merkittavasti. Tu-
loksena saatiin kosteusanturi, jolla on nopea vaste, loistava herkkyys, olema-
ton hysteresis seké on riittavan stabiili.
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Chapter 1

Introduction

1.1 Porous silicon at a glance

Porous silicon (PSi) is a derivative of silicon (Si), which is anodized elec-
trochemically to obtain a porous substance [1, 2]. Pores in PSi are usually
mesoporous for p-type Si, based on the ITUPAC classification [3], 2 - 50 nm
in diameter. Also macropores from 1 pum to a couple of dozens of microm-
eters are feasible in n-type Si [4-6]. The pore region ranging from 50 - 500
nm remained unstudied until recent interest in intermediate pores [7, 8] The
porosity of PSi notably changes its properties compared to Si, the surface
area increases significantly after anodization even to several hundreds of m? /g
[9]. This increase in surface area promotes the use of PSi as a sensor mate-
rial [10]. Due to the pores incorporated into silicon, PSi exhibits interesting
properties related to dimensions in the material. While silicon itself is lu-
minous at temperatures of liquid helium (5 K) [11] PSi is luminous even at
room temperature [12, 13]. This luminecence is due to quantum size effects
in the PSi matrix [12, 13].

Interesting occurrences, which become perceptible at the nanoscale, are
the driving force for an ever increasing interest for this versatile material.
The next paragraphs will describe in more detail the history and the current
applications of PSi.
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1.2 Historical overview

More than half a century ago A. Uhlir [14] and co-workers were studying the
electropolishing of germanium and silicon. They found that electropolishing
in hydrofluoric acid (HF) results in a matte black, brown or red deposit.
They concluded that the outcome was due to the electrochemical oxidation
of the silicon. Later, Turner [1] carried out more detailed studies on the
electropolishing of silicon in HF, especially under conditions where a solid
film is formed, and observed the same deposit as was seen by Uhlir in his
studies. Turner also found that solid films were explosive when they came
in contact with strong oxidizing agents. Turner also reported the possibility
of removing the solid film by increasing the current above a critical value,
where the electropolishing starts. Like Uhlir, also Turner discovered that the
density of the solid films is less than that of bulk silicon. Turner pointed out in
a text that the film is probably porous, but the true composition and nature
of the anode films were only assumptions at the time. The composition of the
anode films was defined by infrared spectroscopy (IR) as it became a common
research method at the start of the 1960’s (based on a database search of
IR spectroscopy [15]). Beckmann [16] was the first to apply this method to
anode films of silicon. From these studies he concluded that the film is mainly
composed of silicon hydrides instead of silicon oxides. Later Memming and
Schwandt concluded that the silicon etched in concentrated HF solutions
was very porous [17]. They also produced a respectable formation model
of the anode film, which has since been replaced by a more precise model.
Formation models are discussed later in the text.

The term Porous silicon was adopted presumably by Watanabe and Sakai
[18]. Although, “anode film” was still used in the title of the article. Overall,
the research on PSi was motivated from the very beginning to the end of
1980’s by its potential use in integrated circuit (IC) technology [14, 19, 20].
Especially, in silicon-on-isolator technology to obtain high quality thick oxide
layers [20-22]. There was also an increasing interest to understand the for-
mation mechanism [20, 23-26] as well as the porous nature and the porosity
[27-31] of PSi.

It wasn’t until 1990, that the photoluminescence of Psi at room temper-
ature was observed [12, 13]. This then increased the interest in PSi more
widely. Consequently, the discovery of the photoluminesence in PSi was pre-
ceded by Canham’s work on hydrogen implantation to crystalline silicon and
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its photoluminescence [32, 33]. Other observations on both the chemi- and
electroluminescence of Psi soon followed [13, 34-37].

As the interest spread, the need to understand the formation of PSi arose
and several new studies on the dissolution reaction were published [38-51],
Lehmann et al. presented the chemical reaction for PSi, described in Fig.
1 [13], which is a defined scheme of a model proposed earlier by Memming
and Schanwdt [17]. While the chemical reaction at the interface of Si -
HF has been generally approved, a uniform model for how pore growth is
initiated and sustained at the pore tip is still under scrutiny [6, 52], though
recently Foca et al. have presented a thorough study in favour of a current
burst model (CBM) [53]. Earlier Parkhutik et al. had developed a general
formation process for porous materials, which has been ignored in the field
of PSi research, but has found foothold in other disciplines [54].

Canham’s discovery started a new era in the research of PSi based on
its luminescence. Also research on stabilizing the material for prolonged and
more effecient luminscence began[55, 56], as it was clear that silicon hydrides
at the interface of a large surface area are extremely unstable. Also, some
research groups began to exploit the large specific surface area of PSi in
sensing applications [10, 57-61].

The first hydrosilylation studies from the break of the new millenuim
(62, 63] opened the door for a vast expansion in surface treatments based on
silicon - carbon bonds. These first treatments paved the way also for more
sophisticated surface treatments used nowadays especially in bioapplications
[64-67]. At the moment, Psi is used in diverse applications in several different
fields of science, which are covered in next section.

1.3 Contemporary applications of porous sil-
icon

Studies on the applications of PSi started from a desire to develop better
semiconductor interfaces [14], soon followed by applications in integrated
circuit technology [18, 19, 68, 69] in materials first decades in use. But ma-
jor advances were made after the exploitation of quantum size effects in PSi
[12, 13]. Nowadays, the applications based on PSi range from thermoelec-
tric generators to nutritional additives [70, 71]. As the potential and list of
applications are nowadays so vast, only a selection is covered in this thesis.

3
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After the discovery of the luminescence in PSi, its optoelectronic applica-
tions were intensively studied [61, 72-77]. However, poor quantum effiency
(QE) and instability of the luminescence soon started to reduce the interest
towards PSi in optoelectronic applications [78]. The introduction of surface
terminations that sustain luminescence, silylation and metal deposition on
PSi surfaces, has somewhat rejuvenated the research field in the 21st century
[79-83]. Along with new surface chemistries on PSi, also enhanced produc-
tion procedures have been adapted to better control the nanoscale structures
responsible for the luminescence [84]. Other optoelectronic novelties have
accompanied Psi, such as Si nanoclusters and nanowires [85, 86]. PSi has
also found use as a template material for other optoelectronic composites
(84].

Soon after the room temperature luminescence was reported, the first
possible bioapplications based on PSi were introduced by Canham [87], in
a study of apatite nucleation on PSi. Previously, SiO, and CaO based bio-
glasses were reported to promote the growth of apatite on simulated body
fluids [88]. Nevertheless, Canham’s original study expanded the research on
PSi into the new fields and bioapplications started to surface [89-93]. The
use of PSi as a biomaterial is inspired by the possibility to adjust it to be
either inert, active or degradable in accordance with its porosity or surface
chemistry [64, 94-103]. Bone tissue engineering by PSi is well documented
and is still studied [104-109].

Like in the case of other Psi-based applications, the use of PSi as a drug
delivery vehicle has been inspired by the earlier use of silicas for the same
purpose [110, 111]. Zangooie et al. were the first to report protein adsorption
in oxidized PSi layers [112]. Few years from this discovery, the first reports
on PSi-mediated drug delivery were published [98, 113-115]. Soon after this
PSi was established as an attractive material for any drug administration
pathway [102, 116-118]. The key to the vast interest in PSi in drug delivery
applications is in its ability to sustain or accelerate drug release [116, 119-
121]. Versatile surface chemistries along with a tuneable pore morphology,
complemented by adjustable particle size and in vivo characteristics, PSi has
a lot to offer for future drug administration technologies [99, 100, 122-132].

Gas and bio sensing are among the strongest research branches involving
PSi. The first reports on the electrical characteristics of Psi were published
as early as 1990 was by Anderson et al [10]. Their design for a PSi gas
sensor was striated-mesa with aluminium contacts. The device showed an
adequate response towards both humidity and ammonia vapour [10]. After
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the luminescence was observed, reports on quenching of the luminescence and
especially quenching due to different adsorbates started to appear [133-136].
But it took another few years until this quenching phenomena was actually
referred to as sensor behaviour [137, 138]. Yet again the progress in surface
treatments has led to better durability and selectivity in PSi sensors [139-
143]. As it is applicable to control the porosity of PSi during etching, different
types of reflectors were adopted for sensing purposes [112, 144-146]. At
first they were simple Bragg reflectors, but as the manufacturing procedures
developed, new more complex reflectors became feasible [147-150]. Sensor
development on PSi sensors nowadays include printable gas sensors [151, 152],
composite sensor structures [153, 154] and electrostatic sensors [155]. While
the performance levels of PSi sensors are promising, polymer or ceramic based
humidity sensors are still used commercially because of the cheaper price
combined with adequate performance [156]. Lately, with the miniaturizing
of such sensors, also hysteresis has been suppressed to an appropriate level
[156].

Fuel and solar cells as well as battery technologies based on PSi have
attracted a lot of attention in the past few years [157-159]. In battery ap-
plications Si possesses a better power storage capacity than other applicable
materials [160, 161]. There are still issues with PSi battery technologies
[161, 162], but batteries are among the most promising applications of PSi.
The use of PSi in fuel and solar cell technologies is reported in ”Handbook of
Porous Silicon” [163-165]. PSi is found to be a good template or sacrificial
material in various applications [166—-169].
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Chapter 2

Fabrication and stabilization of
porous silicon

2.1 Fabrication of porous silicon

PSi can be easily fabricated with a simple electrochemical etching unit or cell
[170, 171]. The cell consists of an anode electrode, normally a silicon wafer
itself, a cathode electrode, preferably platinum, and an aqueous electrolyte,
which can contain various concentrations of hydrofluoric acid (HF), see figure
2.1. In addition to simple electrochemical etching, there are several other
methods for producing pores in Si, and descriptions of these methods can
be found in the literature [170-176]. Different surfactants are added to the
electrolyte to diminish surface tension and to reduce the formation of bubbles
during etching [170, 171]. As it is possible to etch pores into Si with a
variety of electrolytes, with or without illumination and even with more or
less continuous current densities, the outcome is that pore formation and the
size of the pores can be adjusted depending on the desired characteristics of
the PSi [171, 177].
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Pt
(Cathode)

Si
(Anode)

Electrolyte
containing HF

Figure 2.1: A simple anodizing cell is presented.

In the case of n-type silicon, the use of light to initiate pore propagation
on the surface is extremely important, whereas light is seldom used for p-
type silicon, though it has a distinctive effect on pore propagation [178, 179].
This is due to different charge carriers in p- and n-type silicon. As the main
charge carriers in n-type silicon are electrons, the intrinsic hole concentration
is low. However, with a dopant, the anodization conditions can be changed
and even n-type Si can be anodized without light [170, 171, 177]. Normally
for n-type Si, pore formation is initiated by a hole injection on the surface of
the silicon and this hole injection can be facilitated by light [1, 17, 177, 180].

As was mentioned earlier, the anode reaction leading to pore propagation
in bulk Si is widely approved. In figure 2.2 the reaction is shown as it was
presented by Lehmann and Gosele [13]. A more precise model is proposed
by Kolasinski [52], but Lehmann’s model is adequate for most purposes. The
divalent dissolution leads to pore formation, whereas the tetravalent reaction
leads to electro-polishing of the Si surface [13, 177].

8
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Figure 2.2: Reaction of Si in HF electrolytes proposed by Lehmann. Image
taken with permission from [13].

2.1.1 Structure of the porous layer

In the previous section it was noted the different ways of producing Psi are
almost endless. This leads to very different kind of pores and pore mor-
phologies depending on etching parameters [6, 170, 171]. In general, n-type
Si leads to a macro-porous and p-type to a mesoporous layer [6, 181], and
an increase in the dope concentration increases the pore size for the p-type
and decreases it for the n-type [171]. Aforementioned rules apply to the case
where simple aqueous HF electrolytes have been used for etching [182]. Ad-
ditives in the electrolyte, surfactants etc. have their own specific impact on
the resulting morphology, especially on the branching of the pores [6].

Overall, the pore size and morphology can be altered in a very wide
range from micropores to macropores, from sponge-like, highly interconnect-
ing pores to a smooth, columnar pore structure. Even surface areas can
be tuned by changing the pore morphology from smooth pore walls to a
branching, fir-tree type morphology. All of these can be achieved by simply
changing the type of the initial Si and the etching parameters.

Pore propagation has been found to prefer the (100) crystallographic di-
rection [6, 181]. Thus, pores propagate perpendicular to the surface in (100)
oriented substrates. Moreover, on other plane orientations, the same be-
haviour has been detected and pores will try to form in the (100) direction
(177, 183]. Another preferred orientation is (113), which can be seen on
branches of the main pores and in cases where the electric field is applied
along the (111) direction of the Si substrate, figure 2.3 [183].
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Figure 2.3: Propagation of pores in various crystal orientations by Christo-
phersen et al. with permission from [184].

One of the benefits of PSi is that its pore structure can be modified during
etching. Surface active species can be added into the electrolyte, illumination
conditions can be changed etc. [181]. However, changing the current density
is the easiest and most precise technique for modifying pore structure during
etching. This is the key for the use of PSi as an optical filter and even
extremely complex structures like rugate optical filters can be produced from
PSi [170]. For simple reflectors two current densities are applied consecutively
for several times to produce variations in the refractive index and based on
these changes the optical path of light can be changed [147, 185]. For more
complex structures, the current density can be modulated with a sinusoidal
profile to obtain rugate filters [186-190]. Figure 2.4 presents some of the pore
structures obtained by modifying the current density during anodization. In
this case, also the surface chemistry of the different layers are different, the
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upper part being a hydrophilic and the lower part a hydrophobic layer [191].
Modifications to the surface chemistry will be discussed in the next chapter.

2um

Figure 2.4: Stacked rugate mirror with two different reflectance wavelengths
and surface chemistries to promote selectivity of the sensor structure. Image
taken with permission from [191].

2.1.2 Formation models

While the dissolution reaction of Si in HF containing electrolytes is unani-
mously accepted, a general model for explaining the formation of the pores
has not been agreed on. This is due to the numerous pore morphologies
and sizes found in PSi. Several models have been suggested in the past, but
they fail to give an undisputed explanation for the different pore structures
obtained in PSi [13, 25, 26, 3840, 47, 48, 52, 78, 181, 192-195].

The first quantitative model for pore growth was introduced by Beale et
al. Their model is based on the observation that pore walls are inert to an
anodic attack after the pore has formed and also the resistivity of the porous
layers was significant compared to the Si substrate. This leads to a model
as follows: The material is dissolved from points where current flows and a
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large surface state density in the porous film of Si results in pinning of the
Fermi level. Therefore, pore growth propagates from the pore tip instead of
the pore walls, as charge carriers have been depleted from the walls. [25, 26]

The diffusion limited model is based on the random walk of the holes in Si,
but as this relies on diffusion in the anodized material, it lacks the chemical
species of the reaction. Therefore, the diffusion limited model is insufficient
to predict PSi pore formation in practical applications. [6, 39, 181, 192]

Lehmann and Gosele found out that the band-gap of the Si increased
in walls according to diminishing wall thickness. This led to the conclusion
that a quantum confinement effect in pore walls inhibits the hole diffusion
and limits the pore growth in the horizontal direction of the pore axis [13].
This model was later adjusted by Fronhoff et al. [45]. A problem of this
model, even with modification, is that it gives precise distances of the pores
but fails to give variation in the size of the pores [6].

The recent current burst model (CBM) presented by Foll et al. has
established itself as the most comprehensive formation model and several
studies on its application in predicting pore morphology have been published
[53, 196]. CBM has some resemblance to the unnoticed model by Parkhutik
et al., the virtual passive layer (VPL) model [78]. In both models, pores grow
as a dissolution of the passive layer. CBM is based on oscillation, which was
first observed by Chazalviel et al.. They also proposed the existence of micro-
oscillations on the electrode [197] As CBM is a Monte Carlo simulation based
on oscillations found during etching, there are limitations to sample sizes that
can be modelled with CBM [53].

2.2 Surface passivation of porous silicon

After anodization, the surface of the PSi is covered with SiH,, but this ter-
mination is unstable. As is seen everywhere on Earth, Si is naturally bound
to oxygen, forming silicon oxide (SiO,). This tendency of Si to oxidise has
been inhibited in the case of PSi by various stabilization methods. Stabiliza-
tion of the PSi can often be seen as a functionalization, as new applications
commonly arise from the new surface chemistries.

Oxidation
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Oxides naturally form on Psi, and this phenomenon is usually undesired
in Psi-based applications. On the other hand, oxide formation can be uti-
lized for creating a more stable surface, as the outcome of the oxidation
depends on its mechanism [19, 23, 198-202]. Oxidation methods can be di-
vided into three groups. Thermal oxidation is commonly used and various
means of thermal oxidation have been developed [55, 199, 203-206]. Chemi-
cal oxidation is typically carried out within temperatures of liquid water and
includes a reactant or catalyst, so that the chemical reaction resulting in
silicon oxide can occur [201, 206-211]. As its name implies, electrochemical
oxidation stands for a process where an electric field is applied to form an
oxide [35, 56, 177, 212].

Before room temperature photoluminescence was observed in PSi, the full
oxidation of the PSi layer was a desired property for electronic applications.
After Canham’s discovery, oxidation was briefly seen as an undesired property
until photoluminescence was found to persist even in oxidized PSi [55]. A
common feature of oxidation during this era was the use of high temperatures
in either a dry or humid atmosphere [19, 55, 213].

The application usually determines the thermal oxidation method used.
For fully oxidized PSi, the use of high temperatures and relatively long treat-
ment times are required [20, 23, 203]. For sensor applications, the same oxi-
dation procedures can be used as in the case of SOI applications [140, 214].
In the case of luminescence, thermal oxidation may also enhance the intensity
of the luminescence in the long run [55, 205].

In thermal oxidation, the oxygen from the ambient surroundings reacts
with PSi to form various compounds with Si, like siloxane and silanol [23,
206, 214, 215]. Oxidation occurs even at RT, so the actual temperatures for
thermal oxidation range from 20 - 1200 °C. Oxygen will be more likely to
affect the Si - Si bond at the very surface, break it and reside in that position
[216]. Increasing the treatment temperature enhances the incorporation of
the oxide into the silicon structure [23, 216, 217]. Naturally, the treatment
time also affects the incorporation of the oxide to a certain extent [213, 218,
219].

As in the case of thermal oxidation, also chemical oxidation includes
various alternative procedures for achieving oxidation [201, 209, 220]. In
general, PSi can be chemically oxidized just by adding a reductive agent with
water and immersing PSi into the solution. Typically, the applied reagent
for oxidation is either HoO5 or HNOj in aqueous solutions [206, 207, 221].
Chemical oxidation can also be achieved by using a catalyst like pyridine
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to obtain oxidation, this oxidation procedure requires water vapour as an
oxidant [201, 210]. Also, the use of ozone has been reported [221] as well as
dimethyl sulfoxide (DMSO) [117].

Electrochemical (anodic) oxidation requires a simple set-up of electrodes
with a power supply and an electrolyte. The electrolyte can be in principle
any diluted aqueous salt or acidic solution ze. HyS;, KNOj3 or HCI [35,
212, 222-225|. The current density is maintained at a considerably low level
compared to etching [212], this is done to obtain a uniform SiO,-layer. With
increasing current densities or decreasing doping levels of the material, the
oxide will grow from the bottom of the porous layer and eventually stop and
no further oxidation will occur [226-228].

Although the chemical and electrochemical oxidations methods are not
compatible with most of the currently used microelectronics fabrication meth-
ods due to potential contamination issues, they may offer a good choice for
other applications. All of the three oxidation methods were considered in the
studies of this thesis.

Organic derivatization and thermal carbonization

Covalent silicon - carbon bonds, both organic and carbon alone, were first
demonstrated for plain silicon surfaces and eventually adopted for the PSi
surface [62, 63, 229-235]. The use of organic derivatization and carbonization
has opened the door for new applications for PSi as presented in earlier sec-
tions. Buriak et al. first announced the Lewis acid mediated hydrosilylation
of PSi, where they introduced alkene and alkyne terminations to PSi [234].
Another route for alkyl termination for PSi was reported by Boukheroub et
al. Their approach was to thermally induce the reaction between the PSi
surface and various organic molecules [63, 236].

Both routes lead to a mono-layer of organic species on the surface of the
pores. Due to the characteristics of the alkene chains there is still plenty of
H terminated surface states present after the production of the derivatized
surface [237]. Nevertheless, these treatments increase the stability of the
samples several orders of magnitude compared to H-terminated surfaces [64,
117].

One notable surface treatment of PSi, which has shown extremely good
resistivity against any corrosives, is thermal carbonization [140]. Salonen
et al. showed that carbon can be bonded to the surface of PSi [235, 238,
239]. This process used the property of acetylene (CoHs) to adhere to the
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surface of Si and react with the Si surface. It has been studied during recent
decades and several studies have been reported [229, 230, 239-242]. Different
procedures for thermal carbonization have been tested. For PSi, the original
procedure was as follows [235]:

1. Fresh as-anodized PSi sample is placed in a quartz tube and an inert
gas flow of nitrogen is added and kept for 30 min.

2. Acetylene flush is added to the gas mixture for 15 min.
3. Acetylene flush is removed

4. Before the PSi sample is placed into the furnace, the short delay time
was used to let surplus acetylene flow out from the quartz tube

5. Sample is kept at a steady temperature of 820 °C for 10 min.

6. After the thermal treatment, the sample is left to cool inside the tube
under a nitrogen flow

Naturally, several different temperatures have been tested, ranging from
425 - 930 °C [235, 238, 239]. Based on these studies, it was shown that a
significant change takes place in the surface chemistry at around 700 °C. For
treatment temperatures below 700 °C, the surface is hydrophobic, whereas
above 700 ° the surface becomes hydrophilic. Also, Fourier transform in-
frared spectroscopy (FTIR) indicated clear traces of hydrogen on a surface
in the former case but no such traces in the latter. From previous studies it
was known that such a transition should occur [240, 241]. In short, at a tran-
sition temperature regime, carbon will incorporate into to the Si substrate
as acetylene decomposes. Moreover, hydrogen desorbs at the same time. A
possible surface composition for Si-C-H (hydrosilylated surface) is presented
in Fig. 2.5. In the case of Si-C (Silicon carbide surface) there has been an
indication of a possible C-O or Si-C-O hybrid [235, 239, 240].

One of the biggest advantages of carbonization or hydrosilylation, is that
the material remains mesoporous and the surface area is diminished only
slightly, whereas most oxidation methods will delete practically all mesopores
from the sample [140, 239].

During the last decade Si-C based surfaces have been extensively studied
and new functionalization methods have arisen from these studies. These
methods have opened new bioapplications for PSi, like drug delivery vehicles

15



CHAPTER 2. FABRICATION AND STABILIZATION...

(a) (b) (©) (d)H ’ l(_f|:) }-i
H H\ ,H Ii' H | | \ //C--H
= C
_/%\ _ /C\ H—/C—C\—H /C—C\ !
o L S s’% si Si  Si Si Si
1040 cm™, 1041 ¢cm™ 1084 ¢m™ 1046 ¢m™ 996 ¢cm™',
1032 cm™! 1010 cm™

Figure 2.5: Proposed compositions for hydrosilylated surfaces, modelled
based on absorption peaks in FTIR measurements. Image taken from [239].

and biosensors [243-246]. Other prospects for carbon surfaces include bat-
tery or supercapacitor applications, as reports show that these Si-C structures
have a significantly higher charge density than ie. Li batteries [247, 248|.

Other passivation techniques

Instead of using oxidation or carbon based stabilization methods, a few
other strategies can be applied. One notable method is to use nitridation for
passivation. Nitridation is used for integrated circuit manufacturing as an
etch stop or dielectric layer [245]. With nitridation a highly stable surface
and durable material is achieved, but the loss of surface area in the pores
is diminished dramatically, especially during high temperature treatments
[245]. Usual the routes for producing nitride passivation involve either NHj
or Ny atmospheres and relatively high temperatures [249-251].
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Chapter 3

Sorption on porous solids

3.1 Sorption

The surface of a solid material has a unique character due to the energy of
state of the atoms at the boundary [252]. Reactions are enabled by this same
property. Porous silicon itself is a manifestation of the energy of state at the
boundary. Sticking molecules to the surface of the Si, followed by a chemical
reaction, restructures the surface and gives new features to the material. In
this chapter, the physical adsorption, physisorption, is presented in more
detail, especially for solid - gas interfaces.

The starting point of the sorption is rather simple, the molecules in the
gas or liquid phase simply adhere to the surface. But when considering
physisorption at equilibrium and how the equilibrium is achieved, especially
for porous substances, sorption becomes rather complex.

The following chapters, introducing the concept of sorption, are combined
from Refs. [252-257]. One important concept when dealing with physisorp-
tion is the time that it takes for a single molecule to be at rest on a surface.
Now, when the molecule hits the surface it stays on the surface for some
period of time and for a vast number of molecules this becomes an average
time of stay (7). If the rate of colliding molecules is greater than the rate of
detachment of the molecules, then the number of molecules on a surface will
increase until both rates are equal, so that an equilibrium is reached. Again,
if the rate of collisions is further increased, vapor pressure is increased, the
number of adhered molecules will at some point result in the coverage of
molecules across the entire solid surface, as the solid material has only a
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limited surface area and gas molecules have a definite size. Now, if the single
monolayer of molecules covers the whole surface, the adsorption is known
as Langmuir’s true adsorption. This is the case normally in chemisorption
and with a few physisorbed gases [252, 256]. The case when molecules start
to form a second and consecutive monolayer before the first monolayer fully
covers the surface, is a more common event. This is the general case of
physisorption.

The difference between chemical and physical adsorption can be expressed
with the average time of stay, 7, as well. In the case of physisorption the
7 is usually from 107 s onwards, but when 7 is more than 10~7 s one can
consider the adsorption to be chemisorption. The time limit for physisorption
is actually the minimum time at which the adsorption can happen. Another
way of defining the species of adsorption, is to consider the 7 as a function
of interaction energy @ (or adsorption energy)

T = 7’06% (3.1)

where T is absolute temperature, R is the gas constant and 7y is within
the range of 10713 — 107'2 s. So that an increase in the interaction energy
increases 7.[252]

The origin of the adsorption energy lies in ubiquitous van der Waals
forces. While travelling in a gas phase, a molecule is quite undisturbed by
the other molecules in the gas phase. But relatively close to the solid surface
the changes in the molecules’ dipole moment causes the polarization of the
solid. Dipole moment changes are due to electron motion in a molecule or
atom [255]. Upon this polarization, an interaction between a solid material
and a molecule is established and the adsorption can take place [258, 259].
Consecutive layers are adsorbed by the same forces that enabled the first
monolayer to be adsorbed [260].

A solid surface has a definite surface area and therefore only a limited
amount of sites for molecules to be adsorbed. Adsorption sites might also
have different energy states depending on the molecules and the structure of
the surface. Also, surface roughness affects the energy states and therefore
the adsorption. According to Condon, there are no specific sites for molecules
to be adsorbed in the case of physisorption [256]. Ordinarily, adsorption
models are considered for the equipartition of the energy of state on a plain
surface. This is a result of statistical averaging of the parameters for large
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surface areas and vast numbers of molecules. Even for porous solids this
averaging is justified at the macroscopic scale.

3.2 Sorption isotherms

The amount of the adsorbed vapor as a function of partial pressure p/po,
at a constant temperature determines the isotherm of sorption. Depending
on the adsorbent and the adsorbate different types of isotherms can be ob-
tained. According to Brunauer et al. isotherms are divided into 5 categories
[256, 258]. Later Gregg and Sing proposed isotherm type VI to be added
to the isotherm classifications to complete observed isotherms [261]. Type
VI is omitted in this text, as it is a special case where both chemi- and
physisorption take place.

Type I isotherms, figure 3.1 are usually associated with adsorption on
microporous solids and with chemisorption. Adsorption resulting in this
type of an isotherm is called Langmuir adsorption, which typifies the true
adsorption introduced by Langmuir. In the previous section, the Langmuir
adsorption was assumed to take place first, so that after the first monolayer
molecules will rebound from the surface [253]. In the case of micropores,
the pores are too narrow to promote consecutive condensed layers. These
types of isotherms have little use concerning mesoporous solids and therefore
a more detailed discussion is ignored.

Type II and III isotherms are assigned to non-porous substances and the
difference is based on the adsorption energy. The type II isotherm is for a
high energy adsorption and type III for low adsorption energies [256, 258].

Type IV and V are related to isotherms for mesoporous solids. Depending
on the adsorption energy, the isotherm is either type IV or V. The first is
for a high energy and the second for a low energy case. In these isotherms,
hysteresis becomes evident due to condensation into the mesopores of the
material. A hysteresis loop gives important information about the pores and
pore morphology. Hysteresis loops are categorized into 4 types, where type
H1 is connected to regular even pores without interconnections between the
pores. Materials, which experience type H2 hysteresis, usually have narrow
and wide sections in the pores as well as possible interconnecting pores.
Types H3 and H4 are typical for slit like pores, which normally would have
a isotherm of type II or I, respectively. In figure 3.2, typical hysteresis loops
are presented according to Condon [256].
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Figure 3.1: Typical classification of the sorption isotherms, from top left to
bottom I, II, III, IV and V. Images taken from and presented as they were

in [256].
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In summary, in adsorption studies of PSi, type IV or V isotherms along
with either H1 or H2 hysteresis loops are usually detected [28, 31].

3.3 Mathematical interpretation of isotherms

3.3.1 Surface area determination

Langmuir presented the first mathematical model of adsorption for isotherms
of type L. It follows the principles presented in the previous section. Langmuir
used a kinetic gas theory to derive an equation for the surface coverage of
the condensed gas

o1l
‘91 =
1+o1p

(3.2)

where 01 = u% denotes the relationship between the adsorption and des-
orption rates, and p presents grams of gas molecules striking against the
surface in a second [253]. The current form of the equation is presented in
terms of pressure p and constant K, which has essentially the same meaning
as was denoted for oy before. This model is suitable for those cases where
adsorption sites are limited on a surface and only one monolayer is formed,
as in the case of chemisorption [252]. Langmuir derived mathematical mod-
els for other adsorption processes, but the starting point for each model is a
limited number of adsorption sites on a surface. Therefore, it is needless to
cover other models in this thesis.

Brunauer et al. provided a general model for determining the surface area
of the substance [260]. This model also takes into account pressures near the
saturation pressure, so that the formation of multimolecular layers can be
described. An important result of the generalized Langmuir’s theorem is the
following equation [260)]

P 1 c—1 P

v(Py— P) _vmc+ UmC XFO

(3.3)

Where v,,, presents the volume of the unimolecular layer of the gas, which
covers the entire surface of the adsorbent. In addition, P and F, are the
prevailing and saturation pressures, respectively. The constant ¢ stands for
Ei - Ep, the difference between the average energy of the first adsorbed layer
and the average of the adsorption energy of the consecutive layers, the energy
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of liquefaction [260]. From the adsorption isotherms it is possible to solve E;
and v, by a simple method of using the linear part of the graph, the former
from the slope of the graph and the latter from the intercept at the vertical
axis. The BET theory works sufficiently, if the surface area is determined
from the part of the isotherm where the partial pressure is within 0.5 - 0.35.
The BET model is still the most important model for determining the surface
area of solid materials and adsorption energies [256].

3.3.2 Pore size distribution from isotherms

While the BET-model is adequate for determining the surface area, it lacks
information on the nature of the pores, except the total surface area. Pore
volume and further, the size distribution of the pores can be solved by apply-
ing the Kelvin equation. The Kelvin equation illustrates the condensation
into pores with a radius of r at a certain pressure P. Several forms of the
equation are found in the literature depending on the year of publishing, but
the following equation is adopted from Cohan with modifications by Lowell
and Shields [255, 262]

P 27V
In —=—
PO rRT

P stands for the equilibrium pressure in a narrow pore with a radius of r
and P, is the equilibrium pressure at a plane bulk surface, also noted as the
saturation pressure. T is the absolute temperature, v is the surface tension
of the liquid and V is the molar volume of the liquid. One important factor,
a contact angle 6, stands for the extent of the wetability of the substance in
the case of the adsorbate. The contact angle will be presented in more detail
later in this thesis. In the case of adsorption isotherms, the 6 is expected to
be 0°.

The simplest prediction of the pore size distribution (PSD) in a material
can be expressed with the Kelvin equation. The Kelvin radius is solved
from the equation relative and the incremental volume for a certain pore size
is expressed according to the total pore volume. The relative pressures are
substituted with the equivalent Kelvin radius and the adsorbed volume of the
gas is expressed according to pore volumes of the solid material [263]. This is
naturally a rough estimate, as the Kelvin equation supposes condensation and
it has been shown by Harkins and Jura, that such condensation will start only
at high relative pressures [264]. The first noticeable pore size distributions

cosb. (3.4)
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were calculated by Oulton and a bit later by Schull [263, 265]. Oulton already
pointed out that the PSD should be calculated from the desortion branch, if
one uses the Kelvin equation [263]. While Oulton applied a thermodynamic
approach, Schull used the following equation as the basis of his calculation

ViV = / (r —t)>L(r)dr (3.5)
T‘Pn

In this case, Vj is the volume of the gas adsorbed at the saturation pres-
sure, V' is the volume of the gas adsorbed at pressure p, L(r)dr denotes the
total length of pores whose radii fall between r and r 4 dr. rp, is the critical
radius for the largest pore that is still completely filled with a liquid adsorbate
at any particular pressure and t is the multilayer thickness of the adsorbate
at pressure p [265, 266]. One of the problems with Schull’s approach is that
he assumed the pore sizes to follow a Gaussian or Maxwellian distribution
[265]. Later Barret, Joyner and Halenda defined the model to take into ac-
count several issues regarding the adsorption and desorption [266]. To better
apply equation 3.5 to obtain the PSD, one needs a set of pressure decreases
and resulting volume decrease for the material to be known. Hence, multiple
summations have to be made consecutively to solve the PSD [266]. Fig. 3.3
shows the idea behind the summations. The first three pressure decreases
are shown and their effects inside different pore diameters. The first step di-
minishes the thickness of the adsorbed layer by At;, which in turn increases
the inner capillary radius rg;. For this step it is possible to solve the pore
volume of the pores with a radius rp; according to the measured desorbed
volume AVj.

Vp1 = R1AV, (3.6)

where Ry = 1%, /(re1 + Aty)% A generalized expression for any stepwise
desorption can be written as

n—1
Var, = Aty Y A (3.7)

j=1

At, and A.; stand for any stepwise reduction in thickness or average
area from where the adsorbate is desorbed, respectively. For a convenient
solution for the calculation of PSD, Ac; has to be replaced by the more
general Ap. As, Ac; is not constant, whereas the surface area of each pore,

24



CHAPTER 3. SORPTION ON POROUS SOLIDS

(P/Py)

V, =R, AV, V, =R, Av,- R, At, A,

V, =R, Av,-R, At, A,

Figure 3.3: Desorption mechanism proposed by Barret, Joyner and Halenda
for three pore diameters and for three steps in decreased pressure [266].

A,, is constant. For an appropriate working function, a few more adjustments
have to be made. One of these adjustments is to consider the proportion of
(Tp — t7)/Tp to be a constant and mark it as ¢. In this expression, 7p and
t7 are the pore size emptied at the nth desorption step and the thickness of
the physically adsorbed layer at the corresponding P/P,. In reality, ¢ varies
as a function of 7,. But in the case of a wide range of pores sizes, ¢ can be
considered constant. So, the final form of the equation is

n—1
Von = RoAV,, — RucAt, >~ Ap;. (3.8)

j=1

This equation can be used to determine the PSD for a material. The first
term follows the equation 3.6 and defines the volume change of the inner
capillary volume. The second term defines the area of the pores, which have
not yet been emptied from condensate by a pressure decrease [266, 267].

Since the introduction of the BJH method, some new mathematical mod-
els have been developed to estimate PSD [268-272]. Horvath-Kawazoe in-
troduced the thermodynamic approach for calculating PSD by applying the
Gibbs function for adsorption. This model is especially applicable for mi-
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croporous substances [269]. Another model that is widely used to determine
PSD is the density functional theory (DFT) [273]. DFT is based on modern
statistical mechanics [274] and is widely used in physics and chemistry in var-
ious modelling applications especially in atomic simulations [275-277]. With
DFT, a basic integral for solving pore size distribution (PSD) can expressed
as

NP) = [ ansle ) (3.9)

where N(P) stands for the number of moles adsorbed at the pressure P
(measured isotherm), p(P, H) is the theoretical uptake of nitrogen in a slit
pore with a width of H at the pressure P and f(H) is the function describ-
ing the pore size distribution [270, 274]. For this integral to be sufficient
for determining PSD an appropriate individual pore isotherm p(p, H) needs
to be found [274]. Naturally, this causes a problem if this pore isotherm is
not known. In addition, due to a heavy theoretical framework and inaccu-
racy, in some cases, DF'T has not surpassed BJH as a standard method for
determining PSD [278, 279]. Fig 3.4 shows the PSD from the same thermally-
carbonized porous silicon sample using three different types of calculations.
A simple calculation has been made by substituting relative pressure with the
corresponding Kelvin radius and the adsorbed volume (y-axis) is presented
with the corresponding length of the pores. The simple method in this case
gives a pore radius that is slightly too large, because it is determined from
the adsorption branch (red line in figure). Even though there are noticeable
differences in the graphs, the distributions are quite consistent.

Models for measuring PSD have always been under scrutiny due to the
fact that various assumptions have to be made for a mathematical model.
Some characteristics pitfalls when determining PSD by conventional meth-
ods have been presented recently [273, 279, 280]. One fundamental issue is
that BJH and many other methods are based on the Kelvin equation (3.4),
which has some known limitations considering smaller mesopores [278, 280].
Though BJH has its limitations, it is a widely accepted algorithm for calcu-
lating PSD, as important factors are known and discrepancies of the model
have been published[278]. For the most reliable calculations for PSD, one
should always compare different algorithms to obtain the most accurate dis-
tribution [278].
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Figure 3.4: Pore size distributions determined by simple (red), BJH (black)
and DFT (blue) methods. The Simple PSD has been determined from the
adsorption isotherm, the others have been calculated from the desorption
branch.

3.4 Humidity sensing

3.4.1 Humidity and hygroscopicity of a porous mate-
rial

Excess water vapour, humidity, in the air constitutes many parasitic phenom-
ena in industry. This means that ambient conditions need to be monitored
for maintaining desired conditions.

Humidity can be described as the water vapour content of the atmo-
sphere. At a given temperature only a certain amount of water can be in the
gaseous phase, as vapour [252]. Pressure induced by vapour is also limited
and this limit is called the saturated vapour pressure. Humidity is commonly
expressed as a relative humidity ¢, which is the relation of the prevailing P
and the saturation F, vapour pressure
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Liquid Three phase junction

0.

Solid

Figure 3.5: The contact angle of the liquid is determined from the three-phase
junction. The contact angle 6 has a significant role on the condensation of
water into the pores in a porous media.

P
¢ = e 100% (3.10)

For the purpose of porous humidity sensors we present the Kelvin equa-
tion 3.4 as:

29V
r= —PY—PCOSQ. (3.11)
RTIHFO

This form gives the pore radius r that is filled with condensed water.
As can be seen from the equation 3.11, the pores with the radius r are
filled according to the relative pressure P%, temperature T" and contact angle
v. The molar volume V = 18.1 ecm®/mol and the surface tension of water

v =73 N/m can be considered as constants.

Hygroscopicity is determined by the contact angle of water with a sur-
face, at a constant temperature. Contact angle is measured from a three
phase junction (see 3.5), when 6 is near 0° the substance is considered to be
hydrophilic and 8 around 90° and above are hydrophobic surfaces. Superhy-
drophobic materials commonly have contact angles larger than 130 ° values
[252].

Naturally, the temperature and size of the pores have their own effect on
adsorption, but still the contact angle can be considered the most important
feature for hygroscopicity.
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3.4.2 Humidity sensors
Absolute humidity sensors

Absolute sensors comprise a few of the landmark techniques for detecting
humidity and therefore they are used for the calibration of other humidity
sensors. Absolute humidity sensors can be categorized into saturation and
absorption [281, 282].

Dew point sensors are one of the most precise ways of detecting abso-
lute humidity. They have a wide range too, so they are ideal for calibrat-
ing other humidity sensors. A dew point sensor is based on saturation, or
more accurately vapor condensation, on a surface. Condensation can then
be determined by either an optical, thermal or capacitive method. The con-
densation is achieved by cooling the detection surface with a thermoelectric
device. According to the observed condensation at T with the ambient tem-
perature of T', the absolute humidity content can be calculated. Recently,
industrial dew point sensors have changed to a more rugged construction,
where a porous polymer is used as a sensitive sheet and the impedance of
the sheet is monitored [281].

A wet and dry bulb psychrometer is one the most influential techniques
for measuring humidity. While it lacks the precision of a dew point sensor,
it still is more accurate than most humidity sensors. Its flaws are continuous
maintenance and that it is somewhat onerous to operate. The working prin-
ciple is extremely simple, a drop in temperature due to evaporation in a wet
bulb. In a psychrometer, a thermometer in a dry bulb shows the ambient
temperature, whereas a thermometer in a wet bulb has a lower tempera-
ture, which is proportionate to the evaporation speed of water from the bulb
[281, 282].

A coulometer is an example of an absorption technique. In this humidity
sensor, vapour is absorbed by a phosphorus pentaoxide (CyPj5) layer. An
electric field is applied through this layer to enable the electrolysis of water.
By Faraday’s law one can determine the current passing through the layer
and the corresponding humidity. A coulometer is suitable for only part per
billion (ppb) measurements, also it has long a response time [281].

Relative humidity sensors

Relative humidity measurements are divided into three categories: hygro-
scopic, spectral and other methods. Categorizing these methods into three
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different types is vague, as all of them can be related more or less to hygro-
scopic methods.

Hygroscopic sensors react to humidity by changing their dimensions, mass
or electrical characteristics. The largest category in this group of sensors is
hygroscopic sensors and especially ones that change their electrical character-
istics due water adsorption [281]. Usually the impedance of the hygroscopic
layer is measured and there are numerous different technical designs for these
sensors [281, 283-285]. One of the main reason impedance humidity sensors
are popular is their easy and relatively cheap production combined with rea-
sonable accuracy in detection [281]. Most of the sensors made from porous
silicon fall into this category. The sensitivity of these types of sensors is
commonly described for a certain humidity range by dividing the obtained
difference of signals by the signal of the lower humidity (Cyuaz - Ciin)/ Conin
x 100%.

In spectral methods a characteristic absorption wavelength of water is ob-
served with either ultraviolet or infrared instrumentation. For these methods
the calibration for absorption has to be known to produce an accurate level of
the relative humidity. The best practice for a spectral method is therefore to
rather measure changes in humidity levels than the actual relative humidity.

Other methods consist of many different types of measurement systems,
which could be included into the hygroscopic category assuming a loose def-
inition for a hygroscopic material. Like the piezoelectric method, where a
quartz crystal is coated with a hygroscopic material and the resonance fre-
quency of the crystal will change according to the mass change of the coating
material [281, 286]. One new method is to apply MEMS (Microelectrome-
chanical systems) as a sensor material [287]. In MEMS sensors the adsorbtion
of water on a cantilever or similar structure can be detected from ze. a change
in the resonance frequency or a change in the position [286]. A brief summary
of the humidity sensing techniques is shown in table 3.1.

3.4.3 Porous silicon humidity sensors

Humidity sensors made out of porous silicon can be considered as hygroscopic
sensors, as the main principle for sensors is that water molecules are adsorbed
onto the material. Due to a large surface area, this adsorption has a signifi-
cant effect on the characteristics of PSi. Most of the sensor applications arise
from a difference between the dielectric constant of PSi and water. A change
in the apparent dielectric constant constitutes for a shift in the observed re-
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Table 3.1: Categories of humidity sensors

Absolute humidity detection

Operating Description of typical instrumentation Characteristics
principle References
Saturation Dew point sensor, which is based on the | For standardiza-
- Evaporation | condensation of water at certain temper- | tion
- Condensation | atures [156, 286, 288]

Pshycrometer with dry and wet bulbs,

which is based on the equilibrium of evap-

oration and temperature related to the

evaporation rate
Absorption Coulometer Low RH only
- Electrolysis Absorbed water is decomposed by an elec- | [289]

tric field, the current obtained from the

electrolysis correlates the water content

Relative humidity detection

Hygroscopic Polar water molecules change the electri- | Several technical
- Impedance cal characteristics approaches
- Mass Water changing conductance in material, | [156, 290, 291]
- Dimensions The Dunmore sensor

Impedance type sensors, where either ca-

pacitance or resistivity is changed due to

water adsorption
Spectral Absorption of characteristic wavelengths | Measures changes
- Ultraviolet and abatement of intensity relative to the | rather than the
- Infrared water content in the air precise level of hu-

Can detect several components from am- | midity

bient conditions and is suitable for even | [292]

volatile environments
Other Change in oscillation frequency due to the | Numerous ap-
- Piezoelectric | adsorption of water proaches
- Refractive in- | Change in the refractive index due to con- | [156, 286, 287,
dex densed water, especially in porous reflec- | 292-294]

- MEMS

tors
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fractive index and impedance, this translates into the detected species as:
conductivity, resistivity, capacitance, reflectance spectrum, etc. The use of
PSi as an optical sensor has been presented in ref [151] in detail. A short
summary of the different kinds of gas and humidity sensors made from PSi
can be found in table 3.2.

The sensitivity of PSi sensors, combined with existing silicon-based tech-
nologies, gives them a clear advantage over commercially available sensors.
In addition, poor detection accuracy and slow response times are common
deficiencies in moderately priced commercial sensors. On the other hand,
significant hysteresis and the lack of chemical stability in PSi sensors have
been seen as severe drawbacks for the commercial utilization of PSi sensors
so far. Although there are no clear definitions for good stability or reason-
able sensitivity, there are some desired values for commercial sensors, like a
stability change below 1Impedance in PSi sensors is composed of the capaci-
tive reactance (X¢) and resistivity (R). Of these, the capacitive reactance or
more precisely capacitance is used for sensing purposes [10]. The capacitance
of a simple plate capacitor is in the form of

_ €0EmA
=

where € is the permittivity of free space and ¢,, is the apparent per-
mittivity of silicon and water. A is the area of the capacitor and d is the
distance of the capacitor plates. The apparent permittivity can be estimated

by a traditional effective media approximation like the Bruggeman equation
[295]

C

(3.12)

le gi—¢
i =0. 3.13
;f€i+25 (3.13)

Where f; is the volume fraction of a particular component. In this equa-
tion € stands for the effective permittivity for the entire system. For silicon
and water the equation can be written as

€gi — € Ew — E
fSZsSi + 2¢ * fwsw +2 0. (3:.14)
In the case of porous Si, during water adsorption only f,, can be consid-
ered as a variable in this equation. The water content can be estimated by
the Kelvin equation 3.4 for a known pore size distribution. When consider-

ing the exact composition of a capacitor made of PSi, the surface effect of
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SiO, (esi0, =3.9) and SiC (eg;c = 6.5 — 9.7)can be significant, for pure Si
egi = 11.68 and for water &,, = 80 [296].
Typically PSi sensors are made on a substrate, which changes the struc-
ture into two parallel capacitors and the actual capacitance is
g0€siAsi

7 wA i+w
C=C+Cy= y SCSitu Sy, (3.15)
ds; dsitw

In this equation, the first term remains constant and only the latter part
changes according to the proportion of the water filling the pores. For porous
humidity sensors it is known that at low humidity levels, proton hopping
between adsorption sites is responsible for conductivity and when water forms
multilayers or condensates, the Grotthuss chain reaction starts to dominate
within porous media [281, 297]. This complicates the situation of modelling
the performance of PSi sensors. Moreover, the uneven pore size distribution
has a distinctive effect on the response of the sensor and also the surface
chemistry of the sensor might obscure the obtained capacitance.
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Table 3.2: Summary of different sensors based on porous silicon. Optical
sensors are dependent on changes in the refractive index except photolumi-
nescent sensors. In the case of electrical sensors, conductivity is the main pa-
rameter to be detected and only capacitor type sensors are based on changes

in the dielectric constant [285]

Optical sensors

Architecture

Sensed quantity
Sensed property

References

Single layer

Photoluminescence
intensity or spectrum

[134, 137, 138, 138,
139, 298]

Single layer Reflectance spectrum [299-301]
Intensity of spectrum

Waveguide Transmission losses [302]
Intensity of spectrum

Bragg Reflectance spectrum (147, 303, 304]
Intensity of spectrum

Resonant cavity | Resonance peak position (305, 306]
Wavelength

Rugate filter Reflectance peak position [143, 189, 307]
Wavelength

Electrical sensors

Capacitor Capacitance [10, 136, 308-311]
Dielectric constant

Schottky-like Current [59, 312]

diode Energy barrier

Resistor Resistance [58, 313-315]
Conductivity

FET-like tran- | Impedance (316, 317]

sistor Dielectric constant

Junction-like Current [318]

diode

Energy barrier
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Chapter 4

Aims of the study

The foundations of the present study have been cemented in previous years
by PhD Salonen and PhD Bjorkqvist in the Laboratory of Industrial Physics
[140, 141, 235, 310, 319]. They have studied and developed fabrication proce-
dures for thermally-carbonized porous silicon (TCPSi) as well as for humidity
sensors. Some of the procedures are well-established practices nowadays used
in the production of TCPSi-based humidity and gas sensors. Nevertheless,
some new techniques were developed during this study.

In this thesis, efforts have been made to further enhance the properties of
the TCPSi humidity sensors. Especially, the reduction of hysteresis has been
a major part of the study. In addition, stability issues have been considered.
Another major object of this study was to find ways to enhance the sensitivity
of the sensor.

Hysteresis is seen in mesoporous structures during gas sorption processes
(Paper I). For porous gas sensors, it leads to reliability problems especially,
if the partial pressure of the gas decreases. A typical method for cancelling
out this problem is to heat up the sensor for variable lengths of time. In
the case of TCPSi, several manufacturing methods can be used to overcome
this problem. The hygroscopicity of the surface of TCPSi can be adjusted
by the processing temperature of the acetylene treatment (Paper I). Varying
the processing temperature and acetylene flow during the process, one can
obtain either a hydrophobic or hydrophilic surface. Naturally, the average
pore diameter of the TCPSi has an effect on hysteresis as well, but it can
also be adjusted with numerous different methods. In the case of TCPSi, we
have used annealing of the samples in a nitrogen atmosphere (Paper II). In
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this study, the three methods mentioned above were studied to find the most
feasible way to reduce hysteresis in TCPSi humidity sensors.

Stability issues are always presented in the context of PSi. The long term
stability of the TCPSi humidity sensor was studied also as a part of this
research (Paper I1I).

The main part of the present study was to achieve better sensitivity of
the sensor with significantly reduced hysteresis. Overall, electrical isolation
of the sensing layer was evaluated to be the most prominent way to enhance
the characteristics of the TCPSi sensor (Paper IV). With electrical isolation,
bypassing of the current via the substrate is inhibited. In the case of TCPSi,
a new layer can be etched underneath and therefore an electrical isolation
layer can be produced. Oxidation was chosen to create electrical isolation of
the TCPSi sensing layer, as oxidized PSi is a common electrical isolation in
semiconductor production and has proved its quality as an insulation mate-
rial. Thermal oxidation was omitted from the studies, as temperatures above
300 °C are detrimental for the electrical properties of a thermally-carbonized
surface. Both chemical and electrochemical oxidation methods were utilized
to find a suitable way of oxidizing the isolation layer.

36



Chapter 5

Experimental

5.1 Electrical measurements

In previous studies [141, 310] TCPSi humidity sensors were found to function
as capacitive sensors, as their resistivity is extremely sensitive to changes in
temperature [319, 320]. This results in varying resistivity in TCPSi, which
is not related to the relative humidity change, but to heat transfer during
adsorption and desorption [321].

Electrical measurements were performed with a Quadtehch 1920 Precision
LCR meter. According to previous studies, the capacitance is dependent on
the frequency. Furthermore, 120 Hz has been found to be an ideal frequency,
with the best noise to signal ratio in normal RH atmosphere measurements.
However, changes in capacitance during storage were also monitored with
several frequencies, Paper III.

5.2 Hygroscopicity measurements

5.2.1 Contact angle measurements

The contact angle can be measured with various methods. Sessile drop or
captive bubble methods are the most common ways to determine the contact
angle of the liquid - surface interface. The contact angle in these methods
can be calculated from the equation

6 h
tan - = — 5.1
an g = (5.1)

37



CHAPTER 5. EXPERIMENTAL

where h and r are the height and radius of the droplet [252]. Nowadays,
the contact angle is measured automatically by the analysing program from
the three-phase junction, see figure 3.5. In this study the Dynamic adsorption
tester DAT 1100 (Fibro system) was used to measure the contact angle of
fresh, oxidized and thermally-carbonized PSi samples.

5.2.2 Hygroscopicity measurement apparatus

A hygroscopicity measurements apparatus (HMA) is a gravimetric device,
which measures the quantity of the adsorbed water into a medium. Water
is adsorbed from the atmosphere and the humidity of the atmosphere is
controlled by saturated salt solutions.

The idea of the HMA is extremely simple, one just weighs the mass of
the material in different relative humidities. Data from the HMA is bound
to the relative humidities of the saturated salt solutions, but one can select
suitable salt solutions for almost any purpose.

5.2.3 Isothermal microcalorimetry

Like HMA, isothermal microcalorimetry (IMC) is based on a rather simple
principle. IMC measures any heat transferring from or to a sample in a
test chamber. This is compared to an empty reference chamber, so that
the difference in heat flow between the reference and sample chambers is
detected. Due to the principle of the method, IMC data is unspecified, so
that IMC measurements usually need some additional methods for obtaining
information about the processes to be studied in the sample.

Any specific reaction is dissipated under the overall heat transfer, and
normally X-ray diffraction and infra-red spectroscopy are suitable techniques
for constructing reaction kinematics between starting substances and the final
product. For the water adsorption studies presented in papers I and II, the
HMA and contact angle measurements were suitable methods to accompany
IMC measurements.
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5.3 Gas sorption measurements

In this study, a Tristar 3000 (Micromeritics) was used for gas sorption mea-
surements. BJH, BET and DFT analyses were performed for the porous
silicon samples. BET and BJH were used for determining the surface area of
the samples. DFT was mainly used for analysing the pore size distribution
of the samples. The idea behind the mathematical interpretation of specific
surface areas and pore size distributions is presented in chapter 3.

The principle of the actual measurement is the following. The sample is
placed into a vessel with a known volume. At first, there is a vacuum inside
the vessel. After a sufficient level of vacuum is reached, the inert gas is lead
into the vessel. The pressure of the inert gas is measured before dosing. As
the gas is adsorbed on the surface of the sample, the pressure inside the vessel
diminishes. At equilibrium, the pressure reaches a certain value and when
compared to the original pressure value, which would be obtained without
a sample, the difference gives the amount of the adsorbed gas. So, only the
value of the gas pressure has to be known. This can be done several times
until the saturation pressure of the gas is reached. Every time the pressure of
the dosed gas and the prevailing pressure at equilibrium are collected. From
this data, one can draw the isotherm of the volume adsorbed or absorbed by
the sample in various relative pressures and furthermore apply BET, BJH
and DFT analyses to estimate the characteristics of the PSi.
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Chapter 6

Results and discussion of
papers

6.1 Paperl

In this study, the hygroscopicity of the TCPSi was determined by means of
contact angle and sorption measurements. Hygroscopicity or hydrophobic-
ity was seen as a possible method for reducing hysteresis in TCPSi sensors,
as the hydrophopicity can be tuned in TCPSi. As is presented in the pa-
per, the hydrophobicity is dependent on the processing temperature of the
acetylene treatment and also on whether the acetylene flush is used dur-
ing the thermal treatment. The contact angle can be used to estimate the
pore filling due to adsorption at different relative humidities according to
the Kelvin equation. The energy of sorption was determined by isothermal
microcalorimetry (IMC) and the mass of the adsorbed water was determined
by a hycroscopicity measurement apparatus (HMA). When IMC and HMA
data are combined, the energy of adsorption can be calculated.

According to the study, the tuning of the contact angle is an effective way
of reducing the hysteresis in TCPSi. Tuning of the contact angle is based
on the hydrogen content on a surface of the pores. Hydrogen desorption
during a heat treatment of the thermal carbonization can be compensated
for by an acetylene flow. Samples which had been exposed to an acetylene
flow during the heat treatment showed contact angles above 80°, whereas
samples under similar treatment conditions without an acetylene flow had
contact angles of about 30°. A strong indication for hydrogen desorption
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during a heat treatment can be assumed from the sample, which was exposed
to the acetylene flow for only half of the treatment time. This sample had
a contact angle clearly smaller than did the sample with the acetylene flow,
but a considerably larger angle than the sample without the acetylene flow.

The Kelvin equation describes the condensation on porous media. Assum-
ing room temperature and water as an adsorbate, there is only one parameter
in the equation, the contact angle. The effect of the contact angle becomes
notable when comparing the condensation curve with a contact angle of 25°
and 71° (Fig. 6.1). Only a small portion of the pores have been filled with
condensed water at RH 85%, namely those with a diameter below 4.2 nm,
in a sample with = 71°. In contrast, a hydrophilic sample with = 25° has
already all of its pores up to 10 nm filled at RH 85%, which means that a
majority of the pores has a condensed water content. Actually, this is visible
also in HMA measurements. Samples with a low contact angle demonstarted
a weight increase of about 40% and the mass change was immeasurable when
the angle was close to 90°.

- = 0=0°
—— 0= 25 °(TCPSi at 700 °C)
E‘ —— 0=71°(TCPSi at 630 °C)
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Figure 6.1: Kelvin diameter of the pores and the effect of the contact angle
on pore filling at different relative humidities. Pore size distributions for
TCPSi samples are shown on the left vertical axis.
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Naturally, hysteresis is strong in hydrophilic samples with a PSD shown
in Fig. 6.2. Recorded hystereses have been more than 50% at RH 85% when
decreased from 95% for samples with less than 30°, whereas for hydrophobic
samples the hysteresis was negligible.

A few outcomes of this paper should be mentioned: Adsorption on hy-
drophilic samples had one interesting feature, which was briefly mentioned in
the paper. This is the observation, that the adsorption energy drops below
the bulk adsorption energy of water when adsorbed by TCPSi. Also, the
possibility of accurately adjusting the contact angle of water will also enable
the control of hysteresis.
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Figure 6.2: Hysteresis detected from the heat of sorption for three different
thermal carbonizations. For the hydrophobic surface, the heat of sorption is
negligible.

6.2 Paper I1

The applications for reducing hysteresis in TCPSi sensors are discussed in
paper II. Three different methods for reducing hysteresis and their possible
suitability and disadvantages were studied. As an extension from paper I

43



CHAPTER 6. RESULTS AND DISCUSSION OF PAPERS

the hygroscopicity of the TCPSi in the sensors was studied. Also, the heat-
ing of the TCPSi sensor during humidity detection as well as the pore size
enlargement of the pores in TCPSi sensors by annealing were explored.

The measurements in this study concentrated on the testing of sensors
with different process procedures to optimize hysteresis. Tests were done in
a gas line where dry synthetic air was mixed with humidified synthetic air,
which was obtained by directing air into a bubbling chamber. By controlling
the volumetric proportion of the dry and humid air, the eligible relative
humidities were achieved.

Modification of the contact angle between the pore surface and water
presented anomalies that inhibited the use of such a treatment for sensor
production. Instead, both pore size enlargement and heating of the sensor
were found suitable for minimizing hysteresis in sensors. However, eventually
pore size enlargement was chosen for sensor studies, as it is simple to use in
sensor production.

Hysteresis diminished with pore size enlargement, but this resulted in a
decrease in pore surface area, which came down from 280 ¢cm? /g to 70 cm?/g.
This also meant that the sensitivity of the sensors was decreased. Similar
behaviour was seen in heated sensors. In contrast to pore size enlargement,
heating results in lower levels of condensed water inside the pores, even when
the temperature of the sensor is raised only by a few degrees above ambient
temperature. The thermistor behaviour of the TCPSi enables the precise
monitoring of the temperature of the sensor, and thereby an accurate relative
humidity measurement can be achieved.

During this study, the consistency in the production of the TCPSi was
placed under scrutiny. Also, sensitivity issues became a concern, as the
reduction in hysteresis also decreased sensitivity, because pore enlargement
was determined to be the best way of reducing hysteresis.

6.3 Paper III

In this study, the long-term effects of ageing on a TCPSi humidity sensor
were determined. Like in paper II, this study focused on the performance
of the TCPSi sensor. However, in this case the production procedure was
already determined in a previous study.

There were a few interesting features that became apparent during the
ageing process. Not only was the ageing rapid in the first month of operating
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the sensor, but also the way the ageing affected the sensor was quite inter-
esting. As is shown in Fig. 6.3, the capacitance increases at low humidities
and decreases at high humidities, so that the overall drop in sensitivity is
significant. After the first few months, the capacitance values stabilize for
respective RH values. This is a quite commonly observed phenomenon and
usually it can be solved by the rapid pre-aging of the sensor.

Nevertheless, after one year of operating the sensor the capacitance val-
ues started to equally decrease. Still, the sensitivity of the sensor remained
the same. The ageing of the sensor showed also one very interesting feature.
This was observed when the capacitance was measured at different frequen-
cies. The study provided proof that frequencies below 1 kHz are adequate for
detecting humidity. Hence, the normally used frequency of 120 Hz is appli-
cable for this purpose. In Fig. 6.4 the capacitance values of the sensor as a
function of frequency are shown. Measurements were done after 211 and 311
days of storage, so that the sensor was already well aged. The capacitance
values are in correspondence with the applied humidity for both cases when
the frequency is below 1 kHz. With frequencies above 1 kHz, the capacitance
values seem to correspondent with the age of the sensor only.

The conclusions of this study were that, even though the TCPSi sensor
does exhibit changes in performance in the long-term, the operation is quite
consistent and this study also proved that using a frequency of 120 Hz is
suitable for sensing humidity. Frequencies above 1 kHz are unsuitable for
humidity detection in the long run, but may be useful when internal recali-
bration methods are considered.
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Figure 6.3: Capacitance values of the sensor measured during long-term stor-
age. The decrease in capacitance on high RH and increase on low RH, results
in diminished sensitivity.
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Figure 6.4: Capacitance measured after storage with several frequencies.
the high and low humidities are separated at lower than 1 kHz frequencies,
whereas above this frequency level no distinction can be made between low

or high humidity.
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6.4 Paper IV

This study was based on the idea that sensitivity is attenuated by the cur-
rent bypassing via a substrate during measurements. Hence, the electrical
isolation of the porous silicon layer or the sensing layer would be an ideal
approach for increasing the sensitivity of the sensor, which was decreased
due to the annealing process described in the previous papers. Electrical
isolation is conceivable for the TCPSi sensing layer as it is resistant against
HF and therefore a new layer can be etched underneath the TCPSi layer.

Three different oxidation methods were used to obtain electrical isolation
underneath the TCPSi sensing layer. Thermal oxidation was omitted as it
was already shown that TCPSi is vulnerable to thermal oxidation [235]. Two
pyridine assisted oxidation methods and electrical oxidation were used, liquid
and vapor oxidation. Pyridine assisted oxidation is extremely violent for Psi,
but in the case of TCPSi, only slight oxidation was observed according to
changes in pore size distribution (Fig. 6.5 and 6.6). On the other hand, the
TCPSi - PSi interface suffers from the strong oxidation of Psi, and TCPSi is
somewhat detached from the underlying surface. Therefore, pyridine assisted
oxidation was also omitted. Electrochemical oxidation on the other hand has
a notable effect on the pore size distribution in TCPSi. However, the actual
distribution seems to be same, but it was shifted towards smaller pores (Fig.
6.7). Electrochemical oxidation caused a smooth transition from the oxide
to a thermally-carbonized layer and therefore this method was chosen for the
electrical isolation of the sensor structure.

Testing of the TCPSi sensors with electrical isolation of the sensing layer
(EISL) showed that the sensitivity of the sensor was remarkably better com-
pared to previously used TCPSi sensors and still retained the fast response
time for rapid changes in humidity.
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Figure 6.5: Incremental volume vs. pore width of (a) original PSD, (b) PSD
of the PSi layer after electrochemical oxidation and (¢) PSD of the PSi layer
after pyridine assisted liquid oxidation.
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Figure 6.6: Effects of the pyridine-assisted oxidations on the pores of the
TCPSi; (a) original PSD, (b) PSD after vapor and (c) liquid oxidation with
pyridine.
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Chapter 7

Conclusions

In the present study, the aim was to find parameters for the optimization
of the TCPSi humidity sensor. In the first part, the surface chemistry and
pore size depedency of the hysteresis were studied, and an appropriate way
of manufacturing the TCPSi sensor was found. Modification of the contact
angle resulted in anomalies in the sensor response for surface chemistries
with low hygroscopicity. The most effective way to reduce hysteresis was
found to be annealing of the PSi before thermal carbonization. Also, slight
heating of the sensor was effective. In both cases the sensitivity of the sensor
was reduced as a consequence of the lower surface area of the pores or lower
amount of condensed water inside the pores.

The second part of the study focused on stability issues of the TCPSi.
For this part of the study a new, more effective carbonization process was
adopted. The results show that the sensitivity of the TCPSi sensor was
considerably more stable after 60 days to up to 312 days. The decrease
during the first 60 days were assigned to changes in electrical contacts and
slight oxidation of the TCPSi surface. The capacitance of the sensor with
different frequencies were found to be solely related to age of the sample with
test frequencies above 1 kHz. So, reliable humidity detection is perceived at
frequencies under 1 kHz.

As was mentioned before, the sensitivity decreased when hysteresis was
reduced to an appropriate level. So in the last part of the study, a method for
increasing sensitivity was developed. Electrical isolation of the sensing layer
was considered a solution for this problem. As TCPSi is resistant towards
HF, this enables the consecutive etching of the layer beneath the TCPSi
layer. It is possible to oxidise this new layer because TCPSi is inert enough
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towards most corrosives. An electrically isolated sensing layer (EISL) for
sensing purposes was introduced based on the TCPSi humidity sensor. The
sensitivity of this sensor was significantly enhanced by EISL compared to a
typical TCPSi sensor.

The TCPSi humidity sensor has already shown good reproducibility and
reasonable sensitivity. In this thesis some of the parameters were optimized
for sensing purposes. Hysteresis of the porous sensor was decreased by en-
largement of the pores and the resulting decrease in sensitivity was restored
and even enhanced with an EISL structure. The research also added to our
understanding of TCPSi, and an advanced thermal treatment was applied in
the production of TCPSi. The temperature dependency of the EISL TCPSi
sensor enables the use of the sensor as a temperature probe as well, and in fu-
ture an integrated humidity and temperature sensor should be pursued. Also,
new multilayer structures with several different surface chemistries should be
studied more closely.
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