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1

Introduction

Chemical sensors have always been important in many ﬁelds of science. Not only
chemistry and such chemistry-related ﬁelds as environmental analysis e.g. of pollution and contaminants, but also most industrial processes need routine on-line
monitoring. Biological sciences and medicine are also chemical at heart, and all
related diagnostics rely on chemical sensors. With the proliferation of potentially
harmful chemicals not only in industry, but in everyday life as well, chemical sensing
is often needed for ensuring personal safety. Sadly, the importance of the latter is
nowadays not due only to unintentional chemical hazards.
Traditional methods of chemical analysis typically involve sample collection and
preparation, separation, preconcentration and ﬁnally analysis. Analysis may include
the measurement of a calibration curve, or the use of a standard addition method to
extract the desired chemical information from the detector signal. All this is laborintensive, requires supplies of reagents and clean laboratory glassware, and probably
a trained lab technician. Especially in applications where analysis should be done
far from the lab—environmental monitoring, disaster control, bedside medical diagnostics, personal safety etc.—the ideal would be a single, self-contained instrument
that requires no addition of external reagents, and where all contaminated parts are
either self-cleaning or disposable.
Especially in portable instrumentation, miniaturization of chemical analysis systems
presents an obvious advantage. The use of standard microfabrication techniques,
originally developed for the needs of microelectronic fabrication, allows miniaturization of ﬂuidic systems to be taken to the extreme. Just like microelectronic
circuits, microﬂuidic systems oﬀer the advantage of massively parallel fabrication,
which keeps the cost of an individual ﬂuidic chip low. This is especially important
when the chip is to be single-use and disposable. Microscale sensors also minimize
the amount of sample needed for analysis, thus decreasing the consumption of other
reagents, and also making medical diagnostics more comfortable for the patient.
In this thesis, thin ﬁlm technologies and microfabrication methods are applied to two
diﬀerent kinds of chemical sensor. One is an electrochemiluminescent sensor using
hot electron excitation to induce luminescence. This hot electron-induced electrochemiluminescence (HECL) method requires ultrathin dielectric ﬁlms on its working
electrodes to enable tunnel emission of hot electrons into the sample solution. The
method is well suited for detection in bioassay applications and integration into
microanalytical systems, and is also complementary to other detection methods on
the traditional laboratory scale.
The other chemical sensor is a microhotplate gas sensor , a widely developed microcomponent for detection of various gases. The device uses tin dioxide as a gassensitive material for resistive readout of gas concentration. The material works
at high temperature, which is maintained with minimal power consumption by the
use of a microfabricated resistively heated hotplate structure. The present device is
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fabricated using tungsten metallization and plasma-deposited intermetal dielectrics,
as a quick-turnaround prototype process using available materials and techniques.
The gas-sensitive tin dioxide ﬁlm is deposited by atomic layer deposition. This thin
ﬁlm deposition method places certain demands on the entire fabrication process of
the device, as well as enables many interesting possibilities.

Organization of this thesis
Fundamentals of microfabrication are brieﬂy presented in Chapter 2 using the fabrication processes of HECL and gas sensor devices as examples. Included are the most
common thin ﬁlm deposition processes, ways in which ﬁlms are patterned and characterized, and some other miscellaneous yet important processes including cleaning,
bulk etching, molding and bonding.
Chapter 3 is all about ultrathin ﬁlms, which are needed in the HECL device. The
chapter begins with an in-depth look into ellipsometry, which is the most extensively
used characterization technique in this work, followed by a discussion of environmental eﬀects on those measurements. Also measurements of native oxidation of
silicon and the adsorption of atmospheric contaminants over time are presented and
discussed. A look at the author’s work on deposition of ultrathin ﬁlms by various
methods follows. A reduced temperature, low oxygen concentration oxidation process was developed to produce oxide ﬁlms of ∼4 nm thickness. Aluminum oxide was
deposited by atomic layer deposition on silicon and various metal thin ﬁlms, and
the onset of deposition on each was investigated by ellipsometry. Finally, LPCVD
and PECVD processes were used to produce ultrathin ﬁlms of silicon nitride and
silicon dioxide.
Chapter 4 contains a literature overview of hot electron-induced electrochemiluminescence and its use as an analysis technique. Details are then presented on
the author’s work with various materials to investigate their suitability for HECL
application. That work has been prelude to the development of an integrated microelectrode HECL device suitable for quantitative analysis in the laboratory or in the
ﬁeld, or for use as a detector in integrated microﬂuidic systems. Devices were fabricated on silicon and glass substrates, and polydimethylsiloxane (PDMS) sample
chambers and patterned hydrophobic ﬁlms were investigated for sample containment. Unpublished data on hydrophilic modiﬁcation of enclosed PDMS ﬂuidic systems is also presented, as well as preliminary work aiming for the use of polymeric
substrates in HECL devices.
Chapter 5 begins with a brief overview of semiconductor gas sensors. The author’s
development of a microhotplate gas sensor platform utilizing ALD-deposited SnO2 as
its sensing ﬁlm is then presented, along with the peculiarities associated in processing
the ALD deposited ﬁlm, and the use of tungsten metallizations and PECVD SiO2
intermetal dielectrics in the prototype fabrication sequence.
The main results of this work are summarized in Chapter 6, with some speculation on
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what future developments should be pursued. Finally, Appendices A and B contain
detailed fabrication process descriptions for all variations of the HECL devices and
the gas sensor device.
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2

Fundamentals of microfabrication

Nearly all surface microfabrication is based on deposition and patterning of thin
ﬁlms, one on top of another. When properly aligned together, they form the ﬁnal
structure, be it an integrated circuit, a digital image sensor, or a microﬂuidic system.
Thin ﬁlms are deposited over the entire substrate by various processes, after which
they are patterned. The pattern is usually reproduced from a photomask into a
ﬁlm of photosensitive material in a photolithography process. This is then used
to pattern the newly deposited thin ﬁlm. All microfabricated devices are made by
combinations of these basic processes.
Figure 2.1 shows three chemical sensors made by standard microfabrication techniques (Publications V and VI). These will be used as examples in this chapter.
Their complete fabrication processes are presented in full detail in Appendices A
and B. The hot electron electrochemiluminescence (HECL) chips are integrated
microelectrode devices for the analytical use of hot electron-induced electrochemiluminescence, which have been fabricated as silicon and glass versions. The microhotplate device is a general-purpose platform for testing new gas sensor materials
and technologies.
Platinum

Silicon

Platinum

Aluminum

Glass

Aluminum

Field oxide
Tunnel oxide

Tunnel oxide
over aluminum

Gold contact pads
Gold electrodes

PECVD
oxide
Silicon
Oxide/Nitride
Tungsten heater

Figure 2.1: Three microfabricated chemical sensors: a silicon HECL chip (left ), a glass HECL
chip (middle) and a microhotplate gas sensor (right ).

The devices are shown partly in cross-section to better demonstrate their structure.
As is common in diagrams of microfabricated devices, all their dimensions are not
shown correctly. Especially the vertical and lateral scales are not equal, as it would
be impossible to accurately draw ﬁlms of several nanometers thickness when the
lateral dimensions of the chip are on the order of millimeters. It must also be
noted that, while only single devices are shown in the various diagrams, the wafer
contains tens, hundreds or thousands of devices all being subjected to the same
processes simultaneously.

2.1

Substrate selection

Silicon is the most common substrate material for electronic applications, but it has
long been recognized as a versatile mechanical material as well [1]. The combina-

27
tion of its excellent material properties with the already mature silicon processing
technology developed for microelectronic applications made it an obvious starting
point for micromechanical systems as well [2].
In many micromechanical applications, the anisotropic etching properties of crystalline silicon can be utilized. In this respect, the three common crystal orientations
(100), (110) and (111)† diﬀer greatly, as detailed in section 2.5.2. All are readily
available in both p-type and n-type materials‡ of various resistivities in the order of
100 Ω·cm to 0.001 Ω·cm, specialty wafers even beyond those limits. Despite their
high cost, silicon-on-insulator (SOI) wafers, consisting of a thin, high-quality silicon
layer isolated by an oxide layer from the handle wafer, oﬀer many advantages in the
fabrication of microelectromechanical systems (MEMS), microhotplates and optical
devices [4, 5].
For non-electronic applications, a fully insulating substrate can often be of advantage, e.g. when high-voltage capillary electrophoresis [6] is integrated in the device.
Transparency to visible light is also required e.g. in optical detection, and lower
thermal conductivity can also be advantageous [7]. For this reason, glass wafers
including quartz, borosilicate (Pyrex), soda-lime and others, are made in the same
size and thickness as silicon wafers. Glass can be hermetically bonded to silicon
by a process called anodic bonding [8], which is often utilized in the fabrication of
microﬂuidic channels.
Plastic substrates may also be used in normal microfabrication processes, provided
that process temperatures are low enough not to melt or warp the substrates. Polyimide, for example, is stable to ∼400◦ C or above [9, 10], which is high enough for
many processes. Furthermore, plastics oﬀer many interesting options for the fabrication of ﬂuidic channels e.g. by hot embossing, injection molding etc. [11, 12]
Adhesion of deposited materials may diﬀer greatly on various substrates, but even
PTFE can be modiﬁed by plasma treatment or graft copolymerization to improve
metal adhesion [13, 14], and is commercially available in metallized form (copperclad circuit boards). Similar methods can be used for metallization polyimide substrates [15, 16], which are commonly used as ﬂexible PCBs, but we have found the
adhesion of aluminum quite satisfactory without any pretreatment of the polyimide
ﬁlm.
Closely related to adhesion issues is the matter of contact angle of liquids on
the substrate surface, which is dominated by the surface free energy of the material [17, 18]. Like adhesion properties, contact angle can also be modiﬁed by plasma
treatment [19]. Especially in ﬂuidic systems, the contact angle of water is critical,
as it determines how easily ﬂuidic channels can be ﬁlled. Oxygen plasma treatment
is therefore extensively used for hydrophilic modiﬁcation of naturally hydrophobic
materials, and for enhancing bonding of PDMS, as detailed in Sections 2.5.4 and 4.6.
†

The numbers denote the Miller indices [3, pp. 14–15] of the surface of the wafer.
Doped with boron or phosphorus, respectively, to create electronic holes or unbound electrons
as positive or negative charge carriers.
‡
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HECL devices have in this work been fabricated on highly doped n-type silicon of
(111) orientation. The dopant type and crystal orientation do not matter in this
application, as silicon is used simply as a conductive substrate. The major advantage of silicon is the possibility of creating high-quality dielectric ﬁlms by thermal
oxidation. Borosilicate glass wafers have also been used in an alternative fabrication
process. Work is ongoing to fabricate HECL devices on DuPontTM Kapton polyimide, a material commonly used for ﬂexible electronics, and new Teijin Teonex
polyethylene-naphthalate [20] ﬁlms as well.† The gas sensor devices use a (100) silicon substrate to enable micromachining of the microhotplate, but wafer doping is
non-critical, as the active part of the device is electrically isolated from the substrate.

2.2

Thin ﬁlm deposition

Thin ﬁlms can be formed on a substrate surface by a variety of methods. Technically,
deposition refers to methods where all atoms composing the ﬁlm originate from
outside the substrate. Any method where the substrate itself partakes in a chemical
reaction to form the ﬁlm is more accurately called ﬁlm growth [21, pp. 298]. The
most common example of ﬁlm growth is thermal oxidation of silicon.
This is only a brief overview of various ﬁlm growth and deposition methods. Ultrathin ﬁlms will be treated in greater depth in Section 3.3.
2.2.1

Thermal oxidation of silicon

The best quality silicon dioxide ﬁlms can be produced by thermal oxidation [3,
pp. 68–94]. In this process, the surface of the silicon substrate itself is oxidized at
high temperature (commonly up to 1100◦C or even higher in some special applications) in an oxidizing atmosphere, either oxygen (dry oxidation):
Si (s) + O2 (g) → SiO2 (s)
or water vapor (wet oxidation):
Si (s) + 2 H2 O (g) → SiO2 (s) + 2 H2 (g)
The oxide as well as its interface to the silicon substrate are of excellent quality,
making it ideal as a MOSFET gate insulator. Wet oxidation is fast enough to be
convenient for producing thicker isolation oxides (up to a micrometer or so). The
practical thicknesses of thermal oxide ﬁlms are limited, since the oxidation rate
decreases with increasing ﬁlm thickness. This is due to the reaction taking place
at the Si/SiO2 interface, not at the surface of the substrate, requiring the oxidizing
species to diﬀuse through the ﬁlm in order to react with the silicon. The well known
Deal-Grove model of silicon oxidation [3, pp. 68–75; 22] has two distinct regimes,
†
DuPontTM and Kapton are trademarks or registered trademarks of E. I. DuPont de Nemours
and Company. Teijin is a registered trademark of Teijin Limited. Teonex is a registered
trademark of Teijin DuPont Films Japan Limited.
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in which the oxidation rate is limited either by reaction kinetics (thin ﬁlms, below
∼100 nm):
B
x ≈ (t + τ )
A
or by diﬀusion (thick ﬁlms, above ∼100 nm):

x ≈ B (t + τ )
where x is the oxide thickness, A and B are experimentally determined parameters
that both follow the Arrhenius equation in temperature, t is the oxidation time and τ
is a time oﬀset that corresponds to the oxide thickness at the beginning of oxidation,
e.g. a native oxide. Below ∼30 nm, however, the Deal-Grove model underestimates
the oxide thickness, and extended versions of the model have since been published
to account for the excess growth in the initial oxidation regime [23–26].
Despite the slow oxidation rate and relatively long loading, unloading and temperature ramping times, thermal oxidation is economical since it is a batch process,
where hundreds of wafers can be processed simultaneously in a single process run.
But due to its high process temperature, thermal oxidation can only be performed
on wafers not containing metals or other materials that would melt, burn or diffuse, therefore oxidation is a front-end process only. Figure 2.2 shows the growth
and patterning of oxides in the silicon HECL device. First the thicker (approx.
380 nm) ﬁeld oxide or isolation oxide is grown by wet oxidation (a). It is subsequently patterned by photolithography and wet etching in BHF (b–d), as explained
in Sections 2.3 and 2.4. Then the thinner (approx. 4 nm) tunneling oxide is grown
in a second specially tailored dry oxidation step (e), as detailed in Section 3.3.1.
Finally, the metallizations are made on the wafer (Figure 2.5, later). Conversely,
the 4 nm ALD-deposited Al2 O3 tunneling dielectric of the glass device can be made
last on the wafer, as ALD is a relatively low-temperature process.
(a)

Thermal oxide
Si substrate

(b)

Photoresist pattern

(c)
Oxide etching

(d)

Photoresist removal

(e)

2nd oxidation

Figure 2.2: Growth and patterning of the 380 nm ﬁeld oxide and 4 nm tunneling oxide in a
silicon HECL device.
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2.2.2

Chemical vapor deposition and atomic layer deposition

Chemical vapor deposition [3, pp. 326–350], CVD for short, uses a gas phase reaction
to deposit material on the substrate surface, e.g.:
SiH4 (g) + 2 N2 O (g) → SiO2 (s) + 2 H2 (g) + 2 N2 (g)
Ideally the reaction is surface activated, so nucleation does not occur in the gas
phase, only on the surface. The most common deposited materials and their reactants are silicon dioxide (SiH4 + N2 O or SiH2 Cl2 + O2 ), silicon nitride (SiH4 + NH3
or SiH2 Cl2 + NH3 ) and amorphous or polycrystalline silicon (SiH4 or SiH2 Cl2 alone).
CVD can be either thermally activated (low pressure CVD, LPCVD or atmospheric
pressure CVD, APCVD) or plasma activated (plasma enhanced CVD, PECVD).
The former is done at high enough temperature (250–500◦C for tungsten CVD,
∼400◦ C for low-temperature oxide, 650–800◦C for silicon nitride [27, pp. 555]) to
cause the gases to react, while the latter uses a plasma to activate the reactant
species, enabling deposition at a considerably lower temperature (300◦ C or even below). Lower deposition temperatures lead to lower quality ﬁlms, containing reaction
byproducts (mainly hydrogen) and dangling bonds, and having non-stoichiometric
ﬁlm composition. All these factors lead to greatly increased etch rates and degraded
electrical properties. [27, pp. 527–530]
In Publication VI, the gas sensor’s microhotplate membrane is composed of silicon
nitride deposited by LPCVD, over a thermal oxide ﬁlm. The oxide and nitride ﬁlms
also serve as etch masks in the ﬁnal silicon bulk etching step. The intermetal dielectric layer, on the other hand, is deposited by PECVD over the already metallized
wafer. Both LPCVD and PECVD deposited ﬁlms have been tested as tunneling
dielectrics in HECL devices as well (Publications III and IV).
A special class of CVD is atomic layer deposition, ALD [28–30]. As in ordinary
CVD, the deposition reaction occurs between two gaseous species at the substrate
surface, but in ALD the two precursors are not introduced simultaneously into the
reactor. Rather, they are introduced as pulses, one at a time, each followed by a
purging pulse of inert gas. In a suitable temperature range, called the ALD window ,
a single monolayer of reactant is adsorbed on the substrate surface during each
precursor pulse. The deposition reaction occurs between these adsorbed monolayers,
and is therefore self-limiting—the precursor pulse lengths do not determine the
deposition rate. The thickness of the deposited ﬁlm can thus be controlled with
monolayer precision by changing the number of deposition cycles.† For this reason it
is an excellent method for producing ultrathin tunneling dielectrics. ALD-deposited
aluminum oxide has been extensively used in HECL devices (Publications III, IV
and V), and it can be deposited from TMA and water precursors at temperatures
†
Ideally, each precursor pulse should deposit a single monolayer of atoms. In practice, eﬀects
such as the steric hindrance of attached chemical groups in the precursor molecules lead to less
than a monolayer of deposited atoms per monolayer of adsorbed precursor molecules. The coverage
of these sub-monolayers is, however, highly repeatable.
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low enough to be compatible with glass and even plastic substrates [31]. A wide
variety of materials can be deposited by ALD [30], and it is easy to make layered
structures simply by alternating between diﬀerent precursors. This versatility was a
primary incentive for using ALD to deposit the tin dioxide sensing layer in the gas
sensor device as well (Publication VI).
2.2.3

Physical vapor deposition

Unlike chemical vapor deposition, where a chemical reaction forms the deposited
ﬁlm, physical vapor deposition (PVD) relies purely on physical phenomena. The
main PVD methods are evaporation and sputtering [3, pp. 295–321], and they are
(especially the latter) the most common methods of metal ﬁlm deposition. CVD
and ALD processes do exist for e.g. tungsten deposition, but they are mainly used in
special applications such as via ﬁlling [3, pp. 347–350] or X-ray Bragg mirrors [32].
In evaporation, metal is heated either on a resistively heated ﬁlament, or locally
by an electron beam, until material begins to evaporate or sublimate. In the evaporator’s high vacuum, the atoms travel along straight paths until they encounter
chamber walls or the substrate surface, where they condense to form a thin ﬁlm.
Due to the line-of-sight nature of evaporation and the relatively small size of the
evaporation source, it is especially useful when non-conformal ﬁlms are desired over
topography, e.g. for a lift-oﬀ process (see Section 2.4). To maintain true line-ofsight deposition, the mean free path of evaporated atoms must be greater than the
source to substrate distance, typically some 20–30 cm. This requires high vacuum
conditions of less than ∼0.1 mTorr (∼0.01 Pa) pressure. [33, pp. A 1.0:1]
In the sputtering process, an argon plasma is generated between the substrate and
a target made of the desired material, at a pressure of ∼1–10 mTorr (∼0.1–1 Pa).
Argon ions bombard the target surface, causing ejection of atoms or atom clusters,
which condense on the substrate surface.† [33, pp. A 3.0:1] In reactive sputtering,
a reactive gas such as nitrogen or oxygen is introduced into the process chamber,
to produce nitride or oxide ﬁlms of the sputtered metal. The plasma thus not only
sputters the metal, but also activates the gaseous reactive species [27, pp. 547]. Since
the sputtering target is rather large and close to the substrate, the spatial angle it
occupies is large, and sputtering is therefore much more conformal than evaporation.
If sputtered ﬁlms are to be patterned by lift-oﬀ, some eﬀort may be made to tailor
the sidewall proﬁle of the photoresist mask to help create discontinuities in the ﬁlm,
as detailed in Section 2.4.
All the metallizations in the HECL devices (platinum counter electrodes, as well as
aluminum working electrodes in the glass devices) and gas sensors (tungsten heater
resistors and gold sensing electrodes) were made by sputtering. To improve adhesion
†
Actually, sputtering refers to the ejection of material by ion bombardment, and is therefore
technically an etching process, where the sputter target is etched—condensation of the sputtered
material elsewhere is merely a side-eﬀect. Common use of the word, however, takes the substrate’s
point of view, and regards sputtering as a deposition process.
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of gold and platinum to the substrate, adhesion-promoting layers of chromium or
titanium, only about 10 nm thick, were used under these metals. This is common
practice, and is conveniently done in a multi-target sputtering system without breaking the vacuum between depositions. In the gas sensor process, reactive sputtering
was employed to create protective layers of tungsten nitride above and below the
heater resistor tungsten metallizations. In one process variation, the SnO2 sensing
layer was also deposited by reactive sputtering instead of ALD.

2.2.4

Other methods

Liquid phase deposition (LPD) is a chemical process for depositing silicon dioxide out
of liquid phase near room temperature. In an aqueous solution of hexaﬂuorosilicic
acid H2 SiF6 saturated with silica, an equilibrium exists:
H2 SiF6 (aq) + 2 H2 O (l)  SiO2 (s) + 6 HF (aq)

When HF is removed from solution by addition of a HF scavenger e.g. boric acid
H3 BO3 or aluminum, the equilibrium shifts to the right according to Le Châtelier’s
principle, and silicon dioxide is deposited on the immersed substrate [34–36]. This
method was brieﬂy tested for application as a HECL tunneling dielectric, but its
performance was not satisfactory.
An alternative room-temperature process that has been extensively used to grow
HECL tunneling dielectrics [37–39] is anodization of aluminum, an electrochemical
method which allows the thickness of the alumina ﬁlm to be controlled through the
anodization voltage [40]. Silicon can be anodized by a similar process to reproducibly
produce thin ﬁlms in the range of approximately 1–10 nm in dilute solutions of
NH3 [41] or HCl [42].
One low-temperature process of growing high-quality silicon dioxide ﬁlms is plasma
oxidation or plasma anodization, which enables oxidation at low temperatures by
ionizing the oxidizing species to enhance their reactivity, as well as using an electric
ﬁeld to accelerate them towards the substrate surface. Since the oxide is grown
out of the silicon itself, rather than deposited from impure reactants, its quality is
comparable to that of thermal oxide. The process temperature, however, is much
lower, below 600◦ C [43, 44] or even room temperature [45].
Thick ﬁlms e.g. for semiconductor gas sensors [46] or solar cell metallization [47]
can be deposited as pastes followed by annealing to produce the solid ﬁlm. If screen
printing or drop deposition is used, a separate patterning step can be avoided. The
pastes themselves are typically suspensions of nanoparticles produced by methods
such as milling [48], sol-gel [49] or spray pyrolysis [50].
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2.3

Photolithography

Direct writing of micrometer scale patterns on large-area substrates is extremely
slow, therefore patterns are usually written only onto photomasks, also called masks
for short. These photomasks are transparent plates of quartz or soda-lime glass
with opaque patterns, typically of chromium metal. High-quality photomasks with
micrometer resolution cost upwards of several hundred euros each,† but once a photomask has been made, the pattern can be quickly copied by optical methods onto
substrates coated with a photoactive polymer material called photoresist, or resist
for short. The process is called photolithography, or lithography. In essence, the
method is as follows:
Photoresist is dispensed onto the substrate in liquid form.
The resist is spread evenly over the substrate by spinning at high speed,
typically around 4 000 rpm for 30 seconds, creating a ﬁlm of around 1 m
thickness.‡
The resist is baked to remove the solvent from the ﬁlm, typically at around
90◦ C for 20 minutes in an oven, or 1 minute on a hotplate, for normal positive
resists.
The photoresist ﬁlm is exposed to UV light through the photomask (Figure 2.3, top). The exposed areas undergo a photochemical reaction, whereas
areas under the dark patterns remain unchanged. Exposure time is typically
a few seconds, depending on the light intensity.
The exposed substrate is immersed in a developer solution, which dissolves
the photoresist either from the exposed areas (positive resist, Figure 2.3, left)
or unexposed areas (negative resist, Figure 2.3, right). Typical development
times are on the order of a few minutes at most.
The above steps are common to all photolithographic processes, but depending on
the photoresist chemistry and individual process requirements, additional steps may
be required. Some negative resists e.g. SU-8 require another bake after exposure. It
is common practice to begin by priming the wafer surface with an adhesion promoting material such as hexamethyldisilazane (HMDS), and to end with an additional
higher-temperature bake in order to harden the photoresist by removing any remaining solvents and to enhance cross-linking of the polymer [3, pp. 191–194]. A
chlorobenzene treatment can be applied before exposure or development to change
the sidewall proﬁle of the resist for lift-oﬀ purposes [3, pp. 283–285]. Alternatively, a
reversal bake process [53,54] can be used to develop positive resists in negative tone,
†
For rapid prototyping and processes where linewidths and alignment tolerances are large,
plastic ﬁlm photomasks can be used instead. These are commonly used in PCB manufacturing,
achieve linewidths down to a few tens of micrometers, and cost only a few euros each. The HECL
devices have been processed exclusively with plastic photomasks.
‡
Resists used for patterning other ﬁlms are thin in order to maintain good resolution. Structural
resists such as SU-8 [51, 52], on the other hand, may be hundreds of micrometers thick.
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Figure 2.3: Photolithography using positive (left ) and negative (right ) photoresist.

which also creates a retrograde sidewall proﬁle suitable for lift-oﬀ. Special lift-oﬀ
resists such as the MicroChem LORTM [55] are also available to leave an overhang
at the edge of a resist pattern. An especially in-depth treatment of many aspects of
photolithography is presented in Integrated Circuit Fabrication Technology [56].
At this point the substrate contains a photoresist copy of the photomask’s original
pattern. This photoresist layer is very rarely left in the completed device, unless
resists such as SU-8 are used, which are designed as photopatternable structural
materials (e.g. the master molds for the HECL devices’ PDMS lids are made of
SU-8 on a silicon substrate). Instead, it is used as an intermediary to transfer the
pattern to the underlying thin ﬁlm, and is itself ﬁnally removed. Resist removal or
stripping is eﬀected by organic solvents and ultrasonic agitation, specialized caustic
resist removal agents, oxygen plasma ashing, wet oxidizing solutions (e.g. Piranha
cleaning, Section 2.5.1) or a combination of these.

2.4

Pattern transfer

As was stated previously, thin ﬁlms are mostly deposited over the entire substrate.
The pattern that is desired in a ﬁlm is transferred by photolithography from a
photomask into a photoresist layer. Next this layer is used to pattern the thin ﬁlm
itself.
If the thin ﬁlm is grown or deposited ﬁrst, and lithography is performed next, the
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photoresist on top of the thin ﬁlm can be used as an etch mask .† When the substrate
is immersed in a suitable etchant solution, the exposed areas of the ﬁlm are etched,
while the areas protected by the photoresist patterns are not, as demonstrated in
Figure 2.2 (page 29). This copies the photoresist pattern into the underlying ﬁlm,
maintaining the polarity of the image (i.e. ﬁlm patterns remain where the photoresist
pattern was).
This process of wet etching [3, pp. 259–264] is simple and a batch process, can exhibit excellent selectivity, but has some limitations. Firstly, wet etching is generally
isotropic, i.e. etching proceeds sideways underneath the edges of the photoresist pattern at approximately the same rate as it proceeds downward. The resulting lines in
the patterned ﬁlm will thus be narrower than the original photoresist pattern. The
thicker the ﬁlm to be patterned, the more pronounced this eﬀect is. Narrowing of
the patterns can sometimes be compensated for in the photomask design, but the
sidewall proﬁles of the produced pattern edges will always be sloped, which may or
may not be an issue, depending on the application.
Secondly, the photoresist must be able to withstand the etchant for the duration of
the etching process. Strongly oxidizing etch chemistries may damage the photoresist
before the ﬁlm is etched through, and especially positive photoresists cannot tolerate
strongly alkaline etchants. Some wet etchants may cause adhesion problems either
by attacking the photoresist/substrate interface at the pattern edges (as was seen
during etching of the SnO2 ﬁlm in the gas sensor devices), or by diﬀusing through
the photoresist (as unbuﬀered HF may do, which is why BHF is preferred for wet
etching of SiO2 ), causing delamination of the resist pattern in either case.
An alternative etching process, called dry etching, plasma etching or reactive ion
etching (RIE) [3, pp. 266–283], addresses the issues of linewidth control and sidewall
proﬁle. RF power is used to create a plasma in a low-pressure atmosphere of suitable
etchant gases. The combined eﬀect of chemical etching by reactive species in the
gas phase, and ion bombardment of the substrate surface in an electric ﬁeld, results
in strongly anisotropic etching, i.e. the etch rate downwards is much greater than
sideways. All forms of dry etching cannot, however, be performed as batch processes,
not all materials can be dry etched, and selectivities are often poor due to the
physical eﬀect of ion bombardment. The process may also impart much wear on the
photoresist pattern, resulting in gradual erosion and ultimately failure of the etch
mask.
A completely diﬀerent approach to patterning a deposited ﬁlm is lift-oﬀ [3, pp. 283–
285]. In this process, lithography is used to create a photoresist pattern ﬁrst, followed by deposition of the thin ﬁlm over the patterned photoresist. When the
†
A photoresist pattern, when used as an etch mask, is commonly called a photoresist mask,
or mask for short. Likewise e.g. a patterned oxide ﬁlm may be called an oxide mask, or simply
a mask , when used as an etch mask during bulk etching of silicon. Referring to a photomask
also as a mask leads to no end of confusion, especially when ordering plastic photomasks from
PCB manufacturers. In their terminology, mask means the photoresist coating on a circuit board,
whereas the photomask is called a ﬁlm.
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photoresist is removed, any deposited ﬁlm over the photoresist layer is removed
with it, and only the previously exposed areas of the substrate are left coated with
the deposited ﬁlm. This results in reversal of the image polarity: Film patterns
remain where there was an opening in the photoresist pattern.
One major limitation in lift-oﬀ is the deposition process temperature. Photoresists
begin to undergo various physical and chemical changes around 150◦ C, aﬀecting
linewidth, edge proﬁles, adhesion and ease of removal. Thus lift-oﬀ is typically
used only with physical deposition methods (although some ALD processes are low
enough in temperature to be compatible with photoresist). A second issue is ﬁlm
continuity at the photoresist pattern edges. A perfectly conformal ﬁlm over the
photoresist would prevent the photoresist from being removed. In practice, a reasonably thin ﬁlm has enough imperfections that solvent can access and dissolve the
underlying photoresist. However, unless the deposited ﬁlm is discontinuous at the
pattern edges, it may not be removed along with the photoresist. At the very least,
jagged edges may be left where the ﬁlm is torn apart by ultrasonic agitation, as
seen in the SEM image in Figure 2.4. (When used in electrodes, these may concentrate electric ﬁelds, and could be disastrous in a HECL working electrode. In the
counter electrode the edge quality has little eﬀect.) To alleviate this problem, steps
may be taken to tailor the sidewall proﬁle of the photoresist pattern, as discussed
in Section 2.3, to create an overhang structure that cannot be perfectly coated by
the deposition process. Alternatively, sacriﬁcial ﬁlms may be employed as described
below.

Figure 2.4: A SEM image of jagged edges in a sputtered platinum ﬁlm patterned by lift-oﬀ.
Standard positive photoresist was used without any overhang in the sidewalls.

Both etching and lift-oﬀ are used in the fabrication of the HECL devices. Lift-oﬀ
is preferred when patterning platinum ﬁlms due to the diﬃculty of etching them.
Figure 2.5 shows both etching and lift-oﬀ, with and without a sacriﬁcial aluminum
ﬁlm. Figure 2.5, left shows the silicon device from Figure 2.2 with its ﬁeld and
tunneling oxides already patterned (a), with a photoresist mask (b), a sputtered
platinum ﬁlm (c), and the platinum patterns left behind after lift-oﬀ (d). Arrows
point to where the platinum ﬁlm should ideally be discontinuous. Figure 2.5, right
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shows an aluminized glass substrate with a photoresist pattern (a), which is used
to pattern the aluminum ﬁlm by etching (b). The ﬁlm is intentionally overetched
to leave the photoresist edge hanging over empty space, and the photoresist is not
removed at this stage. When platinum is sputtered on this structure (c), discontinuities in the platinum ﬁlm are created where indicated by arrows, facilitating easy
lift-oﬀ with clean metal pattern edges (d). The same method could be implemented
in the silicon device as well, followed by removal of all sacriﬁcial aluminum from the
wafer by etching with phosphoric acid. This would, however, add extra deposition
and etching steps to the fabrication process. On the other hand, in the glass device,
the same aluminum ﬁlm serves a dual purpose, as it is further patterned by lithography and etching, to produce the working electrodes (e). The alumina tunneling
dielectric is subsequently deposited by ALD and also patterned by lithography and
wet etching (f).†
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Figure 2.5: Film patterning by etching and lift-oﬀ in the fabrication processes of silicon (left )
and glass (right ) HECL components. Arrows indicate where discontinuities in the sputtered ﬁlm
are desired for the lift-oﬀ process.

Similar to lift-oﬀ, shadow mask technique also enables deposition directly in the
desired locations on the substrate. A shadow mask, e.g. a thin sheet of steel, contains holes corresponding to the desired patterns. It is placed in close proximity of
the substrate, and metal is then deposited by sputtering or evaporation. Metal is
deposited on the substrate only where holes exist in the shadow mask, elsewhere
the substrate is shielded by the mask. Resolution is worse than by lift-oﬀ, due to
†
Since the Al2 O3 ﬁlm is only nanometers thick, the alkaline photoresist developer solution has
a suﬃcient etch rate to be used as the etchant. Essentially, the photoresist is overdeveloped for a
while, and then immediately removed, without a distinct etching step in between.
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the greater thickness and separation of the shadow mask. If this is not an issue,
however, the expensive and time-consuming photolithography step can be avoided
entirely.

2.5
2.5.1

Other fabrication processes
Cleaning

Cleaning is a necessary step before any high-temperature process such as thermal
oxidation or LPCVD, where diﬀusion of contaminants could degrade device performance. The cleaning step is usually performed immediately prior. A widely adopted
cleaning process is the RCA-clean [57; 58, pp. 120], consisting of an SC-1 step
(10 minutes in 5:1:1 H2 O : NH4 OH : H2 O2 at 80◦C)† to remove organic contaminants
and to complex some metals, an SC-2 step (15 minutes in 5:1:1 H2 O : HCl : H2 O2 at
80◦ C) to remove heavy metals, and a 10–30 second dip in ∼50:1 H2 O : HF to remove
the chemical oxide formed in the cleaning solutions, with a DI-water rinse after each
step. It is also common practice to begin any fabrication process with an RCA or
similar cleaning step to prepare the wafer surface into a known state, since storage
of even a few months can deposit a signiﬁcant amount of organic contamination on
the wafer surface, as discussed in Section 3.2. However, once a wafer has passed
initial oxidation and LPCVD steps and is metallized, such aggressive cleaning can
no longer be used.
If a photoresist mask is used in extremely energetic processes such as ion implantation or some RIE processes, the edges of photoresist patterns may become carbonized
and adhere strongly to the wafer surface. Highly oxidizing cleaning solutions such as
Piranha cleaning (concentrated H2 SO4 + H2 O2 at 120◦ C) [58, pp. 121] can be used
to burn away the organic residues in liquid phase. Like RCA, Piranha also cannot
be used if e.g. aluminum metallization is to survive the process.
Wafer cleaning technology has evolved along with other fabrication technologies,
tending towards more diluted cleaning solutions, use of additives in one cleaning solution to enable omission of another solution entirely [59, pp. 441], use of ozonated
water and, increasingly, various dry cleaning (non-aqueous) chemistries [59, pp. 445–
447; 60]. Especially MEMS devices with high aspect ratios and supported structures
can be damaged by the high surface tension of water, and such methods as supercritical CO2 cleaning [61] and HF vapor etching [62] may be preferred.
2.5.2

Bulk etching

Whereas microelectronic fabrication is mainly done on the silicon wafer surface,
MEMS and a variety of other applications use silicon as a mechanical material.
†
Chemicals used in the semiconductor industry have standardized concentrations, and are
commonly speciﬁed by their volumes only. The concentrations are: NH4 OH: 28%, HCl: 37%,
H2 O2 : 30%, HF: 50%, H2 SO4 : 95–97% and HNO3 : 69% by weight.
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This creates a need to fabricate three-dimensional structures in the bulk of the
wafer, i.e. to dig deeper than the surface.
Plasma etching processes have been developed to increase their etch rate and anisotropy. Two main variants of deep RIE (DRIE) are the Bosch process and cryogenic
ICP RIE [63–65]. They are both usable for etching all the way through a wafer
with very high aspect ratio and considerable selectivity towards certain masking
materials.
A much simpler way of attaining striking etch proﬁles and atomic-scale smoothness
is alkaline etching of crystalline silicon in aqueous solutions of either TMAH or
KOH [66, 67]. They both have high selectivity towards silicon dioxide and silicon
nitride, which can be used as masking materials, and they are also selective between
the various crystal planes in crystalline silicon. In a prolonged etch process, the (111)
crystal planes limit etching. In the common wafer orientations this means inverted
pyramid shapes or v-proﬁle grooves in (100) silicon, vertical-walled trenches with
sloped ends in (110) silicon, and no vertical etching in (111) silicon. The latter
will, however, etch laterally if trenches are ﬁrst made by other methods e.g. plasma
etching. Both KOH and TMAH etch rates are also dependent on the doping level
of the silicon substrate: Heavily boron-doped silicon etches signiﬁcantly slower than
lightly doped material. [67]
KOH etching was utilized in the release of the microhotplate membrane of the gas
sensor devices (although Bosch or cryogenic ICP RIE could also have been used,
since thermal oxide works well as an etch-stop layer). For this purpose, the backside
of the wafer was lithographically patterned, and holes were etched through the
nitride and oxide. Figure 2.6, left shows the bulk etch process in cross-section.
Since a (100) substrate is used, the sidewalls have a 54.7◦ angle to the plane of the
wafer.
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Figure 2.6: Three processes for releasing a microhotplate by alkaline etching: single-step etching
(left ), two-step timed etching (middle) and boron etch-stop (right ).
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Some MHP devices were also made with a silicon island in the middle of the membrane, as shown in Figure 2.6, middle. The method is similar to that presented
by Briand et al. [68], albeit without optimization of the etchant composition. Initially, two lithographic and etching steps are used to produce the SiO2 and Si3 N4
mask (a), and a square ring is etched into the silicon (b). This step is nearly selflimiting (except for undercutting of the oxide square at its corners). The oxide
square is removed with BHF (c), followed by a second bulk etching step (d). This
step is highly critical, and etching must be stopped after the front surface oxide ﬁlm
is reached, but before the island is etched away.
This method was simple to implement, as the structure already contained both
Si3 N4 and SiO2 ﬁlms suitable for two-level masking, but a more controllable method
utilizing boron etch-stop as shown in Figure 2.6, right would have been preferable.
That would entail an extra oxidation step at the beginning of the fabrication process,
patterning that oxide to form a doping mask, spin-coating a boron-containing spinon-glass (SOG) and thermal drive-in of boron from the SOG into the silicon (a),
and ﬁnally removal of the SOG and mask oxide by wet etching. From there, the
fabrication process remains unchanged, but each device contains a highly borondoped p++ area under the sensor (b). Finally, bulk etching is done in a single step
through the entire wafer. The etchant is selective towards the highly p++ doped
silicon, and that region remains after etching (c).
During alkaline etching of the wafer backside, the front surface of the wafer must
be protected from the etchant, which can be accomplished with a suitable ﬁlm e.g.
PECVD-deposited silicon nitride. Lately, however, more convenient polymeric spinon protective coatings have become available (ProTEK by Brewer Science) [69,70],
which can subsequently be removed simply by dissolution into acetone. Newest
versions of these materials are also photopatternable [71]. Alternatively, the wafer
may be clamped in a special sealed holder which exposes only one surface to the
etchant.

2.5.3

Molding

Not all microfabricated components begin as a solid substrate. It is also possible
to cast a polymer mixture onto a mold (fabricated e.g. on a silicon wafer) and
release the cured polymer to form a three-dimensional structure containing e.g.
ﬂuidic microchannels. There is no intrinsic limit to the minimum feature size that
can be replicated with this method, as long as the master mold can be made to the
required speciﬁcations, and release of the replica can be eﬀected without damage.
In this work, capillary-ﬁlling chambers for the HECL devices were fabricated in
polydimethylsiloxane (PDMS) elastomer by this method.
The master was made of SU-8 photopatternable epoxy by standard lithographic
techniques on a silicon substrate. In principle, any substrate could be used, but
SU-8 has good adhesion to silicon, and the wafer surface is certainly smooth enough
to create a good, planar surface on the PDMS, suitable for bonding (Section 2.5.4).
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Negative resists like SU-8 naturally have a retrograde sidewall proﬁle, which is not
desirable for releasing a cast replica, but the elasticity of PDMS makes release possible nevertheless. To ease peeling of the replica, a layer of anti-sticking ﬂuoropolymer,
with surface properties similar to Teﬂon † , was deposited from a CHF3 plasma onto
the master mold.‡
PDMS is supplied as a viscous liquid prepolymer base and a separate curing agent,
which are mixed together to initiate polymerization. The reaction takes several
hours, so there is plenty of time to mix the two thoroughly, pour the mixture over
the mold, and outgas the mixture in vacuum. Outgassing is required to remove
dissolved gases and bubbles formed during mixing, in order to ensure accurate reproduction of the mold’s features, and to make the PDMS chip optically transparent.
Approximately 30 minutes in a vacuum desiccator is suﬃcient to remove bubbles
from a thin layer of liquid PDMS, after which it is cured at 50◦ C for two hours. The
resulting PDMS slab can be peeled from the mold by hand, and manually cut into
individual chips for bonding to the HECL devices.

2.5.4

Bonding

Especially when ﬂow channels, ﬂuid chambers and other cavities are needed in microfabricated devices, it is common to craft trenches in one substrate and bond it to
another, thus creating the enclosed structure. In this work, capillary-ﬁlling ﬂuidic
chambers for the HECL chips were molded in PDMS and bonded to the silicon
electrode chips.
The surface of PDMS has a great aﬃnity to bond with other surfaces by van der
Waals forces, and the material is elastic enough to accommodate substantial imperfections in either surface, and yet create a good seal. In some applications it
is advantageous to be able to de-bond the PDMS from the other chip, and even
re-bond them multiple times. In other cases a permanent bond is desired, especially since liquids can work their way into a non-permanent interface and cause
unwanted de-bonding at inopportune times. A permanent bond can be created by
treating the PDMS surface with oxygen plasma, and immediately bonding it with
the silicon substrate. The plasma treatment is believed to form silanol groups on
the PDMS surface. Within hours of being placed in contact, these react with corresponding groups on the other substrate, e.g. oxide or glass, forming permanent
chemical bonds [72]:

†

Teﬂon is a registered trademark of E. I. DuPont de Nemours and Company.
The deposition was performed in a RIE reactor, commonly used for etching. By suitable
selection of process gases, the RIE can be used for deposition as well. RIE and PECVD reactors
in general tend to be very similar, diﬀering mainly in process temperature and choice of gases.
‡
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The bond is strong enough that the PDMS will often tear apart in its bulk rather
than peel oﬀ at the interface [72–74]. This treatment also makes the PDMS surface
hydrophilic, which is advantageous in microﬂuidic systems. That modiﬁcation is,
however, not permanent, and the surface will revert to its naturally hydrophobic
state within hours or days, presumably due to diﬀusion of low-molecular weight
oligomers from the bulk to the surface [75, 76]. The stability of the hydrophilic surface is aﬀected by plasma or UV treatment [77], aging of the PDMS [76] and the
nature of the storage medium [78, 79].
Glass can also be bonded to silicon, by anodic bonding. When pressure and a
high voltage are applied across a glass/silicon stack at a temperature of 300–500◦C,
sodium ions in the glass diﬀuse away from the glass/silicon interface, creating a
large electric ﬁeld across the interface and forming a permanent chemical bond.
This method, however, is highly unforgiving of any particle contamination on the
surfaces to be bonded, and voids will be created surrounding any imperfections. [8]
There also exist a multitude of adhesive bonding methods [80], ranging from simple glue-type methods using e.g. PDMS as the adhesive [81] to UV photoinitiated
adhesive bonding [82].

2.5.5

Dicing

Most fabrication processes are done on the wafer scale, which keeps the processing
cost per individual device (of which there may be thousands on a wafer) low. At the
very end of the process the wafers must ﬁnally be cut into individual chips, which
are then packaged according to application. The wafers are ﬁrst mounted from their
backside onto an adhesive tape, after which the wafer is cut with a dicing saw, using
diamond-impregnated blades of 20–250 m thickness, depending on the substrate
material. The blade cuts through the substrate and partly into the tape surface,
leaving the chips separated from each other, but still attached to the tape, from
which they can be plucked mechanically one by one. [83]
Since lots of dust is created during the cutting process, the surfaces of sensitive
devices must ﬁrst be protected with e.g. photoresist. A jet of water is used to cool
the blade during cutting, and also to remove the dust that is formed, but this jet
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may also damage sensitive membrane devices. To protect the gas sensor’s membrane,
the relatively thick etch-protective ProTEK layer was left in place during cutting.
Whatever material is used for protection, it must generally be removed afterwards,
which must now be done for each chip individually, increasing the process time and
tedium.
The coolant water, and dust along with it, may also enter any ﬂuidic channels in
the devices being diced. Removal of these contaminants from the enclosed channels
may be diﬃcult or impossible. The PDMS ﬂuidic HECL devices, therefore, were
ﬁrst diced and then bonded at the chip level.

2.6

Thin ﬁlm characterization

In many applications, the thickness of thin ﬁlms is critical for the proper function
of the completed device. Measurement of ﬁlm thickness and properties is therefore important during process development, and monitoring of existing processes is
necessary to indicate any random deviations or process anomalies.

2.6.1

Physical methods

In a sense, the most direct methods of ﬁlm thickness measurement are stylus proﬁlometry and atomic force microscopy (AFM). They represent the small group of
methods which measure physical thickness only, without being aﬀected by material
properties of the ﬁlm.
In stylus proﬁlometry [21, pp. 160], a step is patterned in the ﬁlm, and its height is
measured by monitoring the vertical deﬂection of a sharp stylus scanned over that
step. In addition to ﬁlm thickness, lateral dimensions can also be measured, e.g. to
determine the ﬁnal linewidth of a metal pattern made by isotropic wet etching.
To accurately measure the thickness of a ﬁlm by proﬁlometry, a well deﬁned step
must be patterned in the ﬁlm. In many cases this is easy to do, and is in fact
done several times as part of the normal fabrication process, making proﬁlometry a
convenient and rapid analysis method. The ﬁlm thicknesses of the heater resistors
and sensing electrodes of the gas sensor, for example, are easily measured by proﬁlometry after patterning. But especially in the case of ultrathin ﬁlms, the patterning
process may pose several challenges. Extreme cleanliness is, of course, required in
the process, as well as ultimate selectivity between ﬁlm and substrate in the etch
process, and ﬁnally complete removal of the mask material. Any contamination,
overetching or mask residues may easily produce errors greater than the ﬁlm thickness itself. Even disregarding these potential problems, nearly atomic smoothness
of the substrate is required to distinguish the step from background noise. While
high-quality silicon wafers do oﬀer the required surface smoothness, deposited ﬁlms
e.g. sputtered metals rarely do [84]. Finally, when the ﬁlm to be measured is only a
few atomic layers thick, the formation of a native oxide on the surrounding substrate
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immediately after etching may cause a signiﬁcant error in step height measurement.
Some materials e.g. aluminum oxidize immediately in contact with air, and trying
to avoid formation of a native oxide would be impractical if not impossible.
AFM is in principle the same as stylus proﬁlometry, but it is extremely sensitive,
and commonly scanned in two dimensions, thus used more as a surface imaging
method than a thickness measurement method [21, pp. 176–181; 85, pp. 713–715].
It was used e.g. for the detection and measurement of ﬁlm grains in the gas sensitive
ﬁlm in Publication VI, and the investigation of ﬁlm nucleation in the early stages
of ALD on a HECL device in Publication IV.
2.6.2

Optical methods

Ellipsometry is an optical method for determining the thickness and refractive index
of transparent ﬁlms. Being a rapid non-contact method, it is especially suited for
routine monitoring, and it is also readily adapted to exotic research applications
such as in situ monitoring inside a reactor. It is well suited for the measurement
of ﬁlms in the typical sub-micrometer thickness range, and also sensitive enough
for measuring ultimately thin ﬁlms of only a few nanometers thickness with subnanometer resolution. Thus ellipsometry has been used extensively throughout this
work, and is discussed in greater detail in Section 3.1.
Another common optical method is reﬂectometry. It is based on measurement of
the spectrum of light reﬂected oﬀ the substrate [27, pp. 300; 85, pp. 603–609]. Interference within the ﬁlm causes certain wavelengths to be enhanced and others to be
quenched. The reﬂected intensity of a single wavelength varies periodically with ﬁlm
thickness, and by ﬁtting the intensities of multiple wavelengths to a mathematical
model of the ﬁlm, a unique solution can be found. Reﬂectometry can be performed
via a microscope, thus requiring only a very small surface area for measurement.
However, only ﬁlms thick enough to show interference colors can be measured, upwards from ∼25 nm or so. With practice, quite reliable reﬂectometric thickness
measurements can even be performed with the naked eye. Tables of ﬁlm color under
ﬂuorescent lighting vs. thickness have been compiled for the most common ﬁlms e.g.
silicon dioxide and nitride [3, pp. 78; 85, pp. 608–609; 86, pp. 8.15–8.19].
2.6.3

Electrical methods

The resistivity of a thin conductive ﬁlm, which often diﬀers from the material’s bulk
resistivity, is typically measured measured using four-wire resistance measurement,
also known as Kelvin resistance measurement [85, pp. 3].† This method eliminates
the parasitic resistance of wires and connectors, as well as the contact resistance
between the probe and ﬁlm. From the resistance value, material resistivity can be
calculated when the ﬁlm thickness and the test structure’s dimensions are known.
†
Not to be confused with Kelvin probe, a method for measuring the work function or surface
potential of materials.
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Several standard test structures exist for this measurement [85, pp. 16–17, 620–622].
Double connections to the temperature sensing resistors in the gas sensor devices
were made to enable this type of measurement.
The sheet resistance of a ﬁlm can also be measured from an unpatterned ﬁlm using
a four-point probe [85, pp. 2–21]. Four equally spaced probe needles are pressed
against the wafer surface, and voltage between the inner pair is measured as current
is fed between the outer pair. The sheet resistance of an inﬁnitely thin ﬁlm on an
inﬁnitely large substrate is calculated as
 
V
π
Rs =
≈ 4.53 R
ln 2 I
and the formula works reasonably well also for smaller insulating substrates with
conductive ﬁlms, if measured well away from the substrate’s edge. The ﬁlm’s resistivity is obtained by multiplying Rs with the known ﬁlm thickness.
Electrical properties of semiconductor and dielectric ﬁlms can be probed by currentvoltage (I-V) and capacitance-voltage (C-V) methods [27, pp. 301–312; 85, pp. 62–
86]. By patterning metal or polysilicon electrodes on top of the dielectric, capacitor
structures are formed, which can be used to determine the dielectric constant of
a ﬁlm of known thickness. Dielectric leakage current and breakdown voltage can
also be measured with these structures. Figure 2.7 shows examples of leakage and
breakdown measurements and statistical measurements of breakdown in LPD oxides
by the author [36].
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Figure 2.7: Leakage current in a 500×500 m capacitor (left ) and statistical breakdown voltage measurements of 100×100 m and 500×500 m capacitors (right ) with a 72 nm thick oxide
deposited by LPD. [36]

While breakdown voltage is a good metric of oxide quality, an alternative, closely
related measurement is time-dependent dielectric breakdown, TDDB. The dielectric
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is placed under a voltage stress below the breakdown voltage, causing current to
be injected through the dielectric via various tunneling processes. Over time, the
dielectric is damaged by this tunneling current, and breakdown ﬁnally occurs. The
voltage can also be controlled to inject a constant current through the dielectric.
When this current is measured and integrated over time from start to breakdown,
a charge-to-breakdown value QBD is obtained. By repeating the measurement for
multiple capacitor structures, statistical data of QBD can be accumulated, providing
information not only on the intrinsic properties of the dielectric, but the distribution
of extrinsic defects as well. [3, pp. 79–80; 85, pp. 394–401; 87]
2.6.4

Other methods

Film thickness is often monitored in situ during deposition e.g. in evaporators. A
common method is to observe the change in resonance frequency of a quartz crystal
microbalance (QCM) as mass accumulates on its surface during deposition [88]. A
QCM can be used to monitor liquid phase deposition [88, 89] as well as deposition
in a vacuum. QCMs have also been much used in biosensors, using either DNA
hybridization or antibodies to detect the antigen by the associated mass increase as
it binds onto the QCM’s surface [88, 90, 91].
Thicker ﬁlms are easily measured with reasonable precision by electron microscopy.
This is especially useful if the sample is not suited for optical methods or stylus proﬁlometry, e.g. in the case of a suspended membrane. Lateral dimensions of etched
structures are measured as easily as ﬁlm thicknesses from cross-sectional samples.
Scanning electron microscopy (SEM) is the method of choice due to minimal sample preparation [21, pp. 58–63; 85, pp. 651–659], however the resolution of the
instrument will limit thickness measurements to a minimum of tens or hundreds of
nanometers. To measure ultrathin ﬁlms or to observe the substrate/ﬁlm interface
with atomic resolution, transmission electron microscopy (TEM) or cross-sectional
TEM (XTEM) is commonly used [21, pp. 46–59; 85, pp. 672–677]. The main shortcoming of TEM, however, is the extensive and tedious sample preparation required
to make a suitably thin slice for TEM imaging.
X-ray reﬂectivity (XRR) is an analysis tool that provides thickness, density and
roughness information of thin ﬁlms and multi-ﬁlm structures [92, 93]. A sample is
illuminated by monochromatic X-rays at a narrow incidence angle, which is changed
and the reﬂectivity of the sample is recorded at multiple angles. The obtained data
is then analyzed by a variety of mathematical models. XRR is widely used especially
in ALD research [29, 94–96].
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3

Ultrathin ﬁlms

While anything up to hundreds of micrometers thickness may be referred to as “thin
ﬁlms”, the term gets an entirely new meaning when closing in on the lower physical
limits of ﬁlm thickness. When the ﬁlm thickness approaches atomic dimensions, a
new set of problems must be considered in both fabrication and characterization,
since a single adsorbed monolayer of atmospheric contamination may constitute a
signiﬁcant fraction of the total ﬁlm thickness. This inﬂuences the fabrication and
use of such ultrathin ﬁlms, and poses unusual requirements for metrology. For the
HECL application (Section 4), approximately 4 nm dielectric ﬁlm thicknesses are
needed. That is only about 40 atomic layers, which is precisely in this ultrathin
regime.

3.1

Ellipsometry and the measurement of ultrathin ﬁlms

Ellipsometry is a very old method, born in the late 1800’s following an observation of
anomalous polarization of light reﬂecting oﬀ a surface close to the Brewster angle.
In some cases, instead of being completely linearly polarized, the reﬂected beam
showed a signiﬁcant degree of ellipticity in its polarization, i.e. a superposition of two
perpendicularly polarized components with a non-zero phase angle between them.
The reason for this behavior was attributed by Drude [97, 98] and Rayleigh [99] to
the presence of thin ﬁlms on the reﬂective surfaces. Drude subsequently developed a
relation between the material properties of the substrate and ﬁlm, and the observed
parameters in an ellipsometric measurement: the azimuth Ψ (the total reﬂection
coeﬃcients are diﬀerent for light polarized in the p and s planes, see Figure 3.3;
tan Ψ is the ratio between those coeﬃcients) and phase diﬀerence Δ (the change in
the phase angle between p and s components upon reﬂection). In its full form, this
relation is the complex equation
iΔ

tan Ψ e

p −ix
s −ix
(rfp + rm
e )(1 + rfs rm
e )
=
p p −ix
s e−ix )
(1 + rf rm e )(rfs + rm

where r p and r s are the various Fresnel coeﬃcients for reﬂection at the ﬁlm (subscript
f ) and substrate (subscript m, for “metal”) surfaces, and x = 4nπ cos φ λl where l
and n are the ﬁlm’s thickness and refractive index, φ is the angle of incidence, and
λ the wavelength. For extremely thin ﬁlms, where l  λ, the simpliﬁed equations


1 l

Δ − Δ = −A 1 − 2
(3.1)
n λ


1 l
2Ψ − 2Ψ = B (1 − C) 1 − 2
(3.2)
n
λ
are obtained, where A and B depend on the substrate’s properties and the angle
of incidence, and C = n2 cos φ. Δ and Ψ are the values of Δ and Ψ measured

and
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with the same substrate but without the ﬁlm. Equations 3.1 and 3.2 became known
as the Drude equations, which, although valid for very thin ﬁlms only, were the
only practical way to approach the ellipsometry problem at the time. Following the
development of digital computers, solving the exact Drude equation by numerical
methods became practical, and ellipsometry became applicable to thicker ﬁlms as
well. [100]
The measured parameters Ψ and Δ are angles which vary periodically with ﬁlm
thickness in the range Ψ = 0 . . . 90◦ and Δ = 0 . . . 360◦ . The ﬁlm thickness calculated
from measured values of Ψ,Δ is therefore not unique, as the same Ψ,Δ values are
repeated after every period d:
d=

λ

2 n2 − sin2 φ

(3.3)

This period is on the order of hundreds of nanometers, e.g. for silicon dioxide it is
281.5 nm when a helium-neon laser (λ = 632.8 nm) is used at the typical incidence
angle φ = 70◦ . Therefore in most cases the correct period can be assumed based on
the ﬁlm deposition process. If a unique thickness is required for a completely unknown ﬁlm, the measurement can be performed at multiple wavelengths or incidence
angles. [102]
The periodicity of the ellipsometric parameters can best be illustrated by calculating
the values of Ψ,Δ that would result from a ﬁlm of a given refractive index and
varying thickness. These Ψ,Δ pairs can then be plotted as points in Ψ-Δ space.
For a fully transparent ﬁlm with an extinction coeﬃcient k of zero, the trajectory
formed by these data points closes in on itself to form a loop (or wraps around
beyond the edge of the graph from Δ = 360◦ to Δ = 0◦ ) and repeats every period d
(equation 3.3). Such a trajectory for silicon dioxide (n = 1.465) is presented in
Figure 3.1, left.† Since Δ changes noticeably between thicknesses 1 and 10 nm, it
is possible to measure extremely thin ﬁlms by this method. The refractive index of
such thin ﬁlms, however, cannot be determined, as will soon become apparent.
For an absorbing ﬁlm with k > 0, the Ψ-Δ trajectory spirals towards and settles
at a single point. The greater the value of k, the sooner that point is reached.
At that point, the deposited ﬁlm has reached suﬃcient thickness that the ellipsometer’s incident beam penetrates only the top layers of the ﬁlm, and never reaches
the substrate interface. Thus a further increase in ﬁlm thickness has no eﬀect on
the measurement, and we are in essence measuring the surface of a bulk material.
Examples of Ψ-Δ trajectories of absorbing ﬁlms are presented in Figure 3.1, right.
One important limitation of ellipsometry is especially well demonstrated by plots of
Ψ-Δ trajectories. Since two parameters are measured, it should be possible to solve
for two unknowns (ﬁlm thickness and refractive index). Figure 3.2 shows trajectories
for hypothetical non-absorbing ﬁlms of various refractive indices from n = 1.1 to 2.4.
For the most part, any Ψ,Δ point can be correlated with a modeled trajectory (thus
†
The trajectories in Figures 3.1 and 3.2 have been calculated using the ONEFILM Fortran
program presented in A User’s Guide to Ellipsometry [102, pp. 236–240].
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Figure 3.1: Left: The calculated Ψ-Δ trajectory of silicon dioxide (n = 1.465) on a silicon substrate. The trajectory repeats with a period of 281.5 nm. Right: The calculated Ψ-Δ trajectories
of aluminum, gold and tungsten on a silicon substrate. The trajectories reach their endpoints at
approximately 20, 40 and 70 nm ﬁlm thicknesses, respectively. The latter has been marked at
5 nm intervals along the trajectory.
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determining its refractive index) and a speciﬁc thickness value along that trajectory.
Close to zero thickness, however, the various trajectories converge and cannot be
diﬀerentiated from each other. Thus the refractive index of such ultimately thin
ﬁlms cannot be determined by ellipsometry.†
Some value of refractive index must, however, be assumed in order to calculate
the ﬁlm thickness. In this work, the bulk value of the material has been used,
although it may diﬀer for a deposited ﬁlm, especially an ultrathin one. Furthermore,
when ultimately thin ﬁlms are considered, the ﬁlm will seldom be uniform material
throughout. Consider, for example, a silicon nitride ﬁlm deposited by LPCVD.
Despite all measures taken to ensure an oxide-free surface prior to deposition, some
small thickness of oxide will certainly form during loading into the LPCVD furnace,
and the ﬁlm is in truth a bilayer of silicon dioxide and silicon nitride as the samples
are unloaded. Immediately after unloading, atmospheric gases and contamination
begin to adsorb on the wafer surface, creating a third layer (see section 3.2).
A further form of non-uniformity in ﬁlms at their lower thickness limit is discontinuity, i.e. island-type growth instead of immediate full coverage of the substrate.
Such growth can occur when the substrate surface is not especially reactive towards
the reactant gases of the deposition process, and growth initially begins only at defect sites or other randomly distributed nucleation centers. When these islands are
smaller than the wavelength of the probing light, an ellipsometer sees the discontinuous ﬁlm as a uniform one with an eﬀective refractive index somewhere between
that of the ﬁlm and that of the ambient air. Surface microroughness of the substrate
or ﬁlm are seen the same way. [102, pp. 246–251] If a bulk refractive index is used
for a discontinuous ﬁlm, a thickness value is obtained that is less than the thickness
of the islands, but more than the thickness elsewhere on the substrate (i.e. zero,
if the substrate is initially bare). Thus, at the onset of deposition, the deposition
rate may appear lower than nominal, if island-like nucleation occurs. The observed
deposition rate will subsequently increase until full coverage is achieved and then
stabilize at that value.
With modern instruments, ellipsometric measurement of a ﬁlm is simply a matter of
placing the sample on the sample stage, adjusting its orientation with the help of an
autocollimator, and hitting a key on a computer. Given a reasonable initial guess of
ﬁlm thickness, the computer instantly provides a result with an impressive number
of decimal places in both thickness and refractive index. The true accuracy of these
values depends on how accurately Ψ and Δ can be measured, and how accurately all
other parameters in the measurement can be set. Especially the incidence angle φ
is critical, and misalignment of only 0.05◦ can produce a 10% error in the thickness
of a 10 nm ﬁlm [21, pp. 266]. The measurement of Ψ and Δ is, however, precise
enough in a modern instrument to reliably detect sub-monolayer changes in a ﬁlm.
†
The same convergence of trajectories repeats each period d. Therefore, in the full range of
ﬁlm thicknesses, there exist periodic windows where the refractive index cannot be accurately
determined and, likewise, the ﬁlm thickness can only be determined if a refractive index is ﬁrst
arbitrarily chosen. Except for the window near zero ﬁlm thickness, these cases can be resolved by
changing the ellipsometer’s incidence angle or by using another wavelength.
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The actual measurement of Ψ and Δ can be done in various ways. One common
method is a rotating analyzer ellipsometer (RAE) instrument depicted in Figure 3.3.
A light source, typically a laser, is followed by a stationary linear polarizer, usually
set at a 45◦ azimuth. Next a quarter wave plate (compensator) that can be switched
in or out of the beam path is used to make the light circularly polarized. After
reﬂection from the sample, the beam passes through an analyzer rotating at constant
angular speed, and ﬁnally enters a photodetector. The detected intensity I is a
function of time:
I(t) = I0 [ 1 + α cos 2A(t) + β sin 2A(t) ]
where
A(t) = 2πf t + Ac
where f is the known rotation frequency of the analyzer and Ac is a constant phase
oﬀset (i.e. the angular position of the analyzer at the start of the measurement)
which is not used. The coeﬃcients α and β are obtained by Fourier analysis of the
digitized intensity signal. [85, pp. 587–594; 102]
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tically polarized beam of light are parallel and perpendicular to the plane of incidence (hatched),
respectively.

The ellipsometer used in this work is a Philips SD 2300 of the rotating analyzer
type, with a helium-neon laser with a wavelength λ = 632.8 nm as the light source.
The incidence angle to the sample is φ = 70◦ . The ellipsometric parameters are
calculated [86] from the obtained Fourier coeﬃcients with the compensator both in
and out of the beam path, as indicated by subscripts:
Ψ=

1
arccos αout
2

Δ = arccos 

hout
h2in + h2out
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where
h= √

3.2

β
1 − α2

Eﬀect of environmental factors on ellipsometry

Adsorption of atmospheric gases is easily demonstrated by ellipsometry. When a
substrate with a suitable thin ﬁlm is repeatedly measured with an ellipsometer, an
idea of the repeatability of the measurement is obtained. If a drop of liquid, e.g.
isopropyl alcohol, is suspended at the end of a pipette close to the laser spot on
the substrate (but not touching the substrate nor entering the laser beam) and the
measurement is repeated, a distinct increase in measured ﬁlm thickness is observed
due to adsorption of the solvent vapor to the substrate surface. When the pipette is
removed, the adsorbed species desorb, and the original thickness values are obtained.
Figure 3.4 demonstrates this eﬀect observed on a 4 nm oxide ﬁlm.
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Figure 3.4: The eﬀect of solvent vapors on ellipsometer measurements. A droplet of isopropanol
is introduced on the tip of a pipette near the laser spot during a series of measurements from the
same spot on an oxidized silicon wafer.

In addition to high-concentration solvent vapors (as demonstrated above), also the
adsorption of atmospheric gases such as oxygen and water vapor can be seen by
ellipsometry. If a thermally oxidized wafer is taken immediately after unloading
from the furnace and measured, and measured again at a later time, a rising trend
in the ﬁlm thickness is seen. This rising trend will soon begin to even out. Since
the atmosphere of a cleanroom is carefully controlled, especially in temperature and
humidity (21 ±0.5◦ C and 45 ±5% RH in the Micronova [103] cleanroom), the resulting adsorbed ﬁlm will lend a more-or-less constant and predictable contribution to
the measured ﬁlm thickness, once the wafer has been allowed to come into equilibrium with the atmosphere. Accumulation of atmospheric contaminants continues,
however, at a lower rate. Despite all the precautions taken in a cleanroom, some
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contamination from airborne particles and outgassing plastics will nevertheless end
up on the wafer.
Figure 3.5 shows the adsorption of atmospheric gases and contaminants on the surface of a recently oxidized wafer. The thickness is measured using a ﬁxed refractive
index n = 1.465, the bulk refractive index of silicon dioxide. Since the wafer must
cool down considerably before it can be handled, some adsorbed gases are already
present in the ﬁrst data point measured at t = 4 min, so the actual thickness of the
silicon dioxide layer cannot be known for certain. The measured thickness increases
rapidly during the ﬁrst day, and then begins to taper oﬀ. Thus, in order to consistently (if not accurately) measure the oxide thickness, the measurement should be
performed either as soon as possible after unloading the sample, or after a consistent
period, say a day or two, in the laboratory air. Even after this time, the sample
surface will continue to accumulate contaminants at a rate of a few Ångströms per
year.
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Figure 3.5: Formation of native oxide on a bare HF-dipped silicon wafer, and adsorption of
atmospheric contaminants on wafers stored in a plastic box in cleanroom air. The inset shows
the beginning of native oxide formation. A silicon dioxide ﬁlm (n = 1.465) was assumed in the
ellipsometer measurements.

Figure 3.5 also depicts the behavior of another oxidized silicon sample, which has
been in the laboratory ambient after oxidation, but which has subsequently been
baked in an oven at 120◦ C for 60 minutes to remove most adsorbed species. It
exhibits an increase in measured thickness that is nearly identical to the recently
oxidized sample. Also shown is the growth of native oxide on a wafer dipped in HF.
The change in its measured oxide thickness is vastly greater than in the other two
samples, as it is actually being oxidized in the laboratory ambient, instead of only
adsorbing atmospheric species on its surface.
The intrinsically inhomogeneous structure of ultrathin ﬁlms makes it diﬃcult to
measure their thickness accurately. Since the ﬁlm stack of native oxide, deposited
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ﬁlm and adsorbed species is seen by the ellipsometer as if it were a single ﬁlm, its
refractive index is certainly diﬀerent from the bulk refractive index of the deposited
ﬁlm. It must therefore be kept in mind that all ﬁlm thicknesses herein are calculated,
using a probably incorrect refractive index, from an ellipsometric signal to which
contribute not only the ﬁlm itself, but also any interfacial native oxides, as well
as all adsorbed species. The thickness values expressed are therefore not actual
thicknesses, but rather some experimental values which for the most part reﬂect the
actual thickness in a more-or-less linear fashion.
Under controlled conditions, however, this convenient measurement does serve its
purpose as a useful metric for ensuring process repeatability, and does also work as
a thickness metric (albeit in arbitrary units, despite being labeled as nanometers or
Ångströms) for analytical and optimization purposes. After all, one rarely requires
a ﬁlm of exactly 4.0 nm thickness—rather, one requires that thickness of ﬁlm which
gives optimal results in the end application. That thickness can be optimized just
as well in arbitrary units, as in nanometers. But were an ultrathin ﬁlm deposition
process transferred to another fabrication facility, or the measurement instrumentation upgraded, a full process optimization procedure would likely be needed using
the diﬀerent arbitrary units of the new instrumentation.

3.3

Fabrication of ultrathin ﬁlms

Most thin ﬁlm deposition methods are best suited for thin ﬁlms of “normal” thickness, i.e. on either side of a hundred nanometers. Thicker ﬁlms can usually be
produced simply by increasing deposition time (provided that ﬁlm stresses do not
crack the thick ﬁlm), but ultimately thin ﬁlms can be more problematic. In almost
any process, a ﬁnite amount of time is required before the process is stabilized (i.e.
gas ﬂows, reactor pressure, temperature, RF power and other parameters settle at
their set points). Even if process parameters are optimized for a low deposition rate
(which will, of course, aﬀect ﬁlm properties as well), the deposition time may still be
very short. That means the stabilization time may constitute a signiﬁcant fraction
of the total deposition time, and process repeatability is consequently degraded.
Especially suited for ultrathin ﬁlms are thermal oxidation, whose oxidation rate can
be lowered by changing the oxidation temperature with little eﬀect on oxide quality,
and atomic layer deposition, whose very nature enables atomic level control of ﬁlm
thickness.
3.3.1

Thermal oxidation

Thermal oxidation is a well established and highly repeatable process, producing
silicon dioxide ﬁlms of excellent quality. In fact it is almost the only silicon dioxide
process routinely used in CMOS gate dielectrics (although LPCVD oxides have also
been demonstrated to work with proper annealing procedures [104], and new high-k
materials are beginning to replace silicon dioxide as the gate dielectric [105,106]). Its
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versatility is exempliﬁed by the range of oxide thicknesses which can be repeatably
produced: Anything between a few nanometers and several micrometers is possible.
Its features in the ultrathin ﬁlm regime have been published elsewhere [23–26]. In
this work, a dry oxidation process using low oxidation temperature and a reduced
oxygen atmosphere was devised (Publications I–III and V). Figure 3.6 presents
some oxide thicknesses produced at 850◦C temperature at 100% and 10% oxygen
concentrations on (100) and (111) oriented silicon wafers. From the two data points
obtained using 100% oxygen, the diﬃculty of ﬁne-tuning the oxide thickness in
the regime around 4 nm can be seen. Reducing the oxygen concentration to 10%
decreased the oxide growth rate enough to make control of its thickness easier.
The wafers are loaded into the oxidation furnace at 700◦C temperature, and the
temperature is ramped up to 850◦ C in a 5% oxygen atmosphere. The data points at
0 minutes oxidation time show the oxide thickness grown during these loading and
ramping phases. After oxidation, temperature is ramped down in 100% nitrogen.
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Figure 3.6: Oxidation of (100) and (111) silicon at 850◦ C in a 10% oxygen atmosphere. Two
data points for (100) silicon in 100% oxygen are also shown.

Since the native oxide thickness on silicon is a signiﬁcant fraction of the ﬁnal tunneling oxide thickness, it is vital that RCA-cleaning be performed immediately prior
to oxidation with an HF-dip last, and that after rinsing and drying, the wafers be
loaded into the furnace without delay.
After HF treatment, the silicon surface is hydrogen terminated [107, 108], and soon
begins to oxidize at a rate that greatly depends on the humidity of air or, when
immersed in water, its oxygen content [109]. After some time, the exact state of
the surface is no longer known. Typically after several days the native oxide will
be close to its ﬁnal thickness of ∼1–2 nm,† and the silicon surface is once again at
a known and relatively reproducible state. Figure 3.5 shows the native oxidation
†
Under certain conditions, however, electrochemical mechanisms may lead to native oxides
thicker than 10 nm on patterned, metallized wafers. [110]
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of (100) silicon. As can be seen from the ﬁgure, the rate of change in thickness
remains higher than in the already oxidized samples for a signiﬁcant time, so some
process other than atmospheric adsorption must remain in eﬀect long after HFtreatment. Also, this data shows that signiﬁcant atmospheric adsorption will occur
while native oxide is still growing, thus incorporation of atmospheric contaminants
into the ﬁlm will make the composition of the native oxide highly questionable.
This only emphasizes the necessity of native oxide removal immediately prior to
oxidation.

3.3.2

Atomic layer deposition

Atomic layer deposition is intrinsically suited to deposition of ultimately thin ﬁlms,
since it oﬀers atomic level control of ﬁlm thickness. A variety of dielectric materials
can be deposited by using suitable precursor materials. Aluminum oxide is used in
Publications III–V as it is an easily optimized process and has excellent dielectric
properties. Native or anodic aluminum oxide has also been used previously in HECL
applications on a bulk aluminum substrate.
What does produce a level of uncertainty in ALD ﬁlm thickness is the onset of
deposition. Once deposition has commenced, the adsorption of precursor materials
on the growing ﬁlm is well established and uniform over the entire substrate, but the
adsorption of the ﬁrst precursor monolayers may depend on the composition of the
substrate surface. At the same time, the substrate surface itself may react with the
precursors, or over time, with the deposited ﬁlm, to change the interface properties
and the eﬀective thickness of the ﬁlm.
The deposition of alumina on bare silicon surfaces has been investigated [111] using
cryogenic ICP etching of the silicon substrate to demonstrate the continuity of the
deposited alumina ﬁlm. The ﬁlm was found to become continuous after 10 deposition
cycles in a TMA/water process, but after only 5 cycles in a TMA/ozone process.
A delay in the onset of deposition is evident on many metal substrates as well (or,
in this case, on sputtered metal thin ﬁlms). The thickness of deposited ﬁlms was
measured by ellipsometry after various numbers of deposition cycles, and the results
are presented in Table 1 of Publication IV. Obviously an aluminum sample with
its native oxide is suitable for immediate deposition of more alumina, but it turns
out that titanium, platinum and chromium take several cycles to initiate deposition.
During these ﬁrst cycles, either the metal surface is modiﬁed to a suitable form for
precursor adsorption, or growth nucleation occurs randomly at various sites on the
metal surface to ﬁnally form a continuous and growing ﬁlm. The latter mechanism
would account for the observed poor HECL eﬃciencies of these alumina-covered
metals as working electrodes: Emission of hot electrons into solution cannot occur
if bare metal is exposed to the solution, and by the time the ALD ﬁlm has become
continuous, the initial islands have already grown too thick for eﬃcient tunneling.
No island structures were, however, seen in AFM images, nor was a region of slower
deposition rate seen in ellipsometry data at the beginning of deposition.
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At the silicon/alumina interface, it is likely that a native silicon dioxide will eventually form, just like one forms in an air ambient. Published results from C-V and
ellipsometric measurements suggest the interfacial SiO2 layer is 11–13 Å thick [112].
Whether the oxygen comes from the nearby alumina leaving behind a region of
non-stoichiometric oxygen-deﬁcient alumina, or by diﬀusion from the ambient, the
properties of the composite ﬁlm no doubt diﬀer somewhat from those of the original
alumina ﬁlm. The thinner the deposited ﬁlm, the more pronounced this change will
be.
3.3.3

Other deposition methods

While thermal oxidation and ALD are easily controlled processes in the ultrathin
regime, other materials deposited by other processes may have desirable properties
for HECL application. Therefore silicon nitride and silicon dioxide deposited by
LPCVD, PECVD and LPD were also investigated.
For production use, an LPCVD recipe for silicon nitride could be tailored to yield
a suﬃciently low deposition rate. For testing purposes, however, reasonable control
of ﬁlm thickness was obtained with existing standard recipes and short enough
deposition times. Times of 0.5, 1.0, 1.5 and 2.0 minutes were used, and the resulting
ﬁlm thickness was still very linear with respect to time. As with thermal oxidation,
RCA-cleaning and an HF-dip were performed immediately before deposition. During
loading, however, the wafers are brieﬂy exposed to high temperatures in an oxygencontaining atmosphere, therefore a native oxide is no doubt formed underneath the
nitride. Etching tests in BHF conﬁrmed that the etch rate in the last 1–2 nm of
material is substantially higher than in the rest of the ﬁlm, and therefore the interface
consists of something other than high quality silicon nitride (Publication III). The
Si3 N4 ﬁlm itself is remarkably uniform and completely free of pinholes, which was
demonstrated by depositing 1 nm of nitride over a thick thermal oxide, and etching
in BHF. Since oxide etches over 100 times faster than nitride in BHF, any pinholes
in the latter would have caused visible discoloration in the oxide.
Plasma-enhanced CVD is a suitably low temperature process that metallized wafers
and even some plastic substrates can be used. Deposition processes of silicon dioxide
and silicon nitride were tailored to yield a lower deposition rate by reducing RF
power and silane ﬂow.
Liquid phase deposition of silicon dioxide (Section 2.2.4) is naturally a fairly slow
deposition process, ∼10–60 nm/h, depending on the deposition temperature and
the amount of boric acid addition [36]. It is therefore a natural candidate for the
fabrication of ultrathin ﬁlms. Not all its properties, however, are even near those of
high-quality thermal oxide [113].
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4

Hot electron electrochemiluminescence

Luminescence is the emission of light from a substance relaxing from an excited
electronic state to its ground state. The excited state can be produced by various
processes, e.g. absorption of light at a suitable wavelength (photoluminescence), a
chemical reaction (chemiluminescence) or an electrochemical reaction (electrochemiluminescence, ECL). In ECL, the luminophore is typically not excited directly by
the electrode reactions, but rather, other added chemicals (coreactants) in the sample solution are electrochemically induced to produce intermediate species, which
then react with the luminophore to produce the excited state. [114]
Since the intermediate species produced are highly reactive, and the lifetime of the
excited luminophore is short, luminescence is conﬁned to the immediate vicinity of
the electrode surface where the reaction chain initiates. Therefore it is natural to
classify ECL as anodic or cathodic ECL, according to which electrode luminesces.
Conventional ECL uses ordinary inert metal electrodes and normal electrochemical
methods for potential control, usually in the common three electrode arrangement
(working electrode, counter electrode and reference electrode) [114]. Cathodic hot
electron-induced ECL (HECL) diﬀers in the way the electrochemical reaction is initiated: Instead of reduction/oxidation reactions occurring directly on the electrode
surface, hot electrons are tunnel emitted from an insulator-covered cathode (working against an inert metal anode in a two-electrode conﬁguration using coulostatic
electrical pulses at high voltage) into the sample solution [38, 114]. These electrons
become solvated and act as the initial reducing species in the ECL reaction chain.

4.1

Hot electron emission into aqueous solution

Hot or solvated electrons are extremely strong reducing species in solution. This is
hardly surprising, since reduction, i.e. changing of the oxidation state of an atom
from a more positive state to a more negative state, involves gaining an electron from
somewhere. Most commonly the source of an electron is another chemical species
which is correspondingly oxidized as it loses an electron, or the electron is supplied
from a non-reactive metal electrode, e.g. in an electrolysis cell. The potentials of
the reduced species that can be achieved by conventional methods are, however,
limited by the potential of the reducing species, or in an electrolysis cell, by the
breakdown of water that begins to occur above 1.23 V [115, pp. 8.28]. Hot electron
electrochemistry can push back the boundaries of conventional electrochemistry by
introducing more strongly reducing species into the equation.
Traditionally hot electrons have been produced in solution by methods such as pulse
radiolysis [116–118] or photoionization [119,120]. Pulse radiolysis involves producing
an intense electron beam pulse in a linear accelerator and directing it into the sample.
The fast phenomena induced by this pulse are then detected by optical means, using
either Cherenkov radiation produced by the electron beam itself, or more recently
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a laser pulse externally synchronized to the electron pulse. This is the method
by which hydrated electrons were initially discovered in 1962 by Boag, Hart and
Keene [121, 122]. Photoionization uses high-energy laser pulses to produce solvated
electrons by two-photon excitation, which are again detected spectroscopically by a
subsequent probe pulse.
Modern pulse radiolysis and photoionization systems oﬀer extremely high time resolutions of picoseconds and below, making them ideal for investigating the electron
solvation process and other fast phenomena. They are, however, rather cumbersome
methods if the objects of study are the much slower electrochemical reactions induced by the solvated electrons. For these purposes, there is a much simpler method
of producing solvated electrons, namely tunnel emission of hot electrons into solution from a conductive cathode covered by an ultrathin insulating ﬁlm, while an
inert electrode such as platinum serves as the anode.
This tunnel emission mechanism in the creation of cathodic electrochemiluminescence was ﬁrst detailed by Kulmala et al. [38, 39]. The tunneling process is basically the same as in non-volatile memory devices [123] and M/I/M diodes [124],
and emission of electrons from this metal/insulator/electrolyte (M/I/E) junction
into solution is similar to the tunnel emission of electrons into vacuum [125, 126].
This tunnel emission was demonstrated by the electrochemiluminescence produced
in certain luminophores. Especially (9-ﬂuorenyl)methanol (FMOC-OH) produces
luminescence at 309 nm (4.0 eV), which is higher in energy than is possible in
aqueous solution with ordinary active metal electrodes. Also, since the onset of
luminescence from various luminophores with diﬀering redox potentials occurred at
the same pulse potential (and in fact multiple luminophores could be excited simultaneously [39]), their excitation pathways must begin with the same primary process. The role of hydrated electrons as the common intermediary is supported by the
luminescence-quenching action of electron scavengers such as hexaamminecobalt(III)
−
−
(Co(NH3 )3+
6 ), nitrate (NO3 ) and dihydrogen phosphate (H2 PO4 ). The eﬃciency of
the quenching action was directly correlated with the reactivity of the electron scavenger, hexaamminecobalt(III) being the most reactive (k = 8.7 · 1010 dm3 mol−1 s−1 ),
followed by nitrate (k = 9.7 · 109 dm3 mol−1 s−1 ) and dihydrogen phosphate (k =
1.9 · 107 dm3 mol−1 s−1 ) [38].
The thickness of the tunneling dielectric is critical for the eﬃcient generation of hydrated electrons. For the thinnest dielectric ﬁlms (below ∼4–5 nm or so), electrons
are transported ballistically through the dielectric, without entering the dielectric’s
conduction band and with low loss of energy. In thicker ﬁlms, the Fowler-Nordheim
tunneling mechanism dominates, and electrons are transported through the insulator’s conduction band. Direct tunneling results in higher-energy electrons above the
conduction band edge of water (hot electrons) which may then thermalize and become solvated (aqueous electrons, e−
aq ). Due to band-bending under strong cathodic
pulse conditions (Figure 4.1), the FN-mechanism results in lower-energy electrons,
and e−
aq cannot be eﬃciently produced. The observation of strongest electrochemiluminescence when dielectric thickness is in the vicinity of 5 nm thus also supports
e−
aq as the initial reactant [38].
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Figure 4.1: Energy diagram at the surface of a dielectric-coated HECL working electrode without
applied voltage (left ) and during strong cathodic polarization (right ). [38]

Pulse radiolysis studies have shown that in low concentrations aqueous electrons
are unreactive towards water. This enables them to react even with low concentrations of other solvated species in aqueous solution. In high concentrations, however,
aqueous electrons form pairs which readily react with water to form hydrogen [127].

4.2

Application of hot-electron electrochemiluminescence

Many luminophores that produce anodic ECL will also produce cathodic HECL.
However, many other compounds, e.g. some Tb(III) chelates [128], produce HECL
although they are not luminescent under ordinary anodic ECL. Table 4.1 presents
some HECL luminophores which have been investigated and reported in the literature by Kulmala et al.
One application of hot electron electrochemistry is the determination of the concentration of luminophores in solution or on the surface of the working electrode
by hot electron electrochemiluminescence. This is useful, as many luminophores
can be bound to biological materials such as antibodies, DNA, proteins etc., and
can work as labels in the determination of those compounds. Immunoassays and
DNA hybridization assays have long utilized radioactive or ﬂuorescent labels to
detect the analyte [160–163], and lately various nanoparticles have been utilized
as well [164–166]. Anodic ECL has also been used as a detection method [167].
Cathodic hot electron electrochemiluminescent assays diﬀer mainly in the principle of detection of the label. HECL oﬀers several advantages, including simpler
instrumentation, the possibility of simultaneous excitation of multiple labels and
multi-analyte determination based on spectral response (ranging from the 309 nm
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Luminophore

References

Terbium(III) ions

[129]

Various terbium(III) chelates:
2,6-pyridinedicarboxylic acid (dipicolinic acid, DPA)
4-(phenylethyl)-2,6-bis[N,N-bis(carboxymethyl)aminomethyl]pyridine
N1 -(4-isothiocyanatobenzyl)diethylenetriamine-N1 ,N2 ,N3 ,N3 -tetraacetate
N1 -(4-aminobenzyl)diethylenetriamine-N1 ,N2 ,N3 ,N3 -tetraacetate
2,6-bis[N,N-bis(carboxymethyl)aminomethyl]-4-(phenylethyl)phenol
2,6-bis[N,N-bis(carboxymethyl)aminomethyl]-4-methylphenol
2,6-bis[N,N-bis(carboxymethyl)aminomethyl]-4-benzoylphenol

[130]
[130]
[131]
[132, 133]
[128, 130, 133]
[131, 132, 134, 135]
[37, 128, 132, 133, 135–140]†

Yttrium and gadolinium chelates:
2,6-bis[N,N-bis(carboxymethyl)-aminomethyl]-4-methylphenol and
2,6-bis[N,N-bis(carboxymethyl)-aminomethyl]-4-benzoylphenol

[134, 141]

Europium(III) 2,6-bis[N,N-bis(carboxymethyl)-aminomethyl]-4-benzoylphenol

[142]

Ytterbium, chelated by 11 diﬀerent ligands

[143]

Ruthenium(II) chelates:
tris(2,2 -bipyridine) (commonly denoted as Ru(bpy)2+
3 )
[4-ethoxycarbonyl-4 -carboxy-2,2 -bipyridine]bis(2,2 -bipyridine)

[38, 130, 136, 144–146]†
[147]

Heteronuclear yttrium(III)-dysprosium(III) and yttrium(III)-samarium(III)
2,6-bis[N,N-bis(carboxymethyl)aminomethyl]-4-benzoylphenol chelates

[148]

Metalloporphyrins (platinum(II) coproporphyrin)

[149]

Coproporphyrin ketone

[130]

Fluorescein (2-(6-hydroxy-3-oxo-xanthen-9-yl)benzoic acid)

[150, 151]

Fluorescein isothiocyanate

[130]

Eosin

[130]

Luminol (5-amino-2,3-dihydrophthalazine-1,4-dione) and derivatives
N-(6-aminohexyl)-N-ethylisoluminol (AHEI) and
N-(6-aminobutyl)-N-ethylisoluminol (ABEI)

[152, 153]†

Lucigenin (N,N -dimethyl-9-9 -biacridiniumdication)

[154]

9-ﬂuorenylmethyl chloroformate (FMOC)

[130]

(9-ﬂuorenyl)methanol (FMOC-OH)

[38, 136]

Rhodamine B

[155]

Tetramethylrhodamine (TAMRA) dye

[156]

Coumarin derivatives: 7-hydroxy-4-methylcoumarin (HMC),
6,7-dihydroxy-4-methylcoumarin (DHMC) and
7-amino-4-methylcoumarin (AMC)

[130, 157]

1-aminonaphthalene-4-sulfonate (ANS)

[136, 158]

Toluene, phenol

[39]

Solutions of silver nanoclusters

[159]

† Includes

Publications I–IV

Table 4.1: Some luminophores tested for HECL by Kulmala et al.
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near-UV emission of FMOC-OH [38] to 977 nm near-IR of Yb(III) chelates [143])
or time-resolved detection (lifetimes ranging from microseconds of Ru(bpy)2+
to
3
milliseconds of Tb(III) chelates [142, 144]), and a wider variety of label compounds.
Compared to ﬂuorescence methods, where the excitation is commonly done by ultraviolet radiation, the sample cell need only be transparent to the emitted radiation,
since excitation is done electrically. The electrical excitation is often accomplished
by a coulostatic pulse generator which can be a very simple design [133], and which
is vastly cheaper than any UV laser currently on the market.
Luminescence occurs close to the surface of the working electrode (cathode), since
the high reactivity and consequent short lifetime of the species involved precludes
long diﬀusion distances. The distance from the working electrode, within which
HECL occurs, has been estimated from e−
aq reactivity and diﬀusion coeﬃcients to be
on the order of 200 nm [131, 168]. To perform an immunoassay, therefore, antibodies (or complementary oligonucleotide targets in the case of a DNA hybridization
assay [156]) can be bound directly onto the surface of the working electrode. An
immunoassay can then be performed by two general methods, as a non-competitive
(or “sandwich”) assay, or a competitive assay. The non-competitive assay proceeds
as follows [133, 137, 138, 169, 170]:
The HECL working electrode is coated with monoclonal antibodies.
Sample solution containing the analyte protein and labeled secondary antibodies is introduced to the HECL working electrode and incubated. Analyte
proteins bind to antibodies on the electrode surface, and labeled secondary
antibodies bind to the proteins.
After rinsing, an electrolyte solution is introduced and HECL is measured
from the working electrode surface.
This results in the analyte molecule being “sandwiched” between two antibodies,
one bound to the electrode, the other labeled with a luminophore. Alternatively, a
competitive assay can be performed thus [131, 169]:
The HECL working electrode is coated with antibodies.
Sample solution containing the analyte protein and a known concentration
of separately synthesized labeled analyte is introduced to the HECL working
electrode and incubated. Both the labeled and unlabeled analyte bind to the
antibodies in the ratio of their concentrations in the solution.
After rinsing, HECL is measured as above.
The competitive assay results in all the proteins (both the unlabeled analyte proteins, and the added labeled proteins) being bound to single antibodies on the electrode. Thus this method requires only a single epitonic site (i.e. a site to which an
antibody can selectively bind) on the analyte protein. The HECL signal detected in
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the assay, however, reﬂects the relative concentration of the added protein, not the
analyte itself. Thus, when the analyte concentration is low, the relative change in
the HECL signal is small, resulting in lower sensitivity. In the non-competitive assay, on the other hand, the HECL signal directly reﬂects the analyte concentration,
but at least two epitonic sites are required on the analyte molecule. [133, 169]
In either case, the procedure may be simpliﬁed by omitting the ﬁnal rinse (making it
a homogeneous assay, where both bound and unbound labels are present at the time
of detection, as opposed to a heterogeneous assay, where only bound labels remain).
Since HECL only occurs close to the electrode surface, the surface concentration of
bound luminophores will dominate the HECL signal [131, 133].
The sensitivity and selectivity of HECL can be improved by using optical interference
ﬁlters to select only the desired emission line of the luminophore, thus reducing
interference from other possible luminophores and broadband background emission.
Also, since some luminophores exhibit relatively long luminescence lifetimes up to
milliseconds [144], it is possible to use time-resolved detection to count only the
long-lived luminescence signal and to exclude short-lived interference e.g. intrinsic
cathodic luminescence of the oxide ﬁlm itself [129]. Alternatively, diﬀerent labels
can be used to simultaneously detect multiple analytes, using either wavelength or
time discrimination, or both [39, 142, 144].
The HECL method has been slow in its adoption by other research groups. Some
interesting recent developments include the discovery of eﬃcient hot-electron emission from antimony oxide covered gold-antimony alloy electrodes, as reported by
Wu et al. [171]. The signiﬁcance of a gold-based working electrode lies in the ease
of creating self-assembled thiol monolayers on its surface, for the purpose of binding
antibodies. Another interesting application by the same group utilizes the intrinsic cathodic ECL of an oxide-covered glassy carbon electrode, which is eﬀectively
quenched by the attachment of ferrocene at its surface. When ferrocene was used
to modify a molecular beacon sensitive to a given DNA fragment, the intensity of
the intrinsic ECL became dependent on the concentration of that DNA fragment in
sample solution, essentially creating a reagent-free DNA biosensor [172].
Since the various optical analysis methods commonly used in microﬂuidic applications are based on diﬀerent physical phenomena, and are sensitive to diﬀerent
analytes, direct comparison between them is diﬃcult. Generally, laser-induced ﬂuorescence (LIF) is one of the most sensitive, as it is well suited to analysis of small
ﬂuid volumes. Picomolar detection limits have been reported for analytes such as
rhodamine 6G by LIF. Mercury lamp-based ﬂuorescence methods are signiﬁcantly
less sensitive, with nanomolar detection limits reported for analytes such as ﬂuorescein isothiocyanate (FITC). Absorbance-based methods do not perform well in
microﬂuidic devices, as optical paths within the sample are short. Fluorescein has
been detected by UV-absorbance only down to micromolar levels. [173, 174]
HECL detection with some luminophores can be sensitive down to sub-nanomolar
concentrations, thus placing it on par with lamp-based ﬂuorescence methods. As
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demonstrated later in this chapter, HECL will also work with very small sample
volumes, down to 15 l. The sample must, however, be spread over a suﬃcient
surface area for eﬃcient detection, which consumes real-estate on the microﬂuidic
device, but is easily accomplished e.g. with PDMS ﬂuidics.

4.3

Materials for HECL electrodes

The HECL sample cell normally contains two electrodes: the working electrode
(cathode) and counter electrode (anode). The counter electrode’s eﬀect on HECL
performance has not been investigated too extensively, as the electron tunneling
and subsequent HECL occur on the working electrode only. The counter electrode
must simply provide electrical contact to the solution, and resist anodic oxidation
during the electrical pulses. A platinum wire has been used as the counter electrode
in most work, although transparent counter electrodes of indium tin oxide (ITO)
coated glass or plastic have also been used [133]. The working electrode, on the other
hand, is of utmost importance in HECL. The factors inﬂuencing its performance
are the conductive electrode material itself, the material of the tunneling dielectric,
and the thickness of the dielectric.
Early work used for the most part aluminum or magnesium working electrodes,
utilizing either the native oxide, or an anodically formed oxide, as the tunneling dielectric [37–39]. Sometimes a fresh anodic oxide was formed on the working electrode
in situ between the cathodic pulses [39]. Thermally oxidized highly conductive silicon electrodes have been used in Publications I and II and other studies [137, 138],
as well as anodically oxidized silicon [38, 39]. In an optical detection system such
as HECL, transparent electrodes oﬀer an obvious advantage. Therefore some work
has been done with transparent working electrodes. Zinc oxide, when doped with
group-13 elements such as aluminum, behaves as an n-type semiconductor, and is
optically transparent. It has been used in thin ﬁlm form on glass (n-ZnO:Al glass),
covered by a tunneling dielectric of ALD-deposited MgO [135] or Y2 O3 [128].
Silicon is an especially attractive working electrode material, since it can be made
highly conductive by doping with boron (p-type) or phosphorus or antimony (ntype), and an exceptionally high-quality dielectric layer of silicon dioxide can be
made on its surface simply by thermal oxidation. Also, silicon dioxide is very resistant chemically, being practically inert against everything except hydroﬂuoric acid
(HF) and some other ﬂuorides. The eﬀects of oxidation conditions on are investigated in Publication III.
Both silicon dioxide and aluminum oxide, which have proved to be excellent tunneling dielectrics for HECL application, can be produced by many diﬀerent methods.
Certainly the most convenient is the native oxide always present on an aluminum
foil, and after any extended storage, on a silicon wafer (although the latter is without
doubt of dubious quality, and it is questionable whether it can honestly be called
SiO2 at all, as discussed in Section 3.3.1). More controlled methods of producing the
dielectric are therefore preferable, and other dielectric materials may also oﬀer good
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HECL performance and possibly other advantages e.g. in the binding of antibodies
to the electrode surface. Therefore thermal oxidation, PECVD and LPD of silicon
dioxide, ALD of aluminum oxide, and PECVD and LPCVD of silicon nitride have
been tested for the creation of the tunneling dielectric (Publications III and IV).
Tunneling dielectrics were evaluated both in terms of HECL emission intensity at
optimal ﬁlm thickness, as well as stability along the course of an extended measurement. The eﬀect of dielectric thickness on HECL performance is shown for
selected material combinations in Figure 4.2, left. ALD Al2 O3 was found to be
an excellent tunnel dielectric, comparable to thermal SiO2 . Surprisingly, PECVD
SiO2 performed equally well, in both intensity and stability, despite its low deposition temperature. While the thickness of thermal SiO2 is quite critical for optimal
HECL performance, the deposited dielectrics exhibit wider usable thickness ranges.
Shown in Figure 4.2 are Al2 O3 ﬁlms deposited with a TMA/H2 O process. Similar
results were seen with a TMA/O3 process, however the usable thickness limits were
lower, possibly due to a denser ﬁlm formed by the more aggressive oxidant.
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Figure 4.2: Left: HECL intensity with various dielectric materials and thicknesses, integrated
over 1 000 measurement pulses. Right: HECL intensity over consecutive individual measurement
pulses, using various electrode materials and Al2 O3 dielectric.

The stability of the HECL signal over the course of a measurement was greatly
aﬀected by the underlying metallization of the working electrode, as shown in Figure 4.2, right. Individual intensities measured from 2 000 consecutive measurement
pulses are shown, using ALD-deposited Al2 O3 dielectrics over four diﬀerent electrode
materials. The performance of silicon and aluminum is excellent over the entire measurement. Platinum and tungsten, on the other hand, start out with good intensity,
but the intensity soon falls. In fact, platinum gives a somewhat higher signal than
silicon, if only a hundred pulses are recorded and integrated. If, however, thousands of pulses should be integrated, only silicon or aluminum electrodes can be
used. Tungsten also begins at a respectably high HECL intensity, but its intensity
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falls even sooner. Copper, chromium and titanium never gave any signiﬁcant signal.
Similar results were seen with a PECVD SiO2 dielectric. The electrode materials
investigated in Publications III and IV are summarized in table 4.2.

Electrode

Performance

Special features

Silicon

Excellent

Thermal oxidation possible

Aluminum

Excellent

Dual purpose as sacriﬁcial material

Platinum

Mediocre

Signal falls after a few hundred pulses
Single-metal integrated electrodes

Tungsten

Poor

Signal falls after tens of pulses

Titanium

Bad

Practically no HECL-signal

Chromium

Bad

Practically no HECL-signal

Copper

Bad

Oxidizes during loading
Practically no HECL-signal

Table 4.2: Features of various HECL electrode materials

Since vast diﬀerences in HECL performance were seen with identical tunneling dielectrics, the eventual failure cannot be intrinsic to the dielectric material itself.
Rather, the failure must originate at the electrode/dielectric interface. A strong
correlation was seen between HECL signal intensity and delayed deposition of Al2 O3
and SiO2 on the metal surface (Publication IV), indicating that growth initiation
and resulting interface quality aﬀect the HECL performance. The best performers,
aluminum and silicon, readily grow a native oxide, and may thus also be able to
self-heal any defects in the dielectric ﬁlm.
Alternatively, delayed initiation of deposition might lead to an island-type growth
nucleation, which would produce a non-uniform and thus suboptimal tunneling dielectric ﬁlm. However, neither ellipsometrically measured thickness data from the
early stages of deposition, nor AFM images of the bare and dielectric covered metal
surfaces, supported this explanation.
The motivation for testing deposited metal thin ﬁlms as the conductive material
of the working electrode is the possibility of using insulating substrates for HECL
devices. Firstly, insulating substrates may oﬀer advantages e.g. when combining
HECL detection with electrical separation methods such as electrophoresis. Secondly, plastics are insulating materials by nature, and oﬀer interesting possibilities
for fabrication of ﬂuidic systems by standard plastic fabrication methods like hot
embossing or mold extrusion, not to mention simply being cheap substrate materials.
The low temperature ALD Al2 O3 and PECVD SiO2 processes are strong candidates
for making HECL devices on such substrates, as well as for back-end processing of
HECL detection on a chip already containing other devices or electronics. All the
deposited dielectrics investigated are summarized in Table 4.3.
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Dielectric

Performance

Deposition
temperature

Thermal SiO2

Excellent

High (850◦ C)

Special features
Excellent thickness control
Silicon substrates only

PECVD SiO2

Excellent

Low (300◦ C)

LPD SiO2

Bad

RT (25–40◦ C)

LPCVD Si3 N4

Excellent

High (770◦ C)

PECVD Si3 N4

Mediocre

Low (300◦ C)

Fluctuating HECL signal

ALD Al2 O3

Excellent

Low (110–230◦ C)

Excellent thickness control
Even lower temperatures possible
by optimizing the deposition process

Practically no HECL signal

Table 4.3: Features of various HECL dielectric materials and deposition methods.

4.4

An integrated electrode HECL chip

For convenient point-of-care diagnostics, an integrated microsystem is desired. The
HECL apparatus consists of a pulse generator, the sample cell containing the working
and counter electrodes, and an optical detection and data acquisition system. Only
the working electrode must necessarily be replaced in normal use, as its tunneling
dielectric eventually wears out and ceases to function, and also any antibody coating
of the electrode is obviously suited for a single use only.
In most previous work, the sample cell has consisted of a base assembly with electrical contacts, a machined slot for the working electrode, and a PTFE sample
cell with an o-ring to create a seal against the working electrode (Figure 4.3, far
left). The PTFE sample cell has been manually installed and tightened against the
electrode for each individual measurement. The photomultiplier tube assembly for
optical detection is ﬁnally attached to the base assembly. This repeated disassembly
and reassembly of the sample cell is cumbersome and messy. Also the PTFE cell
and platinum counter electrode wire need to be cleaned after each measurement to
prevent cross-contamination. For practical point-of-care operation, and to preserve
the sanity of a laboratory technician routinely working with the HECL method, an
integrated system would be preferred, where all ﬂuidics, replaceable parts and contaminated parts (e.g. the counter electrode) are integrated into a single disposable
chip or cartridge. This chip should be rapidly exchangeable in the measurement
device, and preferably should require minimal tools and technique to utilize in a
controlled and repeatable fashion.
Based on results with plain silicon or metallized electrodes with various tunneling
dielectrics (Publications III and IV), two primary designs were chosen for further development: a thermally oxidized Si/SiO2 working electrode, and a thin ﬁlm
Al/Al2 O3 working electrode on a glass substrate, with an ALD-deposited dielectric.
While excellent performance had been obtained with PECVD SiO2 tunneling dielectrics, the instabilities of the PECVD process made it less desirable at this time.
There is nothing wrong with the PECVD silicon dioxide process per se, and with
further development it should become controlled and repeatable enough to be used
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Counter electrode wire
PTFE sample cell
Hydrophobic film
PDMS lid

Sample solution

Working electrode
O−ring

Integrated counter electrode

Figure 4.3: Variations on a HECL chip: a plain working electrode chip with a platinum wire
counter electrode (far left ), an integrated electrode chip (middle left ), an integrated electrode chip
with bonded PDMS capillary-ﬁlling ﬂuidics (middle right ), and an integrated electrode chip with
hydrophobic sample conﬁnement (far right ).

in this application as well. The PECVD SiO2 dielectric would also be usable with
alkaline sample solutions, which the ALD Al2 O3 dielectric cannot withstand.
The platinum counter electrode was integrated onto the same chip as the working
electrode (Publication V), as shown schematically in Figure 4.3, middle left. A variety of electrode geometries was tested, including interdigitated electrode structures
of various widths and densities, ring-shaped electrodes and simple wires. Examples
of geometries tested are shown in Figure 2 of Publication V. Since the electrode
geometry had very little eﬀect on HECL eﬃciency (provided that both the working
and counter electrode had suﬃcient surface area), two of the simplest designs were
chosen. In the glass device, 200 m separation was maintained between the working and counter electrodes. In the silicon version, a thick thermal oxide dielectric
insulated the counter electrode from the substrate. All processes used cheap plastic
ﬁlm photomasks with limited resolution of some tens of micrometers, so alignment
tolerances of 100 m were maintained. The fabrication processes are detailed in
Appendices A.1 and A.2, and results are presented in Section 4.7. Both the silicon
and the glass devices were 10×19 mm in size.
Since platinum metallization is needed for the counter electrodes, the fabrication
process would be simpliﬁed by using platinum as the working electrode material as
well. Aluminum was, however, preferred due to its better HECL eﬃciency (Publication IV). A single metal process with platinum working electrodes could, however,
be used in applications where ultimately high sensitivity is not of primary importance. It is possible, however, that any jagged edges left by the lift-oﬀ process
(Figure 2.4 on page 36) would be detrimental in the working electrode, so some
optimization of the lift-oﬀ process may be required.
Aiming for low-cost, disposable devices, DuPontTM Kapton HN 500 polyimide and
Teijin Teonex Q65 FA polyethylene-naphthalate ﬁlms have also been tested as
the substrate material. Being insulating materials, they are similar to glass as a
substrate. The biggest diﬀerence is in the practical issues of handling thin plas-
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tic ﬁlms.† Although especially Kapton can tolerate relatively high temperatures,
other polymers may not withstand the standard 210◦C ALD temperature. Also
Kapton and Teonex exhibit some shrinkage and warping at high temperature,
which can hinder alignment of the last masklevels in the fabrication process. To
that end, the eﬀect of lowered ALD temperature on HECL performance was preliminarily tested. Figure 4.4 shows the results with silicon, aluminized Kapton
and aluminized Teonex substrates. The deposition temperature is obviously not
critical. At 80◦ C the unoptimized ALD process probably turned to CVD behavior, producing a ﬁlm six times thicker than nominal. Since electrically high-quality
alumina ﬁlms have been deposited at temperatures down to 33◦ C [31], there is no
evident reason why 80◦ C or even lower deposition temperatures should not work in
a HECL application, once the deposition process is optimized. This work is ongoing
and yet unpublished.
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Figure 4.4: The eﬀect of ALD temperature on HECL signal intensity with various substrates.

4.5

Integration of a ﬂuidic system on the HECL chip

Two approaches to ﬂuidics were tested with integrated electrode silicon HECL devices: hydrophobic sample conﬁnement, and enclosed PDMS chambers (Publication V). The processing steps for hydrophobic conﬁnement are detailed in Appendix A.1, and fabrication of the PDMS chambers is detailed in Appendix A.3.
Another method of producing ﬂuidic chambers is SU-8 photopatternable epoxy [52],
and preliminary tests showed that the SU-8 process does not leave any residues on
†
Deposited ﬁlms and photoresist tend to distort the substrate. Therefore carrier wafers are
used during sputtering, and in lithography, the aligner must not release the wafer vacuum between
loading and exposure stages. Wet processing, normally done on a batch scale, is done one substrate
at a time, since the ﬂexible substrates do not stay in an ordinary wafer cassette.
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the working electrode, which would hinder HECL performance. However, the adhesion of SU-8 to silicon dioxide is poor, and enclosed channels on the integrated
HECL devices could not be produced by that method.† One possible alternative
similar to SU-8 could be ORMOCER ‡ microﬂuidics [176].
The hydrophobically conﬁned HECL devices have a plasma-deposited hydrophobic
ﬂuoropolymer ring, patterned by lift-oﬀ, around the electrode (Figure 4.3, far right).
They are processed to completion on the wafer scale, and are therefore suited as such
to mass production. Their use in a modiﬁed sample holder (Figure 4.5) is simple:
The chip, with its electrical contact pads at one end, is inserted into the sample
holder containing wire springs for front side electrical contacts, and a metal base for
backside contact to the substrate. The electrode chip is adequately held in position
by the force of the contact springs. 100 l of sample solution is pipetted onto the
working electrode, where it reproducibly forms a nearly hemispherical droplet. No
further assembly of the sample holder is needed, save for lifting the photomultiplier
tube onto the base assembly. After measurement, the sample solution can be absorbed into a piece of tissue paper before removal of the electrode chip from the
sample holder.

Figure 4.5: The new sample holder for HECL measurements. A silicon HECL chip with a PDMS
lid is shown inserted into the holder. The two front side contacts and the substrate contact are
wired to the three terminals in the holder base. A separate photomultiplier tube assembly ﬁts over
the sample holder.

The PDMS chips (Figure 4.3, middle right) were ﬁlled with 15 l of sample solution
by dipping the inlet channel at the end of the chip into a drop of sample solution.
The chip was then attached to the same sample holder for measurement. The
manufacture of the PDMS ﬂuidic chips, however, requires more manual processing,
although the process could surely be automated if large-scale production were being
considered. To some degree, the whole PDMS ﬂuidic system was considered only
a proof-of-concept design to demonstrate the applicability of HECL detection in
†
Newer SU-8 variants supposedly have improved adhesion to many substrates including
glass [175]. Coolant water and silicon dust entering the ﬂuidic chambers during wafer dicing
would, however, remain a problem.
‡
ORMOCER is a trademark of the Fraunhofer-Gesellschaft zur Förderung der angewandten
Forschung e.V. München.
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integrated microﬂuidic systems. While an integrated electrode chip with a sample
chamber ﬁlling by capillary force is a useful device, its use in actual practice is limited
by the decreasing hydrophilicity of the PDMS surface over time. After several days
of storage, the sample chamber no longer ﬁlls by capillary action. However, this
does not preclude its use as part of a pressure-driven microﬂuidic system, nor is
this design of integrated ﬂuidic chip necessarily limited to PDMS: any other plastic
or other optically transparent material that can be bonded to the HECL chip by
adhesive or other means can be used to create the sample chamber. By choosing a
suitable material, reliable capillary ﬁlling of the chamber can be assured.

4.6

Restoration of PDMS hydrophilicity

In the course of this work, it was observed that the hydrophilic nature of a PDMS
sample chamber could be restored even after months of storage. The completed
PDMS ﬂuidic HECL chips were brieﬂy subjected to the same oxygen plasma treatment as in their manufacturing stage (Appendix A.3, step 16), after which they
could again be ﬁlled by capillary action.
To further investigate this phenomenon, long PDMS channels with dimensions of
100×50 m, 200×100 m and 500×350 m (width×height) were fabricated and
bonded to silicon, and allowed to become hydrophobic during several weeks or even
months of storage. They were subsequently exposed to the oxygen plasma (Technics
Plasma GmbH† TePla-400 reactor, 800 W RF power, 800 sccm O2 ﬂow, ∼2.3 mbar
pressure) for varying lengths of time, and the length to which a droplet of water
ﬁlled the channel by capillary action was measured for each. Figure 4.6 shows the
results. The parabolic shape of the curve suggests that whatever reactive oxygen
species are responsible for modifying the PDMS surface to a hydrophilic state, they
diﬀuse in the vacuum process inside the enclosed PDMS channel and reactivate its
inside surfaces to a hydrophilic state again. Tan et al. have recently reported on a
similar method in the device fabrication stage to extend the time the PDMS remains
hydrophilic [177]. Apparently the same method is also eﬀective for PDMS devices
that have already become hydrophobic.
While a plasma reactor is decidedly not practical as part of a point-of-care microanalytical procedure, this method does facilitate looser analysis schedules in the
laboratory and research environment.

4.7

Results

As mentioned previously, the eﬀect of electrode geometry was found to be noncritical in the integrated HECL chip, and maximizing the working electrode surface
area was the primary criterion in attaining high sensitivity. However, the addition
of a ﬂuidic system—either hydrophobic conﬁnement or a PDMS sample chamber—
changed this.
†

Now PVA Tepla AG.

72
80
500×350 μm

Capillary fill length (mm)

60

200×100 μm
40

100×50 μm
20

0
0

300
600
Plasma exposure time (s)

900

Figure 4.6: Restoration of the hydrophilicity of an enclosed PDMS channel, measured as ﬁlling length by capillary action after varying treatment times in an oxygen plasma. The channel
dimensions (width×height) are shown.

When an electrical pulse is applied between the working and counter electrodes, the
aim is to create a potential diﬀerence across the tunneling dielectric and thus to eﬀect
tunneling of electrons into the sample solution. However, since the counter electrode
is separated from the working electrode by the sample solution itself, which is of
ﬁnite electrical conductivity, a potential gradient is formed in the solution as well.
As long as the change in potential within the sample solution is small compared to
the potential change across the tunneling dielectric, it has little eﬀect on anything.
Such is the case in the standard measurement setup with its PTFE sample cell
that accommodates 500 l of sample solution. However, when the sample solution
is drawn into a large-surface area but relatively shallow PDMS sample chamber,
resistance within the solution increases drastically, and the resulting voltage drop
within the solution increases with lateral distance from the counter electrode. This
means a consequently smaller potential diﬀerence across the tunneling dielectric,
as distance from the counter electrode increases. That, in turn, conﬁnes HECL to
the immediate vicinity of the counter electrode’s edge, lowering the overall HECL
signal. The same eﬀect occurs, to a lesser degree, in the hydrophobically conﬁned
sample setup, where the sample solution exists as a thicker ﬁlm than in the PDMS
sample chamber, but still thinner than in the PTFE cell.
The non-uniformity of HECL emission in various ﬂuidic setups could be clearly
seen in long-exposure photographs of the devices in operation (Figure 5 in Publication V). This qualitative information together with HECL intensity measurements
with standard sample solutions helped design a suitable electrode mesh which is
dense enough to produce uniform, high-intensity luminescence, yet not too dense to
waste the valuable surface area of the working electrode. Figure 4.7 shows calibration curves obtained for the various types of devices with their optimized electrode
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geometries. Evidently, the addition of on-chip ﬂuidics (hydrophobic conﬁnement
or a PDMS chamber) degrades the sensitivity of the device somewhat, but subnanomolar sensitivity is still attainable.
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Figure 4.7: Calibration curves of various integrated HECL devices. Three silicon devices are
shown: without on-chip ﬂuidics in a PTFE sample cell (as shown in Figure 4.3, far left), with
hydrophobic sample conﬁnement (Fig. 4.3, far right), and with a capillary-ﬁlling PDMS sample
chamber (Fig. 4.3, middle right). A glass device without on-chip ﬂuidics is also shown.

Since HECL is believed to occur only within 200 nm or so of the working electrode’s
surface [131, 168], most of the sample solution in any measurement setup never participates in the luminescence reactions. Thus an arbitrarily small amount of sample
might be concluded to suﬃce for a HECL analysis. In practice, however, other
factors limit how small the sample volume can be made. The voltage drop within
the sample solution becomes worse as the height of the PDMS sample chamber is
decreased. This could be alleviated either by the use of a denser counter electrode
mesh or, preferably, a transparent counter electrode of equal surface area, arbitrarily
close to the working electrode. However, a more serious problem would likely be
encountered. The PDMS sample chambers were initially fabricated in two heights,
50 m and 350 m. The latter was used for most tests, and it performed well once
the electrode geometry had been optimized. The former, however, never produced
signiﬁcant HECL signals. Even the increased electrical resistance in the thinner sample solution ﬁlm could not account for its poor performance. Rather, the emission
intensity was found to start out normal (albeit decreased due to the aforementioned
resistance), and then to collapse to zero, as shown in Figure 6 of Publication V.
After measurement, the ﬂuidic chamber was found to be nearly empty of liquid,
purged by the action of gas bubbles formed during the HECL measurement. These
may be either oxygen formed at the anode, or hydrogen formed by aqueous electron
pairs reacting with water [127]. Bubbles were also seen in the 350 m high ﬂuidic
chips, but their larger total volume was better able to accommodate some bubbles
without purging the sample completely out of the chip. These factors will most
likely limit the sample volume in HECL detection to a minimum of ∼15 l.
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5

Microhotplate gas sensor

The gas sensor component, with the working name Lakana, was developed as a
testing platform for diﬀerent gas sensor materials in microhotplate (MHP) gas sensors. The primary material in mind was tin dioxide, the most common gas sensing
ﬁlm in semiconductor gas sensors, but deposited by ALD for the ﬁrst time in a
microhotplate process (Publication VI).
In a typical fabrication process, the microhotplate platform is ﬁrst processed to
completion, including release of the hotplate, as shown in Figure 5.1, left (a–b).
The sensing ﬁlm is subsequently deposited by thick ﬁlm methods such as screen
printing or drop coating (c). In the Lakana process (Figure 5.1, right), SnO2 was
deposited by ALD (b), and the deposited ﬁlm was processed as a standard thin
ﬁlm material like all others, changing the fabrication process signiﬁcantly: The ﬁlm
was patterned as thin ﬁlms usually are, by lithography and wet etching (c), and
bulk etching of the MHP was performed last (d). This makes fabrication more
straightforward, as all processing is done by standard wafer-scale microfabrication
methods on a robust, unetched wafer.

(a)
Gold contact pads
Gold electrodes
(a)
Sensing film

Silicon nitride
Silicon dioxide

(b)

Silicon

Silicon nitride
(b)
(c)

Sensing film
(c)

(d)

Drop−dispensing

Lakana process

Figure 5.1: A conventional MHP process with drop-dispensing of the SnO2 sensing ﬁlm (left ),
and the Lakana process with ALD SnO2 (right ).

The MHP structure itself was made using available materials and techniques, which
is convenient in the device prototyping stage, although the chosen process ultimately
resulted in reduced device lifetime, requiring diﬀerent process options for production
devices. A detailed process description is provided in Appendix B.

75

5.1

Semiconductor gas sensors

Gas sensors can utilize many diﬀerent principles of detection. Examples include
calorimetric sensors or pellistors which detect the energy output of burning combustible gases on a catalytic surface, electrochemical gas cells which amperometrically detect an electrochemical reaction with the gas species (much like in a fuel cell),
mass sensitive sensors which detect adsorbed molecules e.g. with a quartz crystal
microbalance or a surface acoustic wave sensor, and various optical detection methods. [46, 178, 179]

Electron
energy

Semiconductor gas sensors are relatively simple devices in comparison. They are
based on the change of resistivity of a semiconducting metal oxide material such
as WO3 , TiO2 or SnO2 when exposed to various gases. Especially the latter is
widely used and much studied, not only as a gas-sensitive material, but also as a
transparent electrical conductor, an oxidation catalyst, and in novel nanostructured
materials [180]. A wide variety of other metal oxides have also been investigated as
gas sensing materials [181]. The underlying mechanism is relatively simple: When
heated to a high temperature, typically between 200–500◦C [182], oxygen adsorbed
on the surface of the nanocrystalline metal oxide grains becomes ionized, forming
−
2−
O−
2 , O or O . The electric charge of the oxygen ions creates potential barriers
at grain boundaries in the n-type semiconducting ﬁlm (Figure 5.2, left), much in
the same way as gate charge does in a MOSFET. Charge carriers must overcome
this barrier in order for current to ﬂow across the grain boundary. When exposed
to reducing gases such as carbon monoxide, hydrogen, methane or solvent vapors,
the adsorbed oxygen ions react with the gas, decreasing their concentration on the
grain surfaces. This lowers the potential barriers (Figure 5.2, right), consequently
decreasing the resistance of the ﬁlm. Oxidizing gases such as NO2 have an opposite
eﬀect. [46, 179, 182] Since the grain surface is a determining factor in gas sensitivity,
the grain size and morphology in the ﬁlm have a great eﬀect. [183, 184]

O− O−
− −
O− O O O− − − O−
−
O O
O

SnO 2 grains

O−

Depletion region

O−

O−

O−

O−

Adsorbed oxygen ions

Figure 5.2: Principle of operation of a semiconductor gas sensor: Adsorbed oxygen ions create
potential barriers at grain boundaries (left ), increasing the resistance of the ﬁlm. A reducing gas
consumes oxygen ions (right ), lowering the potential barriers, leading to decreased resistance.
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The conductance response of MOS gas sensors to analyte gases is commonly of the
form:
1
= G0 + A pβgas
G=
R
where pgas is the partial pressure of the analyte gas, and G0 , A and β depend on
the sensor and analyte gas. For combustible gases, β ≈ 0.5 . . . 1, whereas for an
oxidizing gas like oxygen, β ≈ −0.25 . . . − 0.55. [46]
The sensitivity S of a sensor can either be deﬁned as the change in its resistance
when exposed to a partial pressure pgas of analyte gas:
S=

ΔR
pgas

or as the ratio of conductance in a speciﬁed concentration of analyte gas to that in
pure (often synthetic) air [179]:†
S=

Ggas
Rair
=
Gair
Rgas

Since the gas sensor’s response is basically towards the reducing or oxidizing character of gases, there cannot be much selectivity between diﬀerent reducing or oxidizing
gas species. Selectivity can be improved by selection of the sensing ﬁlm material [181], doping the ﬁlm with sensitizing catalyst materials [46] (which can also be
used to improve sensitivity and to lower the required operating temperature), optimizing the operating temperature of the sensor [179], or optimizing the morphology
of the sensing ﬁlm [184]. In a complete gas sensing system, selectivity can further
be improved by ﬁrst ﬁltering out interfering gases, by using an array of diﬀerently
tailored sensors with known selectivities [184], or by observing the transient response
of a sensor, rather than its eventual steady-state resistance [185, 186].
The sensing layer itself can be made in a multitude of ways. Most commonly,
nanocrystalline metal oxide powders are made by milling, sol-gel methods or spray
pyrolysis, and mixed with suitable binder materials for screen-printing or dropcoating onto sensor devices. Sintering subsequently forms a porous, high-surface
area thick ﬁlm [46]. In the more fragile MHP devices, thinner ﬁlms are required,
which have been produced by sputtering [187, 188], CVD [189], laser ablation [190]
and sol-gel methods [49]. Localized thermal CVD or sol-gel deposition by enhanced
evaporation on the device have been eﬀected by heating the MHP with its own
heaters [184], and the use of photopatternable spin-on metal-organic SnO2 coatings
has also been published [191].
To minimize power consumption of the device, the heated sensor element must
be thermally insulated from the substrate. Thick silicon dioxide [192] or porous
†
It is somewhat misleading to call this ratio sensitivity, as it is not formulated per concentration
of the analyte. Instead, it is common practice to express this “sensitivity” graphically, plotted as
a function of pgas . Intuitively, sensitivity should be the slope of that plot.
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silicon [193] can be used for thermal insulation in gas sensors and other heated
microdevices, but various microhotplate designs are more eﬃcient. These can be
made either as closed membranes, i.e. membranes that are not punctured, and are
released from the wafer backside, or suspended membranes, which are released by
etching and undercutting silicon from the front side, through holes patterned in the
membrane ﬁlm [194]. The two types of membranes are shown in Figure 5.3.
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Figure 5.3: A closed membrane etched from the backside (left ) and a suspended membrane
etched from the front side (middle). The latter is shown also from above (right ).

5.2 “Lakana” microhotplate structure
The microhotplate of the Lakana device is fabricated on a (100) silicon substrate and
released by backside etching of the silicon in potassium hydroxide (KOH) solution,
i.e. a closed membrane is used. This way the entire wafer front side can easily be
protected from the KOH solution during bulk etching, thus protecting the SnO2
sensing ﬁlm which has already been deposited at this stage. The closed membrane
is also more resistant to the water jets present in the wafer dicing process, which is
done after bulk etching of the membrane.† The fabrication process is summarized
as follows (details are in Appendix B):
Oxidation and Si3 N4 LPCVD for the membrane
Sputtering and patterning of tungsten heater resistors
PECVD and annealing of intermetal dielectric
Contact hole etching in dielectric
Patterning of backside Si3 N4 and SiO2
Sputtering and patterning of gold sensor electrodes
SnO2 sensing ﬁlm deposition and patterning
Backside bulk etching, dicing and packaging
For a testing and development device, materials and methods readily available at
the Micronova [103] fab had to be used. The hotplate membrane is, as usual, a stack
†
Photopatternable ProTEK material [71], which has since become commercially available,
could make a suspended membrane design equally convenient to fabricate. Dicing, however, might
remain problematic.
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of thermal oxide and LPCVD deposited silicon nitride. The buried metallizations,
however, are made of tungsten, and the various metallizations are separated from
each other by PECVD deposited silicon dioxide.
The tungsten heater resistor is deposited by sputtering and patterned by dry etching
in a SF6 plasma. A second resistor is patterned in the same metallization layer,
meandering between the lines of the heater resistor, to act as a resistive temperature
sensing element. To improve the stability of the tungsten ﬁlm, tungsten nitride is
deposited above and below these resistors. The whole WNx /W/WNx stack is easily
deposited in a single process step by reactive sputtering, i.e. by introducing nitrogen
into the sputter’s chamber at the beginning and end of the deposition, while the
tungsten ﬁlm itself is sputtered with pure argon. In the etching step, the same
plasma chemistry etches tungsten nitride as well as tungsten.
The silicon dioxide dielectric was deposited using a standard PECVD process at
300◦ C, but it soon became apparent that outgassing of residual hydrogen or other
gaseous species from the ﬁlm caused delamination of subsequent metal layers during
the ALD deposition of the SnO2 sensing layer. Figure 5.4, left, shows an optical
microscope image of this occurring on an intermediate electrode layer† over the
heater resistors. There is no damage evident in the surrounding dielectric, where
outgassing species can diﬀuse out of the PECVD SiO2 ﬁlm. Under the electrode
metallization, however, bubbles formed, as shown in the schematic cross-section on
the right. Therefore the dielectric ﬁlm was annealed immediately after deposition
at a temperature of 500◦C, which would not be exceeded during further processing
nor operation of the component.

Heater
Electrode
PECVD dielectric

Figure 5.4: Outgassing of PECVD SiO2 causes delamination of metallization: The metal lines
coming from the left are underlying heater and thermometer wires. The lines leading to the right
are the overlying electrode metallization. The latter suﬀers delamination as the PECVD intermetal
dielectric outgasses during high-temperature processing.

†
In some batches of devices, an extra biasing electrode was fabricated between the heater and
sensor electrode layers (process steps 11–16 in Appendix B), intended to provide an equipotential
plane e.g. if a future device were to utilize the Seebeck eﬀect [195]. This intermediate metallization
was ultimately not used in the devices, and was omitted to alleviate the outgassing issues.
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Various geometries of sensing electrodes were tested, including interdigitated comb
electrodes of various linewidths and densities, as well as a “multi-sensor”arrangement
containing four individual electrodes at various distances from each other. These
were all fabricated in gold, which does not corrode during the SnO2 deposition
process where HCl is produced, nor in the aggressive SnO2 etchant solution, and
which is an easy material to bond electrical contact wires to. The sputtered gold
ﬁlm was patterned by wet etching, using diluted Aqua Regia (HCl + HNO3 ) and a
standard photoresist mask. To improve adhesion, a thin ﬁlm of titanium or titaniumtungsten alloy was sputtered underneath the gold ﬁlm, and this was wet etched in
dilute hydrogen peroxide.

5.3

Sensing ﬁlm processing

Instead of depositing the sensing ﬁlm on an otherwise ﬁnished MHP component
as is commonly done [194], it was deposited like any other ﬁlm in the fabrication
process, on the whole unetched wafer. At this time the wafer is still robust, and
able to withstand a variety of deposition and patterning processes without risk of
breakage.
The tin dioxide sensing ﬁlm was deposited by our coworkers. The main deposition
method was ALD, using a SnCl4 /H2 O process [196]. Reactively sputtered SnO2
ﬁlms were also tested, produced by sputtering tin in an oxygen-containing atmosphere, followed by oxygen annealing to improve the stoichiometry of the ﬁlm. As
these deposition processes were done on the whole wafer, the tin dioxide had to be
patterned to expose the contact pad areas of the chip. In the ALD variant, this was
done by wet etching, using a chromic acid solution activated by zinc powder [197].
This etchant is very aggressive also towards the photoresist mask, which was signiﬁcantly damaged, but did nevertheless survive the short etch process, albeit with
signiﬁcant broadening of the etched structures. This was not a problem, however, as
the contact pads were suﬃciently far from the active sensor area. Reactive sputtering, on the other hand, is a low-temperature process, and lift-oﬀ was used to pattern
the SnO2 ﬁlm prior to annealing.
The Lakana device is set apart from other microhotplate gas sensors by how the sensing ﬁlm is processed. In both the ALD and reactive sputtering variants, the Lakana
process uses only wafer-scale or batch-scale processes and standard semiconductor
fabrication techniques throughout. In contrast, in most other fabrication processes
the sensing ﬁlm is deposited last, on the otherwise complete device. Regardless of
the deposition method, this involves more handling of the fragile bulk-etched wafers,
and possibly much chip-scale processing as well.
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5.4

Release of the microhotplate

KOH etching of the silicon wafer backside was the last wafer-scale process performed.
Since KOH is a rather aggressive etchant, special precautions must be taken to
protect the wafer’s front side. A newly developed spin-on etch-protective coating
called ProTEK by Brewer Science Inc. was used for this purpose. While the
coating itself was not attacked by the etchant to any visible degree, its adhesion to
the substrate slowly degraded during the long etching process, and the ﬁlm began
to peel away, beginning at the wafer edges.† Therefore a special wafer holder was
used, which exposed only one side of the wafer to the etchant. The ProTEK ﬁlm
was still used as additional protection, in case a single device broke during etching
and allowed etchant to leak to the wafer front surface. The ProTEK ﬁlm was left
on the wafer also for the duration of dicing to individual chips, which subjects the
device to water jets and particle contamination. With the relatively thick ProTEK
layer in place, the devices survived dicing without breakage. Following dicing, the
ProTEK layer was removed using a sequence of solvents.
MHP devices were made both on a simple SiO2 /Si3 N4 dual layer membrane by a
single KOH etching step, as was shown in Figure 2.6, left, on page 39, and on a
membrane with a silicon island underneath as in Figure 2.6, middle, both to provide
additional mechanical support and to help maintain uniform temperature throughout the sensor. With the unoptimized etchant, the shape and thickness of the silicon
islands were not very controllable, and in many cases they only concentrated ﬁlm
stresses causing breakage of the MHP membrane. Also the timing of the second etching step was very critical, requiring constant monitoring at the end of the nearly
3-hour etch process. While the boron etch-stop process shown in Figure 2.6, right
does require multiple extra processing steps in the front-end, the improved dimensional control of the island and the simpliﬁcation of the bulk etching process would
make that alternative preferable for further development. The thickness of the silicon island would, however, be limited by the diﬀusion depth of the dopant.
Another alternative release method that was not tested is plasma etching by cryogenic ICP RIE. The thick thermal oxide layer on the wafer backside is quite suﬃcient
as an etch mask, and the oxide at the bottom of the MHP membrane would serve
well as an etch stop. This method would not enable any island structures by boron
etch-stop, although two-stage timed etching would be possible using suitable mask
materials. Plasma etching would, however, reduce the size of each sensor chip, as the
through-etched sidewall proﬁles are vertical instead of slanted. This would enable
more devices to be produced per wafer.

†
Newer versions of ProTEK are claimed to have improved adhesion and to resist such peeling
in a through-wafer etching process.
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5.5

Results

The successful application of ALD in the fabrication of MHP gas sensors was demonstrated, as well as a novel fabrication process where the SnO2 sensing layer was
deposited and patterned before release of the microhotplate. Also, unconventional
tungsten heater metallizations and PECVD SiO2 intermetal dielectrics were demonstrated to work well in the short term for prototyping and testing of MHP gas
sensors.
In the long term, the tungsten heaters were not, however, very stable. Oxidation of
the heater resistors was evident after approximately two weeks of continuous operation, possibly initiated from point defects at the line edges. However, the ALD SnO2
technology and its associated process ﬂow does not aﬀect the hotplate structure and
processing per se, and a trial batch of Lakana devices, using conventional platinum
metallizations and Si3 N4 dielectrics, was processed at another fab to demonstrate
this. The required heating power for 300◦C operation of the hotplate (with tungsten heaters) was 80–180 mW, depending on device variant, which is comparable to
other reported MHP devices [194], and the operating temperature stabilized within
seconds.
Figure 5.5 shows the sensor’s response to three analyte gases at two concentrations
each. The response of the device was fast, as seen from the risetimes to 50% of
maximum shown in Table 5.1. Drift in the output signal was low, and further
decreased with time. ALD SnO2 is therefore seen as a viable and stable material for
MHP gas sensor applications. The sensitivity of the devices was, however, quite low
in the current generation of devices. But since no sensitizing dopants had been added
to the SnO2 ﬁlm, this was expected, and much higher sensitivities should be possible
to obtain with the same basic design. The sensitizers could either be deposited over
the SnO2 ﬁlm by evaporation or sputtering, or they could be incorporated within
the ﬁlm itself during deposition. The ALD process is ideally suited for the latter,
as individual pulses of various dopant precursors can be introduced between the
repeating SnCl4 and H2 O pulses to tailor the ﬁlm composition with great accuracy
and reproducibility.
Gas

Concentration

S

t50% (s)

Ethanol

100 ppm
500 ppm

1.51
1.64

3.4
2.3

Acetone

100 ppm
500 ppm

1.23
1.38

8.1
4.2

Acrylonitrile

20 ppm
100 ppm

1.008
1.035

3.0
5.2

Table 5.1: Sensitivities and response times of Lakana gas sensor devices to various concentrations
of analyte gases

Temperature uniformity in the sensing ﬁlm can conceivably have a major impact on
device performance in terms of sensitivity, selectivity and response time. Whether a
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Figure 5.5: Response of the Lakana sensor to various gases. (For clarity, the curves for acetone
and ethanol are shifted up by 20 and 40 S/, respectively.)

silicon island under the MHP actually makes a noticeable improvement ought to be
investigated more thoroughly with well-deﬁned boron etch-stop islands. In pulsed
operation, e.g. to reduce battery consumption in a portable instrument, the rigidity
provided by the island may also improve device lifetime, as ﬂexing of the MHP
during heating and cooling is minimized.
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6

Conclusions and outlook

Hot electron-induced electrochemiluminescence
Hot electron-induced electrochemiluminescence is a versatile method for bioassays,
with many advantages. The HECL chips designed and tested in this work provide
a practical approach to using HECL methods in routine analysis. High sensitivity
to the model Tb(III) chelate was demonstrated with small sample volumes, on a
completely disposable chip that requires no washing of parts between analyses, and
minimal assembly for each measurement. The time required per measurement was
thus reduced to a fraction of that needed with conventional plain silicon or aluminum
electrodes and separate counter electrode wires.
The sample containment schemes that were investigated are complementary: Neither one is an obvious all-round winner for all conceivable applications. Hydrophobic
conﬁnement is simple to fabricate and does not degrade in storage, but does require
a modicum of laboratory routine to use. With an adjustable micropipette, uniform
droplets can be formed on the hydrophobic chip, resulting in good reproducibility. Due to its open structure, modiﬁcation of the electrode surface with antibodies
should be relatively easy, and work is ongoing to utilize these devices in bioassays.
The PDMS capillary-ﬁlling device, on the other hand, would be more convenient for
point-of-care use, as uniform sample volumes can be obtained without much skill or
equipment.
Unfortunately, the lifetime of the hydrophilic PDMS surface is limited, and although
restoration of surface hydrophilicity in an enclosed PDMS ﬂuidic system after storage
was demonstrated, this is inconvenient or impossible in a point-of-care application.
Therefore, alternative materials and bonding methods ought to be investigated for
the ﬂuidic part of the chip. In fact, the PDMS sample chambers were ﬁrst envisioned
only as a proof-of-concept for the use of HECL detection in microﬂuidic systems,
where PDMS, despite its problems, remains widely used. While the simple PDMS
devices were demonstrated to work with good sensitivity, an actual microﬂuidic
system combining sample pretreatment, labeling, binding, ﬂushing and detection,
remains still to be implemented.
Work is already ongoing to use polymeric substrates for the HECL chips. This
approach may eventually yield viable solutions also for fabricating the on-chip ﬂuidic
system e.g. by hot embossing or mold extrusion. For a low-cost device, use of a
cheap plastic substrate is only a ﬁrst step. Since the linewidth requirements of these
devices are very relaxed, patterning of the electrode metal ﬁlms could be eﬀected by
evaporation or sputtering through a shadow mask. Alignment could conceivably be
done by purely mechanical means, using pins in a substrate holder and holes in the
polymeric substrates and shadow masks to align the two with suﬃcient precision.
If a low-temperature ALD process is used, the Al2 O3 ﬁlm could be patterned by
lift-oﬀ. If the lift-oﬀ resist were applied by screen printing, the entire fabrication
process could be accomplished without any expensive lithography steps.
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Since HECL occurs only in a relatively narrow thickness range of tunneling dielectrics, and the optimal thickness is in the vicinity of only 4 nm, special considerations and precautions are needed in both the fabrication and characterization of
the ﬁlms. Deposition processes therefore had to be optimized to be reproducible,
or indeed possible, in this ultrathin regime. A variety of common microelectronic
materials were tested for HECL electrode application in this work, but an inﬁnitely
greater variety exists that can be deposited e.g. by ALD. What precisely determines
a tunnel dielectric’s performance in HECL is not yet fully understood, so other materials and process parameters should be further investigated in the hope of shedding
some light on the underlying processes. Thence, a search for the ultimate tunnel
dielectric could be undertaken.
To be truly useful, the entire HECL measurement setup should be miniaturized.
A prototype instrument might utilize a high-sensitivity solid-state detector (e.g.
an avalanche photodiode), and a suitable microcontroller for data acquisition and
processing. Controllers such as the Philips/NXP LPC 21xx series, the Microchip
PIC 16 and PIC 18 series, and many others, oﬀer on-chip analog-to-digital converters
for digitizing the HECL signal, or they can interfaced to an external converter for
better speed and resolution. They also oﬀer various amounts of non-volatile memory
that can be used to store calibration data and results, as well as the necessary bus
lines for interfacing to a keypad and display for independent use, or to a computer
if desired. The coulostatic pulse generator [133] is simple in design, and easily
adapted to microprocessor control. If a cascade were used to generate the high
voltages required for the pulse generator and photodiode biasing, the instrument
could be entirely battery powered. A prototype instrument should ﬁt in a case the
size of a thick paperback novel, and with some optimization, a complete HECL
system might not be much larger than a modern cellular phone.

ALD ﬁlms in semiconductor gas sensors
The application of ALD to deposit the SnO2 sensing ﬁlm in a microhotplate gas
sensor device was successfully demonstrated. Fast response time to gases and low
drift in the output signal demonstrate the capabilities of ALD in the deposition
of the sensing ﬁlm. For research purposes, a microhotplate fabrication process using available materials and methods (tungsten heater metallizations and PECVDdeposited intermetal dielectrics) was presented, and the new etch-protective material
ProTEK was utilized in bulk etching and dicing. The photopatternable variant of
ProTEK , which has since become commercially available, could be employed to
further improve the fabrication process. For production devices, conventional platinum heaters and silicon nitride dielectrics would be preferable to ensure long-term
stability of the microhotplate, but the stability of the ALD SnO2 sensing ﬁlm itself
was excellent within the limits tested.
Whereas in conventional MHP gas sensors the sensing ﬁlm is deposited last onto
the completed MHP platform, in the Lakana process the SnO2 ﬁlm was deposited
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and patterned earlier in the fabrication process. It was therefore used like any
other material in semiconductor device fabrication, thus more tightly integrating
the sensing ﬁlm deposition into the fabrication process. This is possible since the
ALD-deposited SnO2 is denser and more robust than a conventional porous thickﬁlm material, and can thus withstand standard processing methods.
The high density of the ALD-deposited SnO2 ﬁlm may in part decrease the sensitivity of the sensor. However, only undoped SnO2 ﬁlms have thus far been tested in
the Lakana devices. Therefore, doping of the ﬁlm is expected to greatly improve the
sensitivity. Doping could be done ex situ by evaporation onto the ﬁnished device, or
dopant materials could be incorporated in situ in the ALD process. The potential
oﬀered by ALD for the production of a variety of gas-sensitive materials or highly
tailored sensing ﬁlm stacks also remains to be investigated.
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Appendix A

HECL chip fabrication process

The HECL devices are processed using economical plastic ﬁlm photomasks, of the
type used in printed circuit board production. This enables fast turnaround of prototype devices. The minimum linewidths and alignment tolerances between masklevels
were 100 m, although patterns down to approximately 20 m could be realized
with plastic masks. Since the plastic ﬁlm is not as uniformly transparent as glass
photomasks, signiﬁcant overexposure is required to avoid photoresist residues in exposed areas. Likewise slight overdevelopment is used. At these linewidths, however,
overexposure and overdevelopment pose no problems.

A.1

Silicon devices

1. Wafer selection: 100 mm, n+ type, 0.005–0.018 Ω·cm, (111) orientation,
single-side polished
2. RCA-cleaning
-

10 minutes SC-1 (5:1:1 H2 O : NH4 OH : H2 O2 at 80◦ C), DI-water rinse
15 minutes SC-2 (5:1:1 H2 O : HCl : H2 O2 at 80◦C), DI-water rinse
30 seconds 50:1 H2 O : HF at RT, DI-water rinse
Drying

3. Field oxide growth: Centrotherm furnace, wet oxidation, 950◦ C, 90 minutes
=⇒ Approx. 380 nm oxide thickness measured by ellipsometer
4. Photolithography (Field oxide mask)
-

Oven baking, 120◦C, 10 minutes
HMDS-priming, 10 minutes in vacuum desiccator
AZ5214 E photoresist spinning, 4 000 rpm, 30 seconds
Oven baking, 90◦ C, 20 minutes
Exposure, plastic photomask, 4 seconds (Süss Microtec MA-6)
Development, 1:5 AZ351 B : H2 O, 1 minute
Rinsing, drying
Oven baking, 120◦C, 30 minutes

5. Field oxide etching: SioEtch BHF, 32◦C, 4 minutes, rinsing, drying
6. Photoresist removal
-

10 minutes, acetone in ultrasonic bath
Rinse in clean acetone
Rinse in clean isopropanol
DI water rinse, drying

7. RCA-cleaning as in step 2
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8. Tunnel oxide growth: Centrotherm furnace, dry oxidation, 850◦ C, 10% oxygen
=⇒

Loading at 700◦C
Ramp to 850◦ C at 10◦ C/min in 5% oxygen
Oxidation 20 minutes at 850◦ C in 10% oxygen, 90% nitrogen
Annealing 30 minutes at 850◦C in 100% nitrogen
Ramp to 700◦ C at 4◦ C/min in nitrogen, unloading
Approx. 4 nm oxide thickness measured by ellipsometer

9. Photolithography (Pt lift-oﬀ mask) as in step 4
10. Sputtering of platinum: Oxford PlasmaLab System 400
- Chromium adhesion layer: 10 seconds, 200 W, 50 sccm argon
- Platinum: 15 seconds, 500 W, 70 sccm argon
=⇒ Approx. 50 nm total thickness measured by proﬁlometer
11. Lift-oﬀ of platinum
- 30 minutes, acetone in ultrasonic bath
- 10 minutes, clean isopropanol in ultrasonic bath
- DI water rinse, drying
12. Protection of wafer front side with photoresist
-

Oven baking, 120◦ C, 10 minutes
HMDS-priming, 10 minutes in vacuum desiccator
AZ5214 E photoresist spinning, 4 000 rpm, 30 seconds
Oven baking, 120◦ C, 30 minutes

13. Oxide etching from wafer backside: SioEtch BHF, 32◦ C, 1 minute, rinsing,
drying
14. Sputtering of aluminum on backside:
1 minute, 1 000 W, 70 sccm argon

Oxford PlasmaLab System 400,

15. Photoresist removal as in step 6
Steps 16–18 only for devices with hydrophobic sample conﬁnement:
16. Photolithography (hydrophobic lift-oﬀ mask) as in step 4
17. Fluoropolymer deposition: Oxford PlasmaLab 80+, 5 minutes, 50 W,
100 sccm CHF3 =⇒ ∼30 nm ﬁlm
18. Liftoﬀ of ﬂuoropolymer as in step 11

19. Wafer dicing
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A.2

Glass devices

1. Wafer selection: 100 mm borosilicate glass
2. Partial RCA-cleaning
- 10 minutes SC-1 (5:1:1 H2 O : NH4 OH : H2 O2 at 80◦ C)
- DI-water rinse, drying
3. Sputtering of aluminum: Oxford PlasmaLab System 400, 1 minute 15 seconds, 2 000 W, 70 sccm argon
=⇒ Approx. 400 nm thickness measured by proﬁlometer
4. Photolithography (Platinum lift-oﬀ mask) as in A.1, step 4
5. Wet etching of aluminum: PS 80-16-04 etchant, 2 minutes at 50◦ C (approx.
100% overetch)
6. Sputtering of platinum as in A.1, step 10
7. Lift-oﬀ of platinum as in A.1, step 11
8. Photolithography (Aluminum electrode mask) as in A.1, step 4
9. Wet etching of aluminum: PS 80-16-04 etchant, 1 minute at 50◦ C
10. Photoresist removal as in A.1, step 6
11. Atomic layer deposition of Al2 O3 : Beneq TFS-500, 40 A-B cycles of TMA
and H2 O at 210◦C
12. Photolithography (Tunnel dielectric mask) as in A.1, step 4
- Development time of 3 minutes: Overdevelopment etches Al2 O3 ﬁlm
13. Photoresist removal as in A.1, step 6
14. Wafer dicing

A.3

PDMS ﬂuidics

The master mold is fabricated of SU-8 epoxy on a silicon wafer in a single masklevel
process, using a plastic ﬁlm photomask. The type of wafer is not critical. A single
mold can be used for casting multiple copies in PDMS.
1. Wafer selection: any polished silicon wafer
2. Oxide removal: SioEtch BHF, 32◦ C, 1 minute, rinsing, drying
3. Bake 120◦C, 30 minutes
4. Dispense SU-8 100, spin 30 seconds at 1 000 rpm (∼350 m layer)
5. Prebake on hotplate
- Ramp from RT to 65◦ C in 3 min
- Bake at 65◦ C for 25 min
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- Ramp from 65◦ C to 95◦ C in 3 min
- Bake at 95◦C for 150 min
- Ramp to RT
6. Exposure, plastic photomask, 85 seconds (Süss Microtec MA-6)
7. Postbake on hotplate
- Ramp from RT to 95◦ C in 5 min
- Bake at 95◦C for 40 min
- Ramp to RT
8. Development with SU-8 developer while agitating, approx. 30 minutes or
until unexposed areas are fully removed
9. Rinse with clean SU-8 developer
10. Rinse with clean isopropanol, drying
11. Fluoropolymer deposition as in A.1, step 17
The PDMS lids are made outside the cleanroom by casting an approximately 2 mm
thick layer of PDMS over the master mold in a Petri dish.
12. Casting of PDMS on master mold: Sylgard 184 elastomer mixed in 10:1 ratio
(base and curing agent)
13. Outgassing of PDMS in vacuum desiccator, 20 minutes
14. Oven curing of PDMS, 50◦ C, 2 hours
15. Peeling of PDMS from master, dicing manually with a knife
16. Plasma treatment of PDMS lids and HECL chips: Technics Plasma GmbH†
TePla-400, 30 seconds, 800 W, 800 sccm O2
17. Bonding of PDMS lids to HECL chips: manual alignment and ﬁnger pressure
for 5 seconds
18. (If necessary) Trimming of PDMS from bonded device with a knife
19. (If necessary) Re-activation by oxygen plasma as in step 16

†

Now PVA TePla AG.
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Appendix B

Gas sensor fabrication process

The Lakana microhotplate gas sensor fabrication process uses up to eight masklevels.
Five photomasks are standard glass/chromium masks, while three have more relaxed
linewidth requirements and use cheaper plastic ﬁlm masks. These require a longer
exposure time due to lower transparency and imperfections.
1. Wafer selection (not critical): 100 mm, p-type, 5–7 Ω·cm, (100) orientation,
double-side polished
2. RCA-cleaning
-

10 minutes 5:1:1 H2 O : NH4 OH : H2 O2 at 80◦C, DI-water rinse
15 minutes 5:1:1 H2 O : HCl : H2 O2 at 80◦C, DI-water rinse
30 seconds 50:1 H2 O : HF at RT, DI-water rinse
Drying

3. Oxidation: Centrotherm furnace, wet oxidation, 1 000◦ C, 80 minutes
=⇒ 416 nm thickness measured by ellipsometer
4. Silicon nitride LPCVD: 770◦ C, 70 minutes
=⇒ 263 nm thickness measured by ellipsometer
5. Sputtering of tungsten: Oxford PlasmaLab System 400
- Tungsten nitride: dynamic, 5 rpm, 600 W, 30 sccm Ar, 100 sccm N2 ,
1 min
- Tungsten: dynamic, 5 rpm, 500 W, 70 sccm Ar, 19 min
- Tungsten nitride: dynamic, 5 rpm, 600 W, 30 sccm Ar, 100 sccm N2 ,
1 min
=⇒ 210–220 nm thickness measured by proﬁlometer
6. Photolithography (Heater resistor mask)
-

Oven baking, 120◦C, 10 minutes
HMDS-priming, 10 minutes in vacuum desiccator
AZ5214 E photoresist spinning, 4 000 rpm, 30 seconds
Oven baking, 90◦ C, 20 minutes
Exposure, 4.5 seconds (Electronic Visions AL-6)
Development, 1:5 AZ351 B : H2 O, 1 minute
Rinsing, drying
Oven baking, 120◦C, 30 minutes

7. Tungsten etching: Oxford PlasmaLab 80+, 100 W, 100 sccm SF6 , 100 mTorr,
2 min 10 s
8. Photoresist removal
- 10 minutes, acetone in ultrasonic bath
- Rinse in clean acetone
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- Rinse in clean isopropanol
- DI water rinse, drying
- Oxygen plasma: Oxford PlasmaLab 80+, 50 W, 45 sccm O2 , 250 mTorr,
1 min
9. Silicon dioxide PECVD: Oxford PlasmaLab 80+, 20 W, 8.5 sccm SiH4 ,
710 sccm N2 O, 161.5 sccm N2 , 1 000 mTorr, 350◦ C, 5 min
=⇒ ∼325 nm thickness measured by ellipsometer from reference wafer
10. Annealing in nitrogen atmosphere:
- Ramping from 300◦ C to 500◦C at 1.7◦ C/min
- Annealing at 500◦C for 24 h
- Ramping from 500◦ C to 300◦C at 1.7◦ C/min
Steps 11–16 only for devices with intermediate electrode:
11. Sputtering of tungsten: Oxford PlasmaLab System 400
- Tungsten nitride: dynamic, 5 rpm, 600 W, 30 sccm Ar, 100 sccm N2 ,
1 min
- Tungsten: dynamic, 5 rpm, 500 W, 70 sccm Ar, 9.5 min
- Tungsten nitride: dynamic, 5 rpm, 600 W, 30 sccm Ar, 100 sccm N2 ,
1 min
=⇒ 110–120 nm thickness measured by proﬁlometer
12. Photolithography (Intermediate electrode mask) as in step 6
13. Tungsten etching: Oxford PlasmaLab 80+, 100 W, 100 sccm SF6 ,
100 mTorr, 1 min 15 s
14. Resist removal as in step 8
15. Silicon dioxide PECVD as in step 9
=⇒ ∼325 nm thickness measured by ellipsometer from reference wafer
16. Annealing as in step 10
17. Photolithography (1. contact hole mask) as in step 6
18. Oxide etching: SioEtch BHF, 32◦ C
With intermediate electrode: etching 1 min 10 s, rinsing, drying
=⇒ ≥640 nm total depth measured by proﬁlometer
Without intermediate electrode: etching 40 s, rinsing, drying
=⇒ ≥340 nm depth measured by proﬁlometer
19. Photoresist removal:
- 10 minutes, acetone in ultrasonic bath
- Rinse in clean acetone
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- Rinse in clean isopropanol
- DI water rinse, drying
Steps 20–22 only for devices with intermediate electrode:
20. Photolithography (2. contact hole mask) as in step 6
21. Oxide etching: SioEtch BHF, 32◦ C, 40 s, rinsing, drying
=⇒ ≥340 nm depth measured by proﬁlometer
22. Photoresist removal as in step 19

23. Protection of wafer front side with photoresist
-

Oven baking, 120◦C, 10 minutes
HMDS-priming, 10 minutes in vacuum desiccator
AZ5214 E photoresist spinning, 4 000 rpm, 30 seconds
Oven baking, 120◦C, 20 minutes

24. Backside photolithography (Nitride hole mask) as in step 6
- Plastic photomask, exposure time 9.0 s
25. Silicon nitride etching: Oxford PlasmaLab 80+, 150 W, 50 sccm CHF3 ,
5 sccm O2 , 55 mTorr, 7 min
Steps 26–28 only for devices with a silicon island under the MHP:
26. Photoresist removal as in step 19
27. Protection of wafer front side with photoresist as in step 23
28. Backside photolithography (Oxide hole mask) as in step 6
- Plastic photomask, exposure time 9.0 s
29. Oxide etching: SioEtch BHF, 32◦ C, 5 min, rinsing, drying
30. Photoresist removal as in step 19
31. Wafer front side cleaning by oxygen plasma: Oxford PlasmaLab 80+, 50 W,
45 sccm O2 , 250 mTorr, 10 s
32. Gold sputtering with TiW adhesion layer (done at VTT† ), ∼480 nm
33. Photolithography (Electrode mask) as in step 6

†

VTT Technical Research Center of Finland, Micronova, Espoo.

108
34. Gold etching
- 4:4:1 H2 O : HCl : HNO3 , 45 s, DI-water rinse, drying
35. Photoresist removal as in step 19
36. TiW etching
- 1:1 H2 O2 : H2 O, 2 min, DI-water rinse, drying
37. Particle removal: 10 min, DI-water in ultrasonic bath, DI-water rinse, drying
38. Tin dioxide deposition by ALD, SnCl4 and H2 O at 500◦ C (done at ASTRaL† )
39. Photolithography (Contact mask) as in step 6
- Plastic photomask, exposure time 9.0 s
40. Tin dioxide etching: described elsewhere [197]
41. Photoresist removal as in step 19
42. Wafer front side protection:
-

Spin ProTEK Primer, 1500 rpm, 60 s
Bake on hotplate: 150◦C, 60 s
Spin ProTEK B1-18, 1 000 rpm, 90 s
Bake on hotplate: 115◦C, 120 s; 160◦C, 120 s; 205◦C, 60 s

Steps 43–44 only for devices with a silicon island under the MHP:
43. Backside etching: 20% KOH solution, 90◦ C, 20 min, rinsing
44. Oxide etching: SioEtch BHF, RT, 5 min, rinsing
45. Backside etching: 20% KOH solution, 90◦ C
With silicon island under the MHP: etching approx. 2 h 30 min, until
through-etched, rinsing, drying
Without silicon island under the MHP: etching approx. 3 h, until
through-etched, rinsing, drying
46. Wafer dicing
47. ProTEK
drying

removal: acetone 10 min, rinse in isopropanol, rinse in water,

48. Chip packaging

†
Advanced Surface Technology Research Laboratory (ASTRaL), Lappeenranta University of
Technology, Mikkeli.
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Errata
In Publication III, at the end of section 2, measurements were performed in a
5.6 mm diameter sample cell (not 8 mm), and luminescence was measured after a
50 s delay following the pulse (not 50 s).
Due to limitations of the HECL measurement setup, luminescence data is recorded
only from every second pulse applied. The x-axes of Figures 5 and 6 in Publication III, Figures 3 and 5 in Publication IV and Figure 6 in Publication V do not
reﬂect this fact, and their values should thus be 2× those shown. Likewise, the
corresponding numerical values presented in sections 3.2 and 4 of Publication III
are a factor of 2 too small. The numerical values concerning dielectric stability in
Section 3.2 of Publication IV are, however, correct.
In Publication V, the word “Hydrofobic” in the legend of Figure 7 should be spelled
“Hydrophobic”.
In Publication VI, the fabrication process described in Section 2.1 is missing the
patterning steps of the intermetal dielectric (steps 17–19 of the process described in
Appendix B).
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