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1 INTRODUCTION

The 21st century is seeing a dramatic emergence and resurgence of pathogens that relentlessly
threaten public health, including novel pathogens as well as known ones previously believed
to be under control[1–4]. The impact of climate change on the environment is expected to
bring further major changes to the epidemiology of many pathogens [5–7]. Fever is the most
prevalent symptom of infection, whether viral, bacterial, parasitic or fungal. It is also one of
the most common reason for seeking healthcare globally [8–10]. Many infections lead to un-
differentiated acute febrile illness (AFI), which refers to an acute episode of fever without any
evidence of specific aetiology. Although most patients have a benign course of AFI, case fatal-
ity ratios among patients requiring admission are particularly high in low- andmiddle-income
countries (LMICs), sometimes exceeding 20% [11–17]. AFI has been associatedwith dozens of
pathogens [18–20], including many diseases of global importance, such as malaria, influenza,
arboviral infections (e. g. dengue, chikungunya, zika), leptospirosis, enteric fevers, scrub ty-
phus or tuberculosis [21–26]. The many causes of AFI are difficult to distinguish clinically,
specially in LMICs, where diagnostic capacity is limited or absent. Incorrect or delayed diag-
nosis is causing many preventable deaths and considerable economic burden [27]. In addition,
the overprescription of empirical broad spectrum antibiotics over the years has promoted the
spread of antimicrobial resistance (AMR), a serious threat to global public health [28, 29].

Due to the unspecific symptoms associated with AFI, current clinical decision algorithms to
guide evidence-based management in LMICs, such as the World Health Organization (WHO)
integratedmanagement of childhood illnesses (IMCI) and integrated community casemanage-
ment (iCCM), provide little guidance for the management of AFI patients [30]. In the absence
of evidence for specific aetiology, malaria has often been the default diagnosis in endemic re-
gions, resulting in false positive rates as high as 60% [13]. Since the wider adoption of malaria
rapid diagnostic tests (RDTs) following updatedWHO guidelines [31], the number of patients
diagnosed with malaria has dropped [32] and the default diagnosis in absence of specific ae-
tiology has shifted towards bacterial infections [33–35]. Yet, several studies have shown that
viral infections are largely underestimated, resulting in an overprescription of antibiotics and
poor clinical outcome [13, 32, 36].

Novel algorithms which integrate multiple biomarkers, as shown in fig. 1.1a, have been pro-
posed [30, 37–41]. The extension of the IMCIwithmalaria RDTs has shown that the integration
of a single biomarker can significantly improve casemanagement. Keitel et al. [30] have demon-
strated that the integration of further biomarkers, such as c-reactive protein (CRP), procalci-
tonin (PCT), hemoglobin (Hb) levels and oxygen saturation, can significantly reduce the pre-
scription of antibiotics while improving the clinical outcome of patients presenting with AFI.
Ideally, management of AFI would be guided by a multiplexed panel of well-selected biomark-
ers [42], yet most diagnostic technologies are neither affordable nor accessible to patients at
the primary care in LMICs [18, 42–44]. Given the lack of diagnostic tools, a consensus among
global health experts is that a simple assay to distinguish bacterial from viral infections would
be a critical first step to address the most pressing issue of antibiotics overprescription [37, 42,
45]. Several biomarkers for the differentiation of bacterial and viral infections have been pro-
posed, such as CRP, PCT, tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) or
myxovirus resistance protein A (MxA) [41, 46–49]. Hence, even aminimal test for AFI requires
>5 biomarkers. Currently, the measurement of such biomarkers is scattered across different de-
vices, as illustrated in fig. 1.1a. These devices are based on different sensing modalities, with
each device having its own requirement in training, data interpretation, maintenance and logis-
tics. Even when a state of the art electronic decision algorithm is used, the issue of accessibility
and complexity associated with multiple devices remains a major obstacle.
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2 INTRODuCTION

(a) (b)

pH 7.35 to 7.45

DO 40 to 100mmHg CRP ≥10mgL−1

PCT ≥15 ngL−1

PfHRP2 ≥0.8µgL−1

buffer capacity ≥23mMpH−1

recommendation for treatment and/or admission

Figure 1.1: (a) State of the art evidence-based management of acute febrile illness at the primary care in
low- and middle-income countries using an electronic clinical decision algorithm supported
by biomarkers. Themeasurement of biomarkers is scattered acrossmultiple devices. Reprinted
from [44] (with permission from Elsevier). (b) Schematic illustration of the envisioned solid-
state microchip for themanagement of acute febrile illness. Multiple biomarkers aremeasured
simultaneously on a single microfabricated device.

Hence, there is an urgent need for the development of novel technologies which can detect
a multiplexed panel of biomarkers simultaneously at low-cost. In this thesis, we provide a first
approach based on solid-state microfabricated electrochemical sensors that are well suited for
miniaturization as well as integration with microelectronics. As illustrated in fig. 1.1b, we envi-
sion an affordable microchip which can measure multiple biomarkers relevant for AFI simul-
taneously and from a single capillary blood sample. We propose to detect (i) hypoxemia by
determination of dissolved oxygen (DO) tension and pH, (ii) anemia by means of an indirect
measurement of Hb level via changes in buffer capacity (iii) protein biomarkers by means of
immunoassays implemented with nanopore (NP) sensing. All three approaches (i-iii) have
been demonstrated using electrochemical methods [50–53]. The feasibility of our proposition
is further supported by recently reported microfabricated electrochemical sensors which have
shown great potential for multiplexed testing [54].

CENTRAL HypOTHESIS We hypothesize that biomarkers relevant for AFI can be measured in
a capillary blood sample by means of electrochemical sensors fabricated using materials and
mass manufacturing processes that are well-established in the microfabrication industry.

AIM This thesis aims at demonstrating that the fundamental electrochemical transduction
mechanisms required for the measurement of pH, DO, buffer capacity and protein biomarkers
within the specifications listed in appendix A.1 can all be implemented on a microfabricated
device.

THESIS OuTLINE In chapter 2, we briefly present the fundamentals of electrochemical pro-
cesses necessary to interpret the results shown throughout the three experimental chapters 4
to 6. In chapter 3, we present the measurement methods common to the three experimental
chapters. In particular, we provide details about our implementation of potentiometric and
amperometric techniques. Further, we describe the electrical, fluidic and gaseous interfaces
used to address individual sensors on a common device and control experimental conditions.
In the experimental chapter 4, we demonstrate pH sensing using a single layer of conductive
TiN,which greatly simplifies pH sensor fabrication.We demonstrate aNerstian response to pH
and show how the readout circuit defines a lower limit for miniaturization. Next, in chapter 5,
we report about a dual DO and buffer capacity sensor which does not require a membrane.
Here, we implement the idea of microtitration at the nanoscale and exploit the additional ki-



INTRODuCTION 3

netic information obtained at this scale to measure changes in the buffer capacity of a solution,
in addition to DO concentration. Then, in chapter 6, we introduce the idea of redox-active nano-
pores (redoxNPs) as an alternative approach toNP sensingwhich uses a redox-cycling current
in place of an ionic current. We show that the current in redox NPs exhibits a weaker depen-
dence on the NP diameter and that it is subject to different noise sources. As a result, we were
able to obtain a signal-to-noise ratio (SNR) >3 using simple readout electronics, which is im-
portant for improving the accessibility of NP sensing. Finally, in chapter 7, we summarize the
main findings, discuss limitations and propose the next steps needed for the realization of our
envisioned solid-statemicrochip to advance evidence-basemanagement of AFI. In appendix A,
the interested reader will find all detailed microfabrication protocols, as well as other supple-
mentary information on the methods and characterization of the sensors.





2 ELECTRODE PROCESSES

The word sensor originates from the Latin sentire, to perceive. Electrochemical sensors are a
class of sensors in which an electrical signal is measured at an electrode in response to an
analyte. The transduction mechanisms are as varied as the processes taking place between an
electrode and an electrolyte [55]. In this section, we briefly describe the fundamentals of the
main processes involved in the sensors reported in this thesis.

2.1 ELECTROCHEMICAL CELLS
The various processes taking place at the interface between an electrode and an electrolyte can
broadly be divided in two categories: faradaic processes, inwhich charges are transferred across
the interface; and nonfaradaic processes, where charges are reorganized at the interface, but do
not cross it [56]. An electrode is either nonpolarizable or polarizable, depending on whether
faradaic, respectively nonfaradaic, processes dominate the interface. In practice, it is not pos-
sible to deal with a single interface, since at least two electrodes are needed to pass a current.
Therefore, in practice, onemust dealwith a collection of interfaces, which together form an elec-
trochemical cell. Electrochemical cells are most generally composed of two or three electrodes
placed in a common electrolyte [57], as depicted in fig. 2.1. The electrode where the analyti-
cal measurement takes place is called working electrode (WE), while the other electrode that
closes the circuit is called counter electrode (CE). The third electrode in the three electrodes
cell is the reference electrode (REF), in which no current is passed.

REFERENCE ELECTRODE The core characteristics of a REF is to display a well-known, constant
potential versus the electrolyte. This allows the potential of another electrode, often the WE, to
be determined, a quantity which is otherwise not accessible. Common REFs for aequous elec-
trolytes are the Ag/AgCl reference electrode (Ag/AgCl REF), the saturated calomel electrode
(SCE) and the reversible hydrogen electrode (RHE). These REFs display different potentials,
therefore one needs to specify the type used when giving an electrode potential. Alternatively,
the potential can be converted to the standard hydrogen electrode (SHE), which is defined by
convention as 0V. An ideal REF must be nonpolarizable, its potential should not change upon
the passage of a current. As discussed in depth by Shinwari et al. [58], this is particularly diffi-
cult to achieve in miniaturized REFs, where even a current of a few pA can lead to important
potential shifts and completely consume the electrode material.

Most aqueous electrochemical cells are driven by both nonfaradaic and faradaic processes.
Although the two types of processes represent two fundamentally different interactions be-
tween an electrode and an electrolyte, both usually occur at the same time and influence each
other. Below, we briefly discuss the simpler case of each type of processes.

2.1.1 Nonfaradaic processes

Nonfaradaic processes include adsorption, desorption, and charging of the interface [57]. Even
though in nonfaradaic processes no charge cross the interface, a transient current can still flow
when some conditions at the interface are changed, such as the electrode potential or elec-
trolyte composition [56]. This effect led to the idea of electrical doubler layer, first introduced
by Helmholtz [59].

5
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𝐼 = 0

analytical procedure

CEWE

REF

𝐸

electrolyte

A

V

𝐼𝐶𝐸𝐼𝑊𝐸

𝑒−𝑒−

𝐶𝑑𝑙

Figure 2.1: Schematic diagram of a three-electrode electrochemical
cell. All electrodes are place in a common electrolyte.
The analytical measurement is conducted at the working
electrode (WE). The current passing through the WE is
recorded together with its potential 𝐸 against a reference
electrode (REF). To close the circuit, a counter electrode
(CE) is used. Depending on the processes taking place at
theWE, charges are transferred between the electrolyte and
the electrode (faradaic process), or charges are stored at
the interface (nonfaradaic process).

The electrical double layer

Helmholtz [59] realized that two layers of opposite polarity form at the surface of an electrode
immersed in an electrolyte. This structure results from the electrostatic repulsion, respectively
the attraction, of the co- and counterions of the charge at the electrode surface. A charge 𝑞0 on
the electrode surface is balanced by a charge 𝑞𝑆 in the solution, with 𝑞0 = −𝑞𝑆, such that charge
neutrality is satisfied.

THE HELMHOLTz MODEL The initial model proposed by Helmholtz [59] is essentially a molecu-
lar dieletric, where the charge 𝑞𝑆 resides at the distance of closest approach of the ions towards
the electrode, given by the solvated radius of the counterions. At this distance, the counterions
form a plane called the outerHelmholtz plane (OHP). This simplemodel is similar to a parallel
plate electrical capacitor [56], with a capacitance 𝐶𝐻 defined as

𝐶𝐻 = 𝜖𝜖0
𝑥𝑂𝐻𝑃

(2.1)

where 𝑥𝑂𝐻𝑃 is the distance of the OHP from the electrode, 𝜖0 is the permittivity of free space,
and 𝜖 is the dielectric constant of the electrolyte.

While providing a basis for rationalizing the polarizability of the electrode-electrolyte inter-
face, this simplistic model does not account for important factors such as thermal agitation of
the ions, adsorption of ions and interaction between solvent dipole moments and the electrode.

THE GOuy-CHApMAN THEORy These limitations were partially addressed by Gouy [60] and
Chapman [61], who independently proposed the idea of a diffuse layer, where the charge 𝑞𝑆

is a space charge distributed in a cloud of counterions rather than rigidly held at the OHP. Ac-
counting for the kinetic energy of the ions allows the use of Maxwell–Boltzmann statistics to
derive the concentration profile of the ions in the diffuse layer. The concentration profile of a
species 𝑖 in the diffuse layer follows Boltzmann distribution

𝑛𝑖 = 𝑛0
𝑖 exp(−𝑧𝑖𝑒𝜙

𝑘𝐵𝑇 ) (2.2)

where 𝜙(𝑥) is the electrostatic potential at a distance 𝑥 from the electrode in respect to the
bulk electrolyte, 𝑛0

𝑖 is the concentration in the bulk electrolyte of the ions 𝑖, 𝑧𝑖 is the charge
on the ions 𝑖, 𝑒 is the elementary charge, 𝑘𝐵 is the Boltzmann constant and 𝑇 is the absolute
temperature [57]. Under the assumptions that only electric work is involved, this equation can
be substituted into the Poisson equation to yield the Poisson-Boltzmann equation

𝜕2𝜙
𝜕𝑥2 = − 𝑒

𝜖𝜖0
∑

𝑖
𝑛0

𝑖 𝑧𝑖 exp(−𝑧𝑖𝑒𝜙
𝑘𝐵𝑇 ) (2.3)
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which gives the potential profile in an electrolyte of relative permittivity 𝜖. For the simple case
of a symmetric electrolyte (𝑧 ∶ 𝑧 electrolyte), an analytical solution can be derived by rewrit-
ing eq. (2.3) in the form

𝜕2𝜙
𝜕𝑥2 = 2𝑧𝑛0𝑒

𝜖𝜖0
sinh( 𝑧𝑒𝜙

𝑘𝐵𝑇 ) (2.4)

Integration gives [57]

𝜕𝜙
𝜕𝑥 = − (8𝑘𝐵𝑇𝑛0

𝜖𝜖0
)

1/2

sinh( 𝑧𝑒𝜙
2𝑘𝐵𝑇 ) (2.5)

tanh( 𝑧𝑒𝜙
4𝑘𝐵𝑇 ) = tanh( 𝑧𝑒𝜙0

4𝑘𝐵𝑇 ) exp(− 1
𝜆𝐷

𝑥) (2.6)

where 𝜙0 is the potential at the electrode (𝑥 = 0) and 𝜆𝐷 is the Debye length, defined as

𝜆𝐷 = ( 𝜖𝜖0𝑘𝐵𝑇
2𝑛0𝑧2𝑒2 )

1/2
(2.7)

For small potentials where 𝜙 ≪ 𝑘𝐵𝑇
𝑧𝑒 ≈ 25mV

𝑧 , eq. (2.6) can be approximated by

𝜙 = 𝜙0 exp(− 1
𝜆𝐷

𝑥) (2.8)

Therefore, the potential decays away from the electrode, as illustrated in fig. 2.2c. For small 𝜙,
the decay is progressive, while for larger 𝜙, the diffuse layer is more compact and the decay
is sharper. As expressed in eq. (2.2), the concentration of ions varies along the diffuse layer
with the potential profile. The net charge 𝑞𝑆 in the diffuse layer can be derived from the field
strength eq. (2.5) using Gauss law. Assuming a rectangular Gaussian surface extending away
from the electrode, where the field strength is everywhere zero, except on the surface of the
electrode (𝑥 = 0), the charge 𝑞𝑆 is given by

𝑞𝑆 = 𝜖𝜖0𝐴𝜕𝜙
𝜕𝑥 (𝑥 = 0) (2.9)

where 𝐴 is the surface area of the electrode. The charge density 𝜎𝑆 and 𝜎0 in respectively the
solution and the electrode, is then given by substituting eq. (2.5) into eq. (2.9)

𝜎𝑆 = −𝜎0 = − (8𝑘𝐵𝑇𝑛0𝜖𝜖0)1/2 sinh( 𝑧𝑒𝜙0
2𝑘𝐵𝑇 ) (2.10)

Hence, the differential capacitance of the diffuse layer is

𝐶𝑑 = 𝜕𝜎0

𝜕𝜙0
= (2𝑧2𝑒2𝑛0𝜖𝜖0

𝑘𝐵𝑇 )
1/2

cosh( 𝑧𝑒𝜙0
2𝑘𝐵𝑇 ) (2.11)

Unlike 𝐶𝐻 , 𝐶𝑑 is a differential capacitance, whose capacitance depends on the potential at the
electrode 𝜙0. The capacitance reaches a minimum when the electrode is uncharged, that is
when 𝜙0 = 0. When the electrode is charged, the capacitance rises rapidly and can theoreti-
cally reach infinity, as illustrated in fig. 2.2d. This unrealistic prediction constitutes the main
weakness of the Goupy-Chapman theory: it treats ions as point charges. This assumption, in-
herited from the underlying Maxwell-Boltzmann statistics, implies that the ions experience
nos limit in their approach to the electrode, which is not possible due to their finite size and
solvation shells.
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THE STERN MODEL Stern [62] addressed this weakness by combining the Helmholtz model
with the Gouy-Chapman theory. If the temperature were sufficiently low to neglect thermal
motion, the ions would all be localized at the OHP, as suggested by the Helmoltz model. With
increasing temperature, an increasing number of ions would move away from the OHP and
constitute a diffusion layer, as suggested by the Gouy-Chapman theory. This is how Stern [62]
introduced the idea, that the charge on the electrode 𝑞0 is screened by both a localized charge
at the OHP and a space charge beyond the OHP. This structure is illustrated in fig. 2.2. Because
there are no ions between the electrode and the OHP, the potential profile in this region is
linear and the potential at the OHP in respect to the bulk of the electrolyte is

𝜙𝑂𝐻𝑃 = 𝜙0 − 𝜎0

𝐶𝐻
(2.12)

The potential in the diffuse layer is given by integrating eq. (2.4) from the distance 𝑥 = 𝑥𝑂𝐻𝑃,
rather than 𝑥 = 0

tanh( 𝑧𝑒𝜙
4𝑘𝐵𝑇 ) = tanh(𝑧𝑒𝜙𝑂𝐻𝑃

4𝑘𝐵𝑇 ) exp(− 1
𝜆𝐷

(𝑥 − 𝑥𝑂𝐻𝑃)) (2.13)

where 𝜙𝑂𝐻𝑃 is the potential at the OHP. The net charge in the solution is again found by ap-
plying Gauss law on a Gaussian surface extending away from the electrode. Here, the surface
integral is evaluated from the distance 𝑥 = 𝑥𝑂𝐻𝑃

𝑞𝑆 = 𝜖𝜖0𝐴𝜕𝜙
𝜕𝑥 (𝑥 = 𝑥𝑂𝐻𝑃) (2.14)

substituting eq. (2.12) into the field strength eq. (2.5), gives the following expression for the
charge density in the solution

𝜎𝑆 = −𝜎0 = − (8𝑘𝐵𝑇𝑛0𝜖𝜖0)1/2 sinh [ 𝑧𝑒
2𝑘𝐵𝑇 (𝜙0 − 𝜎0

𝐶𝐻
)] (2.15)

Finally, the total differential capacitance of the double layer is given by

𝐶𝑑𝑙 = 𝜕𝜎0

𝜕𝜙0
= 𝐶𝑑

1 + 𝐶𝑑
𝐶𝐻

(2.16)

where we have defined the capacitance of the diffuse layer as

𝐶𝑑 = (2𝑧2𝑒2𝑛0𝜖𝜖0
𝑘𝐵𝑇 )

1/2

cosh(𝑧𝑒𝜙𝑂𝐻𝑃
2𝑘𝐵𝑇 ) (2.17)

Taking the inverse of eq. (2.16) makes clear that the double layer capacitance 𝐶𝑑𝑙 is made up of
two capacitances, 𝐶𝐻 and 𝐶𝑑, acting as two capacitors in series.

1
𝐶𝑑𝑙

= 1
𝐶𝐻

+ 1
𝐶𝑑

(2.18)

The total capacitance 𝐶𝑑𝑙 is dominated by the smaller of the two capacitances. At strong po-
larization potentials, when 𝐶𝑑 rises to infinity, the total capacitance is limited by 𝐶𝐻 , which
successfully reflects the fact that the ions are limited in their approach to the electrode. The
limiting effect of 𝐶𝐻 is shown in fig. 2.2d for various ionic strength.

SpECIFIC ADSORpTION OF IONS So far, these models have only considered long-range coulom-
bic interactions between the electrode and the ions. However, it is well-known that some ions
may in addition be subject to short-range interactions and come into contact with the elec-
trode, depending on the electrode material and the species involved. Such ions are said to
be specifically adsorbed [57]. The hydration energies of the ions is thought to be a major factor



2.1 ELECTROCHEMICAL CELLS 9

controlling adsorption, with the least hydrated ions (generally anions) beingmore prone to ad-
sorption [63]. This explains why the deviation from the electrostatic model discussed before is
usually most pronounced at positive polarization potentials, where anions are in excess in the
double layer [57].

To account for adsorption, Grahame [63] proposed the existence of a third region in the
double layer, the inner Helmholtz plane (IHP), constituted of adsorbed ions which lost (at
least partially) their solvation shell and which are in close contact wit the electrode by covalent
bonds or van der Waals forces. As shown in fig. 2.2a, this additional layer introduces a new
charge 𝜎 𝑖, which may force the charge distribution at the interface to significantly deviate from
a purely electrostatic distribution. Since charge neutrality requires

𝜎𝑆 = −𝜎0 = 𝜎 𝑖 + 𝜎𝑑 (2.19)

where 𝜎𝑑 is the charge density in the diffuse layer, the potential profile across the 𝐶𝑑𝑙 can vary
greatly depending on the sign and magnitude of 𝜎 𝑖. In the extreme case when 𝜎 𝑖 is of opposite
sign and greater than 𝜎0, the potential profile exhibits a region of inversion at the IHP, as shown
by the orange, dashed line in fig. 2.2c. Adsorption is specific to a given species and electrode
material, therefore the derivation of a general model that describes all effects due to adsorption
is a great challenge. Most adsorption studies are conducted on well-defined surfaces such as
liquid electrode or crystalline planes [64]. Because the surfaces of the sensors reported in this
thesis greatly differ from such ideal surfaces, models of adsorption phenomena are not further
discussed herein. For deeper insights into the type of adsorptions and their models, the reader
is referred to the literature[57, 65, 66].

The models presented here account only for the gross features of nonfaradaic processes at
real electrodes. The behavior of non-ideal surfaces in complex fluidsmay be dictated by a range
of additional effects owing to local variations of the dielectric in the double layer [57], forma-
tion of mono- or even multilayers of ionic or molecular adsorbates [65], or restructuring of
the electrode surface [64]. In addition, these effects may not always be distinct from faradaic
processes, since adsorbates may block active sites and inhibit a faradaic process, or in contrary
accelerate a faradaic process by facilitating electron transfer.
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Figure 2.2: Model of the electrical double layer. (a) Proposed structure of the doubler layer region at
a metal electrode bearing a negative charge density 𝜎0, under conditions where anions of
charge density 𝜎 𝑖 are specifically adsorbed at the inner Helmholtz plane (IHP). Cations in
the electrolyte screen both charges with a space charge 𝜎𝑑, which extends from their point of
closest approach at the outer Helmholtz plane (OHP) into the bulk electrolyte until a few De-
bye lengths 𝜆𝐷 away from the electrode. (b) Equivalent electrical circuit of the Stern model,
composed of a series network of a Helmoltz capacitance 𝐶𝐻 and a differential capacitance
𝐶𝑑 of the diffuse layer. (c) Potential profile at a negatively charged electrode without adsor-
bate (blue, solid line) and with specifically adsorbed anions at the IHP (orange, dashed line).
Calculated from eqs. (2.12) and (2.13) for an aqueous 1:1 electrolyte of 40mM at 25 °C. (d)
Predicted differential capacitance 𝐶𝑑𝑙 according to the Gouy-Chapman theory (blue) and the
Stern model (orange). Calculated from eqs. (2.11) and (2.18) for an aqueous 1:1 electrolyte at
25 °C of 4mM (solid lines), 40mM (long dashed lines), 0.4M (short dashed lines) and 1M
(pointed line).
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2.1.2 Faradaic processes

Faradaic processes involve the transfer of charges across the electrode-electrolyte interface.
Such processes are governed by Faraday’s law which states that the amount of chemical re-
action at the electrode is proportional to the amount of charge passed across the interface [57].
Let us consider the generic case of an heterogeneous electrode reaction with two redox species
(A and B) involving 𝑛 electrons

AzA + 𝑛𝑒− kred−−−⇀↽−−−kox
BzA−n 𝐸0′ (2.20)

where 𝑧𝐴 is the charge on the redox species A, 𝑘𝑟𝑒𝑑 and 𝑘𝑜𝑥 are respectively the reduction and
oxidation rate constants, and 𝐸0′ is the conditional potential of the reaction. The probability
of each process to occur depends on the electrostatic potential between the electrode and the
electrolyte solution containing the redox couple A/B. At low potentials, the reduction reaction
of species A into B is favored against the oxidation of species B into A (𝑘𝑟𝑒𝑑 > 𝑘𝑜𝑥). Inversely,
high potentials will favor the oxidation reaction against the reduction reaction (𝑘𝑜𝑥 > 𝑘𝑟𝑒𝑑).
At the potential 𝐸0′ , an equilibrium is reached, where both reaction rate constants are equal
(𝑘𝑟𝑒𝑑 = 𝑘𝑜𝑥).

The Butler-Volmer model

This strong dependence of the reaction rates on the electrode potential was first expressed by
the phenomenological Butler-Volmer equation [67, 68], which can be rewritten to yield the rate
constants

𝑘𝑟𝑒𝑑 = 𝑘0 exp⎛⎜
⎝

−𝛼𝑛𝐹(𝐸 − 𝐸0′)
𝑅𝑇

⎞⎟
⎠

(2.21a)

𝑘𝑜𝑥 = 𝑘0 exp⎛⎜
⎝

(1 − 𝛼)𝑛𝐹(𝐸 − 𝐸0′)
𝑅𝑇

⎞⎟
⎠

(2.21b)

where 𝐸 is the potential of the electrode, 𝐹 the Faraday constant, 𝑅 the universal gas constant, 𝑇
the absolute temperature, and 𝑘0 is the standard rate constant, defined as the rate at equilibrium
when 𝑘0 = 𝑘𝑟𝑒𝑑 = 𝑘𝑜𝑥. The transfer coefficient 𝛼, that can range from zero to unity, accounts for
the fraction of the interfacial potential affecting the reduction rate constant,while the remaining
fraction (1 − 𝛼) accounts for the part affecting the oxidation rate constant.

Transition state theory treatment

The Butler-Volmer model defined in eq. (2.21) can be explained qualitatively by the transi-
tion state theory (TST), which provides a relationship between kinetics and thermodynamics
by treating reactions from a macroscopic point of view, using classical principles. The Butler-
Volmer model reveals that the standard Gibbs free energies of activation for the reduction and
oxidation, respectively Δ𝐺‡

𝑟𝑒𝑑 and Δ𝐺‡
𝑜𝑥, depend on 𝐸. Therefore, the energy barriers that the

species must overcome to reach the transition state can be modulated with the electrode poten-
tial 𝐸.

The elementary act of a redox reaction as defined in eq. (2.20) is the transfer of electrons
from the electrode to a redox species or conversely. Considering that this process is radiation-
less, the transferred electrons have an average energy approximately equal to the Fermi level
EF of the electrode, since their energies in the initial state and final state must be identical. For
this transfer to occur, the species must adopt a specific configuration 𝑞‡ with an associated en-
ergy such that the reaction is thermodynamically favorable. It is assumed that the species keep
the configuration 𝑞‡ during the short time of the transfer, in accord with the Franck-Condon
principle. The probabilities of species A and B to reach the particular configuration 𝑞‡ depends
on the location of their respective energyminima along the reaction coordinate 𝑞 of all possible
configurations (defined predominantly by the intramolecular configurations of the species and
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the position and orientation of the solvent molecules). At the conditional potential 𝐸0′ , these
probabilities are equal and both reactions are in equilibrium around a reaction coordinate 𝑞0,
that is Δ𝐺‡

𝑜𝑥(𝑞0) = Δ𝐺‡
𝑟𝑒𝑑(𝑞0). At arbitrary electrode potentials 𝐸, the average energy of the

electrons in respect of the equilibrium is changed by an amount Δ𝐺0
𝑒𝑙 = −𝑛𝐹(𝐸 − 𝐸0′) and the

activation energies are changed accordingly

Δ𝐺‡
𝑜𝑥(𝑞‡) − Δ𝐺‡

𝑟𝑒𝑑(𝑞‡) = Δ𝐺0
𝑒𝑙 = −𝑛𝐹(𝐸 − 𝐸0′) (2.22)

Depending on the energy profiles of the species, the activation energies are affected differently.
A first order differentiation of eq. (2.22) around the equilibrium coordinate 𝑞0 and associated
potential 𝐸0′ leads to

𝜕Δ𝐺‡
𝑜𝑥(𝑞0)

𝜕Δ𝐺0
𝑒𝑙

−
𝜕Δ𝐺‡

𝑟𝑒𝑑(𝑞0)
𝜕Δ𝐺0

𝑒𝑙⏟⏟⏟⏟⏟⏟⏟
𝛼

= 1 (2.23)

where we have defined 𝛼 as the cathodic transfer coefficient, which accounts for the fraction of
Δ𝐺0

𝑒𝑙 that increases the activation barrier of the reduction reaction. The activation energies for
oxidation and reduction can therefore be expressed as:

Δ𝐺‡
𝑜𝑥(𝑞‡) = Δ𝐺‡

𝑜𝑥(𝑞0) − (1 − 𝛼)𝑛𝐹(𝐸 − 𝐸0′) (2.24a)
Δ𝐺‡

𝑟𝑒𝑑(𝑞‡) = Δ𝐺‡
𝑟𝑒𝑑(𝑞0) + 𝛼𝑛𝐹(𝐸 − 𝐸0′) (2.24b)

From eq. (2.24), it is clear that an increase in electrode potential 𝐸 lowers the activation energy
of the oxidation reaction, and inversely for the reduction reaction. These processes are depicted
in fig. 2.3a, which shows a typical free energy profile 𝐺0 as a function of reaction coordinate
𝑞 for an oxidation reaction of species B into A. Recognizing that eq. (2.21) have an Arrhenius
form, we can use the definitions in eq. (2.24) to derive the expression for the rate constants, 𝑘𝑜𝑥,
𝑘𝑟𝑒𝑑 and 𝑘0 given in eq. (2.21).

Gerischer treatment

Electrode processes are interfacial processes between an electrode (usually a solid) and an elec-
trolyte (usually a liquid). The liquid phase is understood through concepts rooted in chemistry,
while the solid phase is understood through concepts firmly rooted in solid-state physics. The
chemistry community tends to quantify the liquid phase in terms of the total energy of the reac-
tants, whereas the physics community tends to consider the solid phase from a single particle
perspective [69]. Therefore, a conceptual difficulty arises when formulating interfacial reaction
rates, where both phases must be linked.

An alternative approach to the problem of reaction kinetics at electrodes, is to consider elec-
tron transfer in terms of energy levels in the electrode and the electrolyte [70]. In this approach,
energy levels in the solution are represented by the redox species. For the reaction given in
eq. (2.20), the redox speciesA represent unoccupied electron energy levels,while redox species
B represent the occupied states. An electron can be transferred from any occupied state of the
electrode to an unoccupied state in the electrolyte of the same energy E, or inversely.

On the electrode, the filling of the states is given by the Fermi function 𝑓 (E). In the electrolytic
solution, the speciesA andBhave an associated probability density function𝑊𝐴(E) and𝑊𝐵(E),
which are the probabilities of finding an unoccupied, respectively, an occupied electronic state
at the energy E. The rate constants for oxidation and reduction are then simply proportional
to the overlap integral of 𝑊𝐴(E) and 𝑊𝐵(E) with the number of complementary states in the
electrode

𝑘𝑟𝑒𝑑 ∝ ∫
∞

−∞
𝑊𝐴(E)𝑓 (E)𝜌(E) 𝑑E (2.25a)

𝑘𝑜𝑥 ∝ ∫
∞

−∞
𝑊𝐵(E)(1 − 𝑓 (E))𝜌(E) 𝑑E (2.25b)
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Figure 2.3: Illustration of the transition state theory (a) and Gerischer model (b) of electron transfer for
an oxidation reaction of species B into A. (a) Typical free energy profile 𝐺0 as a function of
reaction coordinate 𝑞 for a reaction involving 𝑛 electrons with an average energy per mole
of 𝐹(𝐸 − 𝐸0′ ). An increase in electrode potential 𝐸 lowers the activation energy Δ𝐺‡

𝑜𝑥 of the
oxidation reaction by a fraction (1-𝛼) of the energy of the electrons. (b) Relationships among
energy levels at the solid-liquid interface according to the Gerisher model. When the Fermi
level EF is reduced below the energy level E0 corresponding to the standard potential 𝐸0 of
the reaction, there is an overlap (orange region) between occupied states in the electrolyte
(species B) and unoccupied states in the electrode, enabling electron transfers into the elec-
trode. Filled states in the electrode and in the electrolyte are given by the Fermi function 𝑓 (E)
and the probability density functions 𝑊𝐴(E) and 𝑊𝐵(E) of the redox species, respectively.

where 𝜌(E) is an appropriate density of states function for the electrode material [57]. This is
illustrated in fig. 2.3b.

While both the TST and Gerischer approaches provide some justification for the kinetics
expressed by the Butler-Volmer eq. (2.21), they do not provide any explanation of the phe-
nomenological coefficients 𝑘0 and 𝛼.

Marcus theory

A better understanding of the 𝑘0 and 𝛼 coefficients and means to estimate them is given by the
Marcus theory, which was awarded with the 1992 Nobel Prize in Chemistry. In essence, this
theory postulates that the key quantity controlling 𝑘0 and 𝛼 is the reorganization energy 𝜆 of
the solvent, reactant and product upon charge transfer [71]. It comprises an outer contribution
from the solvent 𝜆𝑜 and a inner vibrational contribution 𝜆𝑖 from the species which are summed
such that 𝜆 = 𝜆𝑜 + 𝜆𝑖. Therefore, it is the chemical environment, the electrode material and
all possible interactions with the redox species which defines whether a reaction is kinetically
facile or sluggish. This immense parameter space is commonly simplified into inner-sphere
and outer-sphere reactions [57], a differentiation based on the level of interaction of the re-
dox species with the electrode. As illustrated in fig. 2.4, in an outer-sphere reaction, the redox
species is located at the OHP, with its coordination sphere remaining intact and interacting
only weakly with the electrode, whereas in an inner-sphere reaction, the reaction proceeds via
a ligand at the IHP that bridges the center of the redox species and the electrode. Obviously,
inner-sphere reactions are much more dependent on the electrode material than outer-sphere
ones [57]. Inner-sphere reactions are also highly complex and have been described as a grand
challenge in science [69].
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Figure 2.4: Illustration of the inner- (a) and outer-sphere (b) reactions between an electrode and a re-
dox couple, composed of a metal center (M) surrounded by ligands. (a) In the outer-sphere
process, electron transfer is accompanied only by a tunneling event, the coordination sphere
of the metal center remains intact and at a distance of at least the outer Helmholtz plane
(OHP) of the electrode. (b) In the inner-sphere process, electron transfer proceeds through a
chemisorbed ligand (red) at the inner Helmholtz plane (IHP) involving a reorganization of
the coordination sphere around the metal center.

Multi-electron transfers and other limitations of the theoretical framework

If a reaction, as given in eq. (2.20), involves multiple electrons (𝑛 > 1), then it is highly im-
probable that the electrons are transfered simultaneously, because the reorganization energy of
the solvent depends quadratically upon the charge to be transferred and energy requirements
would favor incremental transfer of multiple charges [72]. Therefore, electrode processes most-
likely proceed step-wise and involve intermediate products, each with their own kinetics. An-
other limitation of these theories, is that they describe reaction kinetics between isolated reac-
tants, a condition that may be encountered in dilute solutions, but they provide little guidance
on how reactant interactions in concentrated solutions may affect the overall kinetics.

Thus, the kinetics of electron transfer can be expected to show complex behaviors, which are
only partially described by the existing theoretical framework.

2.2 MASS TRANSpORT
We have seen that a reaction as defined in eq. (2.20) can only proceed if the reactant is at the
OHP or closer to the electrode. As the reactant is turned into the product, new reactant must be
brought close to the electrode in order to sustain a continuous electrode reaction. The overall ki-
netics of a reaction is therefore limited by both the rate of the electron transfer (see section 2.1.2)
and the rate of transport of the reactant to the electrode. Transport of the species is caused by
convection, migration and diffusion. In a quiescent solution with a supporting electrolyte (typ-
ically >100mM), mass transfer is largely restricted to diffusion [57]. In the following, we take
a closer look at the main characteristics of diffusive fluxes at electrodes and their relation to the
electric current at a WE.

2.2.1 Diffusion

Under diffusion limited conditions, the flux J𝑗 of species 𝑗 towards a WE is only governed by
diffusion according to Fick’s first law

J𝑗 = −𝐷𝑗∇𝐶𝑗 (2.26)
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(a) (b) (c)

infinite WE finite disk WE infinite array of disk WEs

Figure 2.5: Diffusion profile (dotted lines) and flux (arrows) at planar working electrodes (WEs) (blue)
of various geometry located on an insulating substrate (grey). (a) Linear diffusion at an infi-
nite WE. The flux of species towards theWE exhibits a single normal component. (b) A finite
disk WE benefits from am additional radial diffusive flux. (c) The diffusion at an ensemble
of finite disk WEs evolves from the initial case (b) (bottom) to the case (a) (top) due to in-
creasing overlapping of the individual diffusion profiles with time.

where 𝐷𝑗 and 𝐶𝑗 are respectively the diffusion coefficient and the concentration of the species 𝑗.
A solution for the flux J𝑗 requires a solution for the concentration profile 𝐶𝑗 and thus a solution
of Fick’s second law

𝜕𝐶𝑗
𝜕𝑡 = 𝐷𝑗∇2𝐶𝑗 (2.27)

Hence, the concentration profile 𝐶𝑗 strongly depends on the geometry of theWE. In the simple
case depicted in fig. 2.5a of linear diffusion in the normal direction 𝑧 to the surface of an infinite
planar WE, the solution for the concentration profile yields [57]

𝐶𝑗(𝑧, 𝑡) = (𝐶∗
𝑗 − 𝐶𝑗(0)) erf⎛⎜⎜⎜

⎝

𝑧
√4𝐷𝑗𝑡

⎞⎟⎟⎟
⎠

+ 𝐶𝑗(0) (2.28)

under the boundary conditions

𝐶𝑗(𝑧, 0) = 𝐶∗
𝑗 (2.29a)

lim𝑧→∞ 𝐶𝑗(𝑧, 𝑡) = 𝐶∗
𝑗 (2.29b)

𝐶𝑗(0, 𝑡) = 0 (2.29c)

where 𝐶∗
𝑗 and 𝐶𝑗(0, 𝑡) are the concentration in the bulk and at the WE, respectively. The con-

dition eq. (2.29c) follows from the assumption that the process is diffusion limited, i. e. any
species reaching the WE reacts immediately. In the vicinity of the WE, the concentration pro-
file simplifies to

lim
𝑧→0

𝐶𝑗(𝑧, 𝑡) = 𝐶∗
𝑗

𝑧
√𝜋𝐷𝑗𝑡

(2.30)

It follows that the flux at the WE is

J𝑗(0, 𝑡) = −𝐷𝑗
𝜕𝐶𝑗
𝜕𝑧 ∣

𝑧=0
= −𝐷𝑗

𝐶∗
𝑗

√𝜋𝐷𝑗𝑡
(2.31)

2.2.2 Limiting current

The electric current at a WE is proportional to the net number of electrons transferred per unit
time. In a typical heterogeneous reaction as given in eq. (2.20), if only one reaction involving
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one species 𝑗 occurs (e. g. the reduction of species 𝐴 into 𝐵), then the electric current 𝑖 depends
on the flux J𝑗 of that species towards the WE, according to [57]

J𝑗(0, 𝑡) = ± 𝑖(𝑡)
𝑛𝐹𝐴 (2.32)

where 𝐴 is the area of the WE. The sign is given by the nature of the reaction (oxidation or
reduction). In this regime, the electric current is limited by diffusion. Combining eqs. (2.31)
and (2.32) leads to the well known Cottrell equation [73], which provides an expression for
the diffusion limited current 𝑖𝑑

𝑖𝑑 =
𝑛𝐹𝐴𝐷𝑗𝐶∗

𝑗
𝛿 (2.33a)

𝛿 = √𝜋𝐷𝑗𝑡 (2.33b)

where 𝛿 is the thickness of the diffusion layer of species 𝑗. The Cottrell equation only describes
the case of a linear diffusion profile at an infinite electrode, such as depicted in fig. 2.5a. Due
to the growing diffusion layer over time (eq. (2.33b)), the current at such an electrode rapidly
tends to zero with 𝑡−1/2. Hence, a steady state faradaic current is not possible on such a geom-
etry. The derivation of the Cottrell equation has shown that the geometry of the WE is a major
factor determining the diffusion flux towards the WE and ultimately the electric current.

Analytical expression for the current at other planar geometries are difficult to derive [74].
Shoup and Szabo [75] derived nonetheless an approximate formula for the diffusion limited
current at a finite disk electrode of radius 𝑟. They found that the current 𝑖𝑑 is given by

𝑖𝑑 = 4𝑛𝐹𝐷𝑗𝐶∗
𝑗 𝑟 𝑓 (𝜏) (2.34a)

𝑓 (𝜏) = 𝜋
4 +

√𝜋
2√𝜏

+ (1 − 𝜋
4 ) exp(− 𝐵

√𝜏
) (2.34b)

𝐵 = (
√𝜋
2 − 4𝜋− 3

2 ) (1 − 𝜋
4 )

−1
(2.34c)

𝜏 =
4𝐷𝑗𝑡
𝑟2 (2.34d)

As depicted in fig. 2.5b, a finite WE benefits from additional radial fluxes as compared to an
infinite WE. Due to these additional radial fluxes, a finite WE can sustain a steady state current.
Again, this current highly depends on the exact geometry. A mix of both situations is found
at an infinite ensemble of disk WEs, such as depicted in fig. 2.5c. Here, each disk WE has an
own independent diffusion profile for some time before it overlaps with the profile of adjacent
WEs and ultimately evolves into a linear profile. For this case, Shoup and Szabo [76] derived
a similar approximate formula for the current 𝑖𝑑 where eq. (2.34b) is replaced by

𝑓 (𝜏, 𝜃) = 𝜋
4 +

√𝜋
2√𝜏

+ (1 − 𝜋
4 ) exp(−𝐵𝜃2(3 − 2𝜃)

√𝜏
)

− exp⎛⎜⎜
⎝

−
√𝜋
2

𝜃
1−𝜃 + 𝐵 (1 − 𝜋

4 ) 𝜃2 (3 − 2𝜃)
√𝜏

⎞⎟⎟
⎠

(1 + 3
2

√𝜋
𝜏

𝜃3

1 − 𝜃 )
−1

(2.35a)

𝜃 = 1 − ⎛⎜
⎝

𝑟
𝑟array

⎞⎟
⎠

2
(2.35b)

where 𝑟array is half the distance between adjacent disks. The approximate transition time be-
tween the initial radial and the final linear profile is dictated by the geometry according to
(𝑟array − 𝑟)2(6𝐷𝑗)−1 [76].

Figure 2.6 shows the electric current density resulting from these three cases (eqs. (2.33)
to (2.35)) on disk WEs of 𝑟 = 20µm. As previously discussed, the current given by the Cot-
trell equation (infinite case) tends to zero, while the finite disk tends to a steady value. The
infinite array of WEs follows the finite disk case for about 0.7 s before a linear diffusion profile
is reached and the current decays in the same way as in the infinite case.
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Figure 2.6: Electric current density at planar work-
ing electrodes (WEs) of various geometry.
Calculated from eq. (2.33) (infinite case),
eq. (2.34) (finite disk) and eq. (2.35) (infi-
nite array of disks) with 𝐷 = 10−6 cm2 s−1,
𝐶∗ = 100mM, 𝑛 = 1, 𝑟 = 20µm, 𝑟array = 2𝑟.
The same current densities on linear scales
are shown in the inset.
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2.3 INTERFACIAL pOTENTIALS
As we have seen in sections 2.1.1 and 2.1.2, both faradaic and nonfaradaic processes involve an
interfacial electric potential at the electrode-electrolyte interface. In the following, we describe
two ways most relevant to this thesis by which such interfacial potentials are established.

2.3.1 The Nernst equation

In section 2.1.2, we have seen that in faradaic processes the electrode potential 𝐸 can either favor
or hinder the transfer of electrons. Hence, there is a relation between the thermodynamics of
the electron transfer reaction and the interfacial potential. The Gibbs free energy of the reaction
eq. (2.20) is given by

Δ𝐺 = Δ𝐺0 + 𝑅𝑇 ln(𝑎𝐴
𝑎𝐵

) (2.36)

where 𝑎𝐴 and 𝑎𝐵 are the activities of the species A and B, respectively. Since Δ𝐺 = −𝑛𝐹𝐸 and
Δ𝐺0 = −𝑛𝐹𝐸0, eq. (2.36) can be rewritten

𝐸 = 𝐸0 − 𝑅𝑇
𝑛𝐹 ln(𝑎𝐴

𝑎𝐵
) (2.37)

which leads to the well known Nernst equation. As activities are rarely known in practice [57],
it is convenient to write the Nernst equation in terms of concentrations

𝐸 = 𝐸0′ − 𝑅𝑇
𝑛𝐹 ln( [AzA]

[BzA−n]
) (2.38)

where we have introduced the formal potential 𝐸0′ , which equals the potential 𝐸 that is mea-
sured at equilibrium, i. e. when [𝐴]

[𝐵] = 1. Hence, 𝐸0′ is the standard potential 𝐸0 adjusted with
activity coefficients and other chemical effects of the medium, such as the ionic strength. At
standard pressure and temperature, the Nernst equation simplifies to

𝐸 ≈ 𝐸0′ − 59.2mV
𝑛 log( [AzA]

[BzA−n]
) (2.39)

From eq. (2.38), it is clear that species involved in faradaic processes define the electrode
potential, depending on their respective concentrations. If the electrode is subject to multiple
reactions arising from several redox species, then the potential 𝐸 is the result of a mixed poten-
tial, i. e. the potential at which the net charge transfer of all reactions combined is zero. Mixed
potentials are dominated by reactions with the fastest electron transfer kinetics, i. e. by the re-
actions with the highest rate constant 𝑘0.
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2.3.2 The site binding model

In section 2.1.1, we have seen that in nonfaradaic processes, charges are separated at the elec-
trode electrolyte interface where they form the electrical double layer as a result of coulombic
long range interactions. We have seen that Grahame [63] extended the model with the IHP
to account for the specific adsorption of ions, which interact directly with the electrode. Ad-
sorption can significantly influence the interfacial potential at the electrode, depending on the
amount and the charge of the adsorbates. In some cases, adsorption can be sufficiently impor-
tant to be the potential determining process. This is typically the case when materials with a
high density of hydroxy groups on their surfaces, such as glass or metal oxides, are placed in
aqueous solutions. On suchmaterials, the interfacial potential is predominantly determined by
the level of protonation of the amphoteric hydroxy groups. In the following, we briefly present
the site binding model developed by Yates et al. [77], which provides a relation between the
adsorption mechanism on hydroxy rich surfaces and the resulting interfacial potential. This
model initially developed for colloids has been adapted to various planar insulator-electrolyte
surfaces [78, 79].

A central aspect of this model is the presence of AOH amphoteric discrete surface hydroxy
groups which can accept or donate protons according to

AOH −−−⇀↽−−− AO− + Hs+ (2.40a)

𝐾𝑎 =
𝜈AO− 𝑎Hs+

𝜈AOH
(2.40b)

and

AOH2
+ −−−⇀↽−−− AOH + Hs+ (2.41a)

𝐾𝑏 =
𝜈AOH 𝑎Hs+

𝜈AOH2
+

(2.41b)

where 𝜈 is the density of surface sites 𝑗 and 𝑎Hs+ the activity of H+ at the surface. The resulting
surface charge density depends on the density of protonated and deprotonated surfaces sites
according to

𝜎0 = 𝑒(𝜈AOH2
+ − 𝜈AO−) (2.42)

Using eqs. (2.40b) and (2.41b), this equation can be rewritten [78]

𝜎0 = 𝑒𝑁𝑠
⎛⎜⎜
⎝

𝑎2
Hs+ − 𝐾𝑎𝐾𝑏

𝑎2
Hs+ + 𝑎Hs+𝐾𝑏 + 𝐾𝑎𝐾𝑏

⎞⎟⎟
⎠

(2.43)

where 𝑁𝑠 is the total density of surface sites, i. e. 𝑁𝑠 = 𝜈AOH2
+ + 𝜈AOH + 𝜈AO− . From eq. (2.43)

it is clear that 𝜎0 depends on the density of surface sites 𝑁𝑠 and the activity 𝑎Hs+ of H+ at the
surface. Introducing the surface pH 𝑝𝐻𝑠 = − log(𝑎Hs+), differentiation of eq. (2.43) yields the
change in surface charge upon a change in surface pH [78]

𝜕𝜎0

𝜕𝑝𝐻𝑠
= −𝑒 𝑁𝑠

⎛⎜⎜
⎝

𝑎2
Hs+𝐾𝑏 + 4𝐾𝑎𝐾𝑏𝑎Hs+ + 𝐾𝑎𝐾2

𝑏

(𝑎2
Hs+ + 𝑎Hs+𝐾𝑏 + 𝐾𝑎𝐾𝑏)2

⎞⎟⎟
⎠
ln(10) 𝑎Hs+

⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝛽𝑖𝑛𝑡

= −𝑒𝛽𝑖𝑛𝑡 (2.44)

wherewe have introduced the intrinsic buffer capacity 𝛽𝑖𝑛𝑡. Aswe have seen in section 2.1.1, the
surface charge 𝜎0 combined with the double layer capacitance 𝐶𝑑𝑙 gives rise to the interfacial
potential 𝜙0 with 𝐶𝑑𝑙 = 𝜕𝜎0

𝜕𝜙0
(eq. (2.16)). Hence, the change in interfacial potential 𝜙0 upon a

change in surface pH is

𝜕𝜙0

𝜕𝑝𝐻𝑠
= 𝜕𝜙0

𝜕𝜎0
𝜕𝜎0

𝜕𝑝𝐻𝑠
= −𝑒 (𝛽𝑖𝑛𝑡

𝐶𝑑𝑙
) (2.45)
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The activity of H+ at the surface is related to the activity in the bulk by the Boltzmann distri-
bution

𝑎Hs+ = 𝑎H+ exp(− 𝑒𝜙0

𝑘𝐵𝑇 ) (2.46)

Finally, combining eqs. (2.45) and (2.46) leads to the change in interfacial potential upon a
change in bulk pH, a quantity that we define as the sensitivity to pH 𝑠𝑝𝐻

𝑠𝑝𝐻 = 𝜕𝜙0
𝜕𝑝𝐻 = − ln(10)𝑘𝐵𝑇

𝑒 𝛼 (2.47a)

wherewe have introduced the dimensionless sensitivity parameter 𝛼, which vary between zero
and unity according to

𝛼 = 1
ln(10)𝑘𝐵𝑇

𝑒2
𝐶𝑑𝑙
𝛽𝑖𝑛𝑡

+ 1
(2.47b)

At standard pressure and temperature, the expression for the sensitivity 𝑠𝑝𝐻 simplifies to

𝑠𝑝𝐻 = 𝜕𝜙0
𝜕𝑝𝐻 ≈ −59.2mVpH−1 𝛼 (2.48)

Interestingly, when 𝛼 = 1, the expected change in interfacial potential upon a change in pH
is similar to the Nernst equation (see eq. (2.38)) for a redox reaction with 𝑛 = 1. Because of
this similitude, the sensitivity 𝑠𝑝𝐻 is said to be Nerstian when it follows the Nernst equation,
i. e. when 𝛼 → 1. This condition is met when 𝐶𝑑𝑙 ≪ 𝛽𝑖𝑛𝑡. Therefore, a Nerstian sensitivity 𝑠𝑝𝐻
is only obtained on materials with a large and constant 𝛽𝑖𝑛𝑡.

2.4 SuMMARy
As discussed throughout this chapter, electrode processes can be broadly divided into faradaic
and nonfaradaic processes. Both type of processes involve an interfacial potential, but of dif-
ferent origin. The potential associated with faradaic processes follows Nernst equation, hence
under ideal heterogeneous electron transfer conditions, it depends solely on the concentrations
and the formal potential of the species involved. The case of nonfaradaic processes results from
adsorption on the electrode and is therefore highly dependent on the material and species in-
volved. Under special conditions, such as in the case of surfaces displaying a particularly high
density of hydroxy groups in aqueous electrolytes, the interfacial potential due to nonfaradaic
processes may resemble the Nernst equation, according to the site binding model. In practice,
both processes take place simultaneously and may involve multiple species, each contributing
to a common mixed potential. Independently of the processes involved, interfacial potentials
exhibit no fundamental dependence on the electrode geometry.

In contrast, the faradaic current at a WE strongly depends on the geometry. In quiescent so-
lution with sufficient supporting electrolyte, diffusion is the process limiting the transport of
species towards the WE. It follows from Fick’s laws of diffusion that geometry is a major fac-
tor determining the faradaic current under diffusion limited conditions. Such conditions are
reached when the kinetics of electron transfer is much faster than the transport of species to-
wards the electrode. As we have seen, the kinetics of electron transfer depends on the standard
rate constant and the formal potential of a particular reaction as well as the electrode poten-
tial at the WE. The latter changes the free Gibbs energy for oxidation and reduction and can
therefore modulate the reaction rate, according to the Butler-Volmer equation.

This brief overview of some fundamentals of electrode processes will help us interpret the
experimental results obtained on the three electrochemical sensors reported in chapters 4 to 6.
For a thorough overview of electrode processes, the interested reader is referred to the litera-
ture[57, 65, 66, 80–83].





3 METHODS AND INSTRUMENTATION

3.1 GENERAL DESIGN OF THE SENSORS
All sensors reported in this thesis are built around a common device design, which is shown
in fig. 3.1a. Details of each sensor are given in their respective chapters. Individual sensors
are arranged into devices, which comprise typically 12 to 26 sensors distributed between two
groups, left and right. The devices are fabricated using micro- and nanofabrication techniques
on either glass or Si substrates and diced into square pieces of 9mm. Each device comprises up
to 60 contacting pads arranged around a central, 8mmwide area where the sensors are placed.

Interfacing such sensors with real world devices is an important challenge which has no one-
fit-for-all solution [84]. Making both electrical and fluidic connections with multiple sensors
requires microscale precision in liquid delivery, sealing and mechanical contact. A versatile
method to interface the sensors with any combination of an electrical, fluidic and gaseous inter-
facewas developed. Thismethod is illustrated in fig. 3.1b and further described in the following
section number.

3.2 INTERFACING THE SENSORS
The sensors are investigated at a device level through a combination of an electrical, fluidic
and gaseous interface. An electrical interface is used to contact all the sensors on a device and
perform potentiometric or amperometric experiments. A fluidic interface is used to expose
the sensors to either a single analyte solutions or multiple successive solutions, in a manual
or automated fashion. Finally, a gaseous interface is used to control the partial pressure of
dissolved gases in contact with the sensors.

As illustrated in fig. 3.1b, this flexibility in interfacing is achievedwith a custom-made device
holder consisting of a printed circuit board (PCB) and two polymethyl methacrylate (PMMA)
plates, between which is clamped a device (top-side down). Spring-loaded contact pins in-
serted in the lower PMMA plate ensure an ohmic contact between the device and the PCB.
A thin, 100µm thick polydimethylsiloxane (PDMS) foil is placed on each side of the device,
providing a soft, sealing interface between the device and the PMMA plates.

The PMMA plates can be of the two types shown in fig. 3.1c. Either a reservoir plate or a
channel plate is used, depending onwhether all the sensors are investigated through a common
liquid reservoir, or in groups via a microchannel. The PMMA plates were micromachined out
of 5mm thick PMMA plates, according to the technical drawings given in fig. A.1.

The PDMS sealing foils can be of the four types shown in fig. 3.1d. In combination with
the PMMA plates, these foils define how liquid is delivered locally. A channel sealing foil is
used to deliver liquids locally to either the left or right group of sensors, via a 500µm wide
microchannel (top left figure). A reservoir sealing foil is used to expose all the sensors to a
common 6.5mm wide liquid reservoir (top right figure). An individual-well sealing foil is
used to deliver liquids manually, 500µm around a single sensor (bottom left figure). Finally,
an exhaust foil is used to constrain gas exchange with the air to a single 500µm wide opening
(bottom right figure).

FABRICATION OF THE SEALING FOILS All PDMS sealing foils were fabricated by soft lithography
using an epoxy resin mold. Briefly, negative patterns of the foils were structured by ultra vio-
let lithography (UVL) in a 100µm thick SU-8 photosensitive resist (PR), spun on a 100mm Si
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Figure 3.1: General design of the sensors device and device holder. (a) A device consists of a 9mm
squared glass or Si substrate, where 12 to 26 sensors are distributed on a central, 8mm wide
area. The area is surrounded by contact pads to address each of the sensor individually. Each
device has a series of markers used for ultra violet lithography (UVL), electron beam lithogra-
phy (EBL), dicing and alignment. (b) Cross sectional view of the custom-made device holder
used to create an electrical, fluidic or gaseous interface with the sensors. A device is placed
top-side down and sandwiched between two polydimethylsiloxane (PDMS) sealing foils and
two polymethyl methacrylate (PMMA) plates. Spring-loaded contact pins inserted vertically
in the lower PMMA plate ensure an ohmic contact between a breakout printed circuit board
(PCB) and each sensor. Both the plates and the foils have microstructures to deliver liquids or
gases locally on the sensors. (c) The PMMA plates are structured with either a central reser-
voir or microchannels. In both cases, the structures can be connected to the outside world via
four fluidic ports. (d) The PDMS sealing foils can be of four types. In combination with the
PMMAplates, these foils define how liquids and gases are delivered locally to a single or mul-
tiple sensors.

wafer. Following wafer dicing, the dies were silanized with octadecyltrichlorosilane (ODTS)
to make the surfaces hydrophobic. PDMS foils were fabricated by mechanically pressing a de-
gassed 10:1mixture of the pre-polymer and the curing agent (Sylgard 184, DowCorning, USA)
between the mold and a low adhesion polyester foil (Mylar A 100u, Synflex Elektro GmbH,
Germany), followed by curing at 60 °C. The complete fabrication protocol is given in table A.1.

In the following,more details on these interfaces and thedifferent configurations used through-
out the thesis are given.

3.2.1 Electrical interface

Electroanalytical measurements on the sensors were performed via the electrical interface. As
shown in fig. 3.2, this interface consists of a PCB to individually contact the sensors and instru-
mentation to perform potentiometric and amperometric measurements.
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Figure 3.2: Electrical interface with a device. (a) Each sensors on a device can be electrically contacted
via a breakout printed circuit board (PCB). An ohmic electrical contact is made between each
sensor and the PCB with spring-loaded contact pins inserted in the lower plate of the device
holder. (b) During measurements, the PCB and the device are placed in a 2.5mm thick Al
shielding enclosure connected to guard (potentiometry) or to chassis ground (amperome-
try). (c) Potentiometric measurements are conducted with a high impedance (>200TΩ) and
low input bias current (<5 fA) electrometer voltmeter. A triaxial cable is used between the
voltmeter and the PCB. Both the inner shield of the cable and the shielding enclosure are at a
guard potential. Readings of the equilibrium potential between a sensor and an Ag/AgCl ref-
erence electrode (Ag/AgCl REF) are acquired at regular time intervals with an external data
acquisition board (DAQ) controlled by a single board computer (SBC). (d) Typical poten-
tiometric response of a microscale pH sensor acquired with this potentiometric method. (e)
Amperometricmeasurements are conductedwith a dual channel sourcemeasure unit (SMU)
configured in 4-wire mode, which acts as a biopotentiostat. Arbitrary potential sweeps can be
programmed on a SBC and applied to any of the two working electrodes (WEs) in reference
to a common Ag/AgCl REF. (f) Typical cyclic voltammogram of a microscale Pt electrode in
the presence of a redox couple acquired using this amperometric method.

Contacting and shielding

As illustrated in fig. 3.2a, spring-loaded gold-coated contact pins (CSP5-18, Everett Charles
Technologies LLC, USA) inserted vertically with a pitch of 500µm in the lower PMMA plate
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ensure an ohmic contact between the PCB and the sensors. Each of the sensor can easily be
addressed via the outer pins of the breakout PCB. To reduce electromagnetic interferences,
the PCB and the device are placed in a 2.5mm thick Al shielding enclosure (RND 544-00460,
Distrelec Schweiz AG, Switzerland), as shown in fig. 3.2b.

Potentiometry

Potentiometry is an electroanalytical method in which the potential of an electrochemical cell
is measured while no current is passed through the cell [65]. It is a measure of the equilib-
rium potential reached when the net current passing through the cell is zero. This condition
cannot be fully met in practice, since any practical voltage measurement device comes with
a finite input impedance that will draw a small current out of the cell, and thus take the cell
slightly out of equilibrium. Hence, this current can be kept small by using a device with a high
input impedance, like an electrometer voltmeter. However, this is not the only impedance in-
volved. Every cable, contact pin, PCB track, pad and track on the device might dominate the
total impedance seen by the electrochemical cell. Therefore, the total impedance 𝑍tot between
the measurement device and a sensor must be considered. In addition, modern instruments
uses solid-state amplifiers which require a certain bias current (typically a few pA) for proper
operation. Also this current will flow through the electrochemical cell and take it slightly out of
equilibrium. In conventional potentiometry at macroelectrodes, both the total impedance and
the bias current might be negligible. For measurements at micro- and nanoelectrodes, even the
smallest current may translate into high current density at the electrode.

Here, an electrometer voltmeter with a rated input impedance >200TΩ and rated input bias
current <5 fA (617, Keithley Instruments LLC, USA) was used. The voltmeter is operated in
guarding mode and with a triaxial cable connected to the PCB. As shown in fig. 3.2c, both the
inner shield of the triaxal cable and the shielding enclosure are at the guard potential of the volt-
meter. The sensor under investigation is connected to the input amplifier, while an Ag/AgCl
REF (Flow-thru #16-702, Microelectrodes Inc, USA) is connected to the common of the volt-
meter. Readings of the potential were taken at preset intervals with a single board computer
(SBC) running a custom python program and a data acquisition board (DAQ) (U6, Labjack
Corp, USA). The input of the DAQ is configured in single ended input mode and connected
between the output of the ranging amplifier and the common of the voltmeter. For accurate
sampling, the internal timers of the DAQ are used.

Figure 3.2d shows a typical time series of the potentiometric response of a microscale pH
sensor measured with this method.

Amperometry

Amperometry is an electroanalytical method in which the current flowing through an electro-
chemical cell ismeasured as function of electrode potential and/or time [65]. The amperometry
reported in this thesis requires unconventional instrumentation. In particular, the measure-
ment of time varying faradaic currents at nano- and microelectrodes down to the pA range
requires instrumentation with the proper characteristics in terms of measurement accuracy,
instrument and cable shielding and guarding, as well as source stability. Higher flexibility is
also required in the independent control of multiple WEs with arbitrary potential sweeps.

To meet theses requirements, a dual channel source measure unit (SMU) (2636B, Keithley
Instruments LLC, USA) is used as a bipotentiostat. Here, this device was found to be more ver-
satile compared to commercially available bipotentiostats, which are designed for a finite set
of electrochemical analytical methods and often require nA currents or more. This SMU offers
a wide range of voltages and currents for measuring and sourcing, with great accuracy down
to the µV and fA ranges. In addition, it offers several remote control and scripting interfaces,
which allows the execution of arbitrary and unconventional sweeps and measurements opera-
tions. Some limitations of using this SMU are the limited bandwidth (a few kHz, depending on
range) and the digitized sweep (with minimal steps of 50µV). More details on the operation
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Figure 3.3: Fluidic interface with a device. (a) A channel sealing foil combined with a channel plate is
used to quickly (≈10ms) exchange solutions for a group of sensors. A rotary valve and a
syringe pump controlled by a single board computer (SBC) are used to dispense one of up
to 10 solutions in any order and a preset time intervals. A flow-through reference electrode
(REF) with a T-junction is connected at the entrance of a fluidic port. (b) Alternatively, a
manual pipette is used, when multiple solutions are not required. (c) All the sensors can be
exposed to the same solutions and REF when a reservoir sealing foil is used in combination
with a reservoir plate.

of the SMU as a bipotentiostat are given below, since SMUs are rarely reported in electrochem-
istry and their primary intended use is for semiconductor characterization.

Each channel of the SMU can be used as an independent potentiostat. When both channels
are combined, the SMU can be used as a biopotentiostat. To operate as a potentiostat, a chan-
nel must be configured in 4-wire mode (also called Kelvin sensing, or remote sensing mode),
which is usually used with low-impedance specimens to avoid errors from the lead resistance.
In thismode, the two sourcing leads are separated from the two sensing leads. The SMUuses an
internal control loop to apply the required potential between the sourcing leads such that the
programmed voltage is sensed on the sensing leads. This control loop is in essence identical to
the feedback loop of a potentiostat. As shown in fig. 3.2e, the channel can then be used as poten-
tiostat by connecting the CE to the negative sourcing lead, the REF to the negative sensing lead
and the WE to both the positive sourcing and sensing leads. The sensing leads have a rated in-
put impedance of >100TΩ,which ensures that only a negligible current is drawn from the REF.
The shielding enclosure is connected to the chassis ground of the SMU. A detailed schematic of
the electrical connections on the back panel of the SMU are given in appendix A.3.1. The SMU
is controlled via its VXI-11 ethernet interface with a SBC running a custom python program.
For accurate sampling, the internal timers of the SMU are used.

Figure 3.2d shows a typical cyclic voltammogram recorded at a Pt microelectrode in the
presence of a redox couple using this method.

3.2.2 Fluidic interface

A leakage free fluidic interface with small volume, fast exchange of analyte solution and great
flexibility in liquid dispensing is required to conduct the various experiments reported in this
thesis. The central pieces of this interface are the micromachined PMMA plates. They are con-
nected to the externalworld via flangeless fittings (M-644-03&M-650X, IDEXHealth&Science
LLC, USA) screwed inside their fluidic ports, which provide a leakage free connectionwith the
polytetrafluorethylen (PTFE) tubings used to complete the fluidic circuit. These tubings have
an inner diameter of 250µm (IDEXHealth& Science LLC,USA),which limits the dead volume
of the whole circuit to ≈30µL. An flow-through Ag/AgCl REF with a T-junction is connected
to the fluidic circuit at the entrance of a fluidic port.
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For experiments that require a fast exchange of multiple successive solutions, the configura-
tion shown in fig. 3.3a is used. This configuration uses a channel plate with a channel sealing
foil and a syringe pump to exchange the solution in the microchannel (≈0.5µL) in less than
10ms. A fast exchange of the solution is critical to assess the response time of a sensor. The
syringe pump (Pump 11 Pico Plus Elite, Harvard Apparatus, USA) was set to a pulling flow
rate of 4mLmin−1. A 10-waymicrofluidic rotary valve (M-Switch, Fluigent SA, France) is used
to select one of up to 10 solutions stored in centrifuge tubes mounted on a custom-made holder.
Both the syringe pump and the valve are controlled by a SBC running a custom python pro-
gram, enabling the exchange of solutions at preset time intervals and in any order.

For experiments where multiple solutions are not necessary, a simple pipette is used to pull
the analyte solution through the microchannel, as shown in fig. 3.3b.

For experiments that require all the sensors of a device to be expose to the same solution, a
combination of reservoir plate and a reservoir sealing foil is used to create a common liquid
reservoir of ≈80µL. As shown in fig. 3.3c, this reservoir is directly accessible with a pipette.
The REF is connected to the reservoir through the fluidic port of the PMMA plate, to ensure a
stable fluidic connection.

3.2.3 Gaseous interface

Some experiments involved the precise control of the partial pressure of the dissolved gases
in the analyte solution. To meet this requirement, the interface shown in fig. 3.4 is used. A
precision gas proportioner with two metering valves, two mass flow meters and a blending
tube (GMR2-010457, Aalborg Instruments and Controls Inc, USA) is used to supply an homo-
geneous mixture of two gases with a given ratio to a reservoir. The gas mixture is delivered
via a fluidic port into the space defined by a reservoir plate and reservoir sealing foil. An ad-
ditional exhaust foil between the PCB and the reservoir plate provides a top seal with a single
500µm wide opening, as shown in fig. 3.4b. The pressure at the entrance of the gas propor-
tioner and the flow rate were chosen so that no visible deflection of the exhaust foil could
be observed. This simple method guarantees that the overpressure in the reservoir remains
well <1 kPa, since PDMS membranes of this thickness and similar surface area typically de-
flect by >100µm for a differential pressure as small as 0.1 kPa [85]. Since in this configuration
the reservoir is completely sealed, the analyte solution is dispensed through one fluidic port of
the reservoir plate. The two remaining fluidic ports are closed with a sealing plug.

3.3 SuMMARy
In summary, we have developed a versatile platform for interfacing microfabricated electro-
chemical sensors which can accommodate all the three sensor devices report throughout this
thesis. A key aspect of the platform is the ease of quickly interfacing a new device (typically a
few minutes) after fabrication, regardless of the type of interfacing needed (electrical, fluidic
or gaseous). This has proven to be a very valuable asset to rapidly test a new sensor design and
reduce to the minimum the time between design and experimentation. Another advantage is
that the fluidics is not part of a device. Therefore, a same device can be tested in different fluidic
configuration depending on the experimental requirement.

The fluidic interface is particularly well suited for the automated and fast exchange of solu-
tions. This is advantageous for the determination of the kinetics and for acquiring preliminary
data on a wide range of solutions. However, the small scale of the fluidic interface makes it
more challenging to tightly control parameters such as pressure, volume and flow-rate. As we
will see in chapter 5, residual convective fluxes were difficult to completely suppress in the
microchannels.
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Figure 3.4: Gaseous interface with a device. (a) Two gas bottles and a gas blender with two flow meters
and needle valves are used to flush an homogeneous mixture of two gases with a given ratio
in a reservoir plate. A reference electrode (REF) connected to a fluidic port of the reservoir
plate is defining the potential of liquid previously injected. The two remaining fluidic ports
of the reservoir plate are closed with a plug. (b) Cross sectional view of a device holder
configured for a gaseous interface. A reservoir sealing foil and a reservoir plate create a small
liquid reservoir on top of a device. An exhaust foil provides a top seal with a single 500µm
wide opening, in which gas exchange with the air is constrained. By visually controlling the
deflection of the exhaust foil, the pressure at the gas blender and the flow rates can be chosen
so that the overpressure in the reservoir is well <1 kPa.
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4.1 INTRODuCTION
In 1906, Cremer [86] measured for the first time the electric potential difference generated
across a thin (≈20µm)glassmembrane separating two aqueous solutions of different pH.Only
three years later, inspired by this work, Haber and Klemensiewicz [87] built the first glass elec-
trode for the quantitativemeasurement of pH. The first direct determination of blood pH using
a glass electrode was reported in 1925 by Kerridge [88], who built a form of glass electrode op-
timized for biochemical investigations requiring only <0.5mL sample volume, about 100 times
less than previous approaches [87]. Despite this improvement, major technical difficulties in
the measurement of the electric potential due to the high resistance of the electrode (>50MΩ)
and leakage currents prevented thewider use of her technique. It took the development of tube
amplifiers to solve these issues and lead about ten years later to the first commercial pH meter
by Beckman and Fracker [89]. It followed several improvements of the electrode design [90, 91]
and refinement of the glass composition [92, 93]. Today, the convenience of glass electrodes
has made pH one of the most frequently measured parameter in analytical chemistry. Glass
electrodes are the gold standard in pH determination in a wide range of applications [94–96],
including the determination of blood pH inmodern blood gas analyzers [97, 98]. Because they
consists of a rather delicate assembly of a reference electrode, a reservoir with reference solu-
tion and a thin glass membrane, glass electrodes have not been miniaturized to less than a few
cm [96]. Miniaturization has been associated with increasing fabrication efforts, which limits
the possibility for mass manufacturing at low costs [96]. In addition, electrodes of this size
require several tens of µL of sample volume, which may exceed the volume available from
capillary sampling [99].

In 1970, Bergveld [100] introduced the ion-sensitive field-effect transistor (ISFET) and the
idea ofmeasuring ion activities in aqueous solutionwithmicrofabricated field-effect transistors
(FETs). Even though the ISFET was originally not intended to measure pH, its sensitivity to
pH demonstrated two years later[101] marked the beginning of >5 decades of intense research
motivated by the low-impedance, mass fabricated micro- and nanosized sensors this new ap-
proach could offer. The concept has been extended to a wide range of chemical and biochem-
ical sensing applications ranging from ions [102–105] to DNA [106, 107] and proteins [102,
108, 109], but pH has remained the most studied analyte and been an important reference
benchmark for new sensing applications, materials and FET structures [110]. ISFETs can be
fabricated in commercial complementary metal-oxide-semiconductor (CMOS) [111] technol-
ogy and with the development of nanofabrication capabilities, they have been shrunk down to
100 nm channel width [112]. Despite all these developments, ISFETs have found limited com-
mercial applications [96, 110, 113]. One reason is that ISFETs have specific encapsulation and
packaging requirements which deviate from standards in integrated circuits (ICs) manufac-
turing. In particular, the need for reliably protecting the FET and its electrical contacts from
the solution while living the gate area open is a challenge, specially with shrinking feature
sizes [96, 110, 113–115]. In research, this has been accomplished manually with thermosetting
resins [114, 115]. It took several decades to address this challenge at industrial scale [110, 114].
Even though several robust methods were developed, they all impose a final sensor size of
several mm and most require a mechanical assembly with gasket seals [114]. Hence, a typical
commercial ISFET device ends up with limited competitive advantage over a traditional glass
electrode.

To mitigate this issue, Van der Spiegel et al. [116] introduced in 1983 the extended-gate field-
effect transistor (EGFET), which physically separates the sensing layer (i. e. the gate of the
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ISFET) from the FET. This allows the use of a discrete commercial metal-oxide-semiconductor
field-effect transistor (MOSFET), which drastically simplifies the fabrication process and reli-
ably isolates the FET from the solution [117]. In addition, this approach offers greater flexibility
in geometry andmaterials as compared to an ISFETwhere these aspects are tightly constrained
by the FET structure [116]. Hence, the introduction of the EGFET opened new routes for inves-
tigations of alternative substrates such as glass [117] or flexible elastomer sheets [118] as well
as various sensing materials. The sensing material is usually deposited on top of a conductive
metal film which extends the gate of the FET [116, 119]. With this approach, materials beyond
CMOS compatible ones such as polymers [120] or electrochemically grown nanorods [121]
can be used in addition to the well studied oxides used in ISFETs such as SiO2, Al2O3, HfO2 or
Ta2O5 [110, 112, 122, 123]. Here, it is crucial to reliably protect the underlying metal film from
the solution to avoid any mixed potentials at the extended gate. This implies that the sensing
layer and the underlying metal film must be structured in separate but well aligned steps, oth-
erwise the edges of the metal film are exposed to the solution. Beside the additional fabrication
effort, this approach can be very challenging to implement at the nanoscale, as discussed later
in chapter 5. Alternatively, conductive metal oxides such as Sb2O3, IrO2, RuO2, ITO which do
not require an additional metal film have been used [117, 124–126]. However, the pH sensing
mechanisms of these oxides involve faradaic processes which makes them subject to mixed po-
tentials from other electroactive species such as O2, H2O2, F

– , phosphate or redox couples such
as potassium ferrocyanide (Fe(CN)6) [125–128]. There is growing evidence from a number of
studies on neural stimulation electrodes that conductive TiN, unlike metal oxides, displays an
ideally polarizable interface in the whole water electrochemical window [128–130]. While the
ideal Nerstian pH sensitivity of TiN has been reported already in 1991 [131], its outstanding re-
sistance to interfering electroactive species was not reported before 2006 [132]. Recently, Paul
Shylendra et al. [133] corroborated these findings which provides further evidence that TiN is
an ideal sensing material for EGFET pH sensors. So far, TiN for pH sensing has been deposited
by radio frequency magnetron sputtering (RF sputtering) [134], chemical vapor deposition
(CVD) [131] and hot cathode discharge deposition [132].

In this chapter, we discuss the results from experiments designed to verify the excellent prop-
erties of TiN for sensing pH in EGFET configurations.Wedemonstrate that these properties can
also be achieved in thin films (12 nm) deposited by plasma enhanced atomic layer deposition
(PEALD). In addition, we show that for a given readout circuit, a two orders of magnitude
smaller sensing area as compared to a traditional metal/metal-oxide Ti/Ta2O5 layer is possi-
ble. Finally, we demonstrate a lithographic approach to fabricate the sensors at wafer scale
and discuss the performance of the sensor with respect to the diagnostics requirements stated
in appendix A.1.

As shown in fig. 4.1a, a single 12 nm layer of conductive TiN deposited by PEALD serves
as pH electrode (pHE). Amphoteric hydroxy groups at the surface of the TiN pHE change
their degree of protonation in function of the bulk pH, according to the site binding model
(see section 2.3.2). Hence, they define the pH dependent charge density 𝜎0 at the surface of the
pHE. In combinationwith the electrical double layer, this charge leads to an interfacial potential
𝜙0 at the pHEwhich is measured versus a REF.Mixed potentials arising from interfering redox
reactions are excluded since the TiN pHE behaves predominantly as an ideally polarizable
electrode. Unlike typical EGFET configurations which involve a metal/metal-oxide pHE, here,
the single TiN layer suffice. Figure 4.1b depicts in greater details the charge distribution at the
pHE and the resulting interfacial potential.

4.2 MATERIALS AND METHODS

4.2.1 Device layout

As shown in fig. 4.2, two device layouts with pHEs of different sizes were used. In addition to
the elements of the general design presented in section 3.1, the layout shown in fig. 4.2a com-
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Figure 4.1: Working principle of the single-layer TiN pH sensor. (a) A pH electrode (pHE) is made of a
single 12 nm thick conductive TiN layer (orange). Protonation and deprotonation of the am-
photeric hydroxy surface groups is a function of the bulk pH. These groups change the surface
charge density 𝜎0 on the pHE, which lead in combination with the double layer capacitance
to an interfacial potential proportional to the pH. A reference electrode (REF) and a voltmeter
are used to probe this interfacial potential. Faradaic processes at the pHE are inhibited by the
inert TiN material. (b) Scheme of a possible charge distribution (black) and resulting interfa-
cial potential (blue) in an acidic solution. Protonation of the surface hydroxy groups leads to
a positive surface excess charge 𝜎0 which is readily screened by counterions in the diffusion
layer. As a result of charge accumulation in the double layer capacitance 𝐶𝑑𝑙, an interfacial
potential 𝜙0 proportional to pH is built on the pHE in respect to the bulk electrolyte.

prises 2 groups of two pHEswith surface areas of 2.9 × 10−7 m2 and 9.6 × 10−7 m2, respectively.
The layout shown in fig. 4.2b comprises 2 groups of 13 pHEs with smaller logarithmically dis-
tributed surface areas ranging from 2.5 × 10−11 to 1.6 × 10−7 m2. The pHEs shown in fig. 4.2
consist of either a single layer of 12 nm TiN or a dual layer of 50 nm Ti covered with 50 nm
Ta2O5 (not shown). Electrodes made of TiN have contact pads reinforced with 50 nm Pt.

4.2.2 Device fabrication

All devices were fabricated by UVL on 500µm thick and 100mm in diameter glass wafers. In
the following, we provide the main steps of the fabrication process flow. The complete fabrica-
tion protocol of the TiN and Ta2O5 devices are given in table A.2.

TiN electrodes

A layer of 12 nm TiN was deposited by PEALD (FlexAL, Oxford Instruments plc, United King-
dom) at 300 °C using tetrakis(dimethylamido)titanium (TDMAT) as precursor in a plasma of
N2/H2 20:5. The ratio was chosen so that a TiN layer of high electrical conductivity is obtained.
Then, the TiN was structured by reactive ion etching (RIE) in a N2/SF6 gas mixture using a
positive PR. Finally, the contact pads were reinforced with thin 4 nm adhesion layer of Cr and
a 50 nm thick layer of Pt deposited by electron beam evaporation (e-beam evaporation) and
structured by lifting-off a negative PR patterned by UVL.

Ta2O5 electrodes

A first layer of 50 nm Ti was deposited by e-beam evaporation and structured by lifting-off a
negative PR patterned by UVL. A second layer of 50 nm Ta2O5 was deposited by direct current
magnetron sputtering (DC sputtering) on the whole device and selectively removed around
the contact pads by lifting-off a negative PR patterned by UVL.
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Figure 4.2: Layout of the pH sensing devices. (a) A devicewith 4 individually addressable pH electrodes
(pHEs) with surface areas of 2.9 × 10−7 m2 and 9.6 × 10−7 m2. (b) A device with 26 smaller
pHEs with logarithmically distributed surface areas ranging from 2.5 × 10−11 to 1.6 × 10−7 m2.
The tracks between the pHEs and the contact pads have a width of 3µm. The TiN layer is
metallized with a 50 nm thick film of Pt in the area of the contact pads (and various markers).
The dashed gray line indicates the course of the liquid microchannels when interfaced with
a channel sealing foil (see section 3.2.2).

Pt electrodes

Some cyclic voltammetry (CV) measurements involved the comparison with electrodes made
of Pt. Deviceswith Pt electrodeswere fabricated using the same layout as shown in fig. 4.2b. An
adhesion layer of 4 nmCr followedby a layer of 50 nmPtwere deposited by e-beamevaporation
and structured by lifting-off a negative PR patterned by UVL.

4.2.3 Electrochemical measurements

Before each measurement, the devices were treated by oxygen radio frequency plasma (O2
plasma) for 30 s at 100W and 100 kHz. Then, the devices were mechanically clamped in a de-
vice holder and interfaced as described in greater details in section 3.2. Briefly, a channel sealing
foil and a channel plate were placed on top of the device to deliver the solution to the various
pHEs. A syringe pump with a flow rate of 4mLmin−1 was used to quickly (<10ms) exchange
the solution in the channel sealing foil.

CV measurements were performed with a SMU as discussed in section 3.2.1. CVs were per-
formed at a scan rate of 150mVs−1 in 100mM KCl supplemented with either 15mM or 1M
Fe(CN)6. All CVs were recorded on 0.2 × 0.2mm electrodes. A Pt wire with a diameter of
0.25mm and a length of >2.5 cm inserted in a channel of the channel plate served as CE.

Potentiometric measurements were performed with an electrometer voltmeter as described
in section 3.2.1. Prior to measurements, the devices were equilibrated for 15min in a solution of
pH 7. Then, the response to pHwasmeasured in commercial reference buffer concentrates of 3
to 10 pH (Titrisol, Merck KGaA, Germany) dispensed in sequence of 7, 6, 5, 4, 3, 5, 7, 8, 9, 10, 8
and 7pH at time intervals of 40 s. The potential was sampled every second. The initial potential
𝐸pH(𝑡 = 0) during the stabilization phase at pH7 was defined as zero, i. e. all measurements
were offset corrected. Then, for each pH change, the corresponding change in potential Δ𝐸pH
was computed by taking the difference in electrode potential 𝐸pH before and at the end of the
change. Before computing the difference, the potential 𝐸pH before and at the end of the change
was averaged over 5 points (i. e. 5 s). The sensitivity of a pHEwas then estimated by a linear fit
over all pH-induced potential changes Δ𝐸pH. For kinetic measurements of the response upon
the change of pH, the sampling period of the electrode potential was decreased to 50ms.

Figure 4.3 shows the arrangement of the measurement setup.
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Figure 4.3: Arrangement of the measurement setup. Break-
out printed circuit boardwith a devicemounted
and the electrical and the fluidic interfaces con-
nected. A syringe pump pulls a solution of de-
finedpH from the rotary valve. Inset, close-up of
the device holder equipped with a channel seal-
ing foil and direction of the solution flow (ar-
row).
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4.3 RESuLTS AND DISCuSSION
The PEALD deposition protocol produced conductive 12 nm TiN films with a conductivity of
5.15 ± 0.12 × 105 Sm−1 (i. e. a resistivity of 194 ± 4µΩcm). As shown in greater details in ap-
pendix A.4.1, the current-voltage traces (I-V traces) taken from −1 to 1V are all linear. Our
results compare well with those reported by others using the same TDMAT precursor and un-
der similar deposition conditions (e. g. 180µΩcm [135] or 145µΩcm [136]). However, prop-
erties of TiN such as conductivity are highly dependent on the deposition conditions [137] and
therefore comparison across studies are difficult. Based on the observation that conductivity
strongly correlates with increasing N2 flow rate [136], we have chosen a ratio of 20:5 N2/H2
largely in favor of N2. The slightly higher conductivity values previously reported suggest that
additional optimization of our deposition parameters could further increase the conductivity.
However, this is not necessary for the application as potentiometric pH sensor. Here, it is suf-
ficient that the contribution of TiN to the complete interfacial resistance of the pHE remains
negligible. From the CV of TiN shown in fig. 4.4, it is clear that this condition is met since no
resistive feature is observed.

Despite its relatively high conductivity, the TiN layer displays very weak faradaic processes
in the investigated electrochemical window. As shown in fig. 4.4, even at a high concentra-
tion of 1M Fe(CN)6 no oxidation or reduction peak is observed and the current around the
formal potential of Fe(CN)6 does not exceed 0.6 nA. As a comparison, the same CV on an iden-
tically sized Pt electrode exhibits an oxidation peak of about 1µA in the presence of only 15mM
Fe(CN)6 (fig. 4.4). Thus, the heterogeneous rate constants 𝑘𝑜𝑥 and 𝑘𝑟𝑒𝑑 for this particular redox
couple are at least 105 times slower on TiN than on Pt. The reaction [Fe(CN)6]

3– /[Fe(CN)6]
4–

is known to be a typical outer-sphere reaction, i. e. it proceeds in a single step without inter-
action with the electrode [138]. It follows that the slow kinetics observed on TiN cannot be

Figure 4.4: Cyclic voltammetry of a TiN
(orange) and a Pt (blue)
0.2 × 0.2mm electrode in
100mM KCl supplemented
with 1M and 15mM potassium
ferrocyanide (Fe(CN)6), respec-
tively.
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Figure 4.5: Time response to pH and kinetics of TiN pH electrodes (pHEs) with a surface area of
1.6 × 10−7 m2 (braun), 4.15 × 10−9 m2 (red) and 2.5 × 10−11 m2 (green). (a) Time response of
the potential 𝐸pH of the three pHEs to various pH solution dispensed via a microchannel. (b)
Kinetics of the response for a decrease of pH from 7 to 6. (c) Kinetics of the response for an
increase of pH from 6 to 7. In both cases, a stable potential is reached within ≈10 s.

attributed to the redox couple or to a specific unfavorable interaction with TiN. Rather, it indi-
cates that TiN imposes more general unfavorable conditions for electron transfer which apply
beyond the special case of Fe(CN)6. This is further reflected in the oxygen evolution reaction
(OER), which is similarly sluggish on TiN. In addition, the onset of OER is shifted by about
0.5V towards higher oxidation potentials which is another indication of unfavorable condi-
tions for electron transfer [57]. Weiland et al. [128] reported similar CVs of TiN in phosphate-
buffered saline (PBS) when investigating TiN as material for stimulation electrodes. In fact,
in the field of stimulation electrodes, TiN has been widely praised for its highly polarizable
interface [128, 129, 139]. Although the polarizable interface of TiN has been experimentally
demonstrated, a more detailed understanding of electron transfer kinetics on conductive TiN
and the mechanistic process involved remains to be achieved [133]. In the absence of other evi-
dence, the most plausible explanation for these observation is that the electronic configuration
of the TiN layer is such that the density of states whose energies align with Fe(CN)6 is very
low (see section 2.1.2). This unfavorable configuration could arise from the multiphase compo-
sition [137, 140] of the TiN film, its large bandgap of 3.4 eV [141] or due to a passivation layer
on its surface [137, 142]. The surface of TiN consists of a complex mixture of oxynitride and
oxidewhose preponderance and thickness depends on the depositionmethod and the environ-
ment [140, 142].Here, all devices underwent a 30 sO2 plasma treatment prior tomeasurements
which is expected to promote the formation of an oxide layer.

Figure 4.5a shows the time response of three TiNpHEs of different size exposed to a sequence
of solutions of different pH. At 𝑡 = 0, the pHEs were at potentials ranging from 190 to 348mV
vs. theAg/AgCl REF independently of their size (data not shown). It follows that the potentials
of the pHEs over the complete pH range were well contained in the electrochemical window
investigated by CV. For the sake of clarity, the initial potentials at 𝑡 = 0 were subtracted and
only relative changes in 𝐸pH are reported. The larger (braun) pHE exhibits a response close
to 60mVpH−1 as indicated by the horizontal grid lines. No difference is observed between as-
cending and descending steps nor between steps of 1 or 2 pH units. No significant drift over the
measurement duration (about 9min) is observed. In contrast to the larger pHE, the response
of the smaller pHEs (red and green) is significantly weaker. The response is decreasing with
decreasing electrode size. The potential of the smallest (green) pHE is less stable. Despite the
differences in sensitivity, all pHEs have a similar kinetics regardless of their size. As shown in
fig. 4.5b all electrodes reach a stable potential within 10 s following a pH change.

To confirm the dependence of the sensitivity on the electrode size, we measured the sensitiv-
ity of >50 pHEs of different size and we compared the results obtained on TiNwith identically
sized pHEs based on Ta2O5. Ta2O5 has been widely reported as an ideal oxide for ISFET and
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Figure 4.6: Size-dependent sensitivity of TiN andTi/Ta2O5 pHelectrodes. (a) Toppanel, details of the fits
for 3 TiN pHEs with an area of 1.6 × 10−7 m2 (braun), 4.1 × 10−9 m2 (red) and 2.5 × 10−11 m2

(green). Bottom panel, details of the fits for 3 Ti/Ta2O5 pHEs with an area of 9.6 × 10−7 m2

(pink), 1.6 × 10−7 m2 (braun) and 3.7 × 10−8 m2 (purple). (b) Sensitivity in function of pHE
area. Reported are the slopes ±2 SE of linear fits of 5 to 7 TiN (circles) and 3 to 5 Ti/Ta2O5
(squares) different pHEs. Each fits includes the potential shift Δ𝐸𝑝𝐻 recorded along a se-
quence of 12 solutions of 3 to 10 pH.

EGFET due to its superior buffer capacity (see section 2.3.2) [78, 110, 143–147]. Ta2O5 is there-
fore an interesting reference material. Figure 4.6a shows the sensitivity of the same three TiN
pHEs as shown in fig. 4.5 along with three Ta2O5 pHEs. A dependence of the sensitivity 𝑠𝑝𝐻
on the size is found on both materials, but it is significantly stronger on Ta2O5. As shown in
fig. 4.6b, on a pHE of ≈3 × 10−8 m2, the sensitivity of Ta2O5 is only ≈ − 15mVpH−1 whereas
on TiN it is still ≈ − 55mVpH−1. In both materials, the sensitivity 𝑠𝑝𝐻 is linear as predicted by
the site binding model (eq. (2.47)) regardless of the size of the pHE. According to eq. (2.47),
a linear response is only possible when 𝛼 is constant over the whole pH range. This is only
possible on materials with a high density of hydroxy groups (typically 𝑁𝑠>1018 m−2) and a
small Δ𝑝𝐾 = 𝑝𝐾𝑎 − 𝑝𝐾𝑏 (typically Δ𝑝𝐾 < 8) [78, 148]. It has been demonstrated by Tarasov et
al. [148], that the sensitivity 𝑠𝑝𝐻 deviates into a sigmoid-shaped curve when these conditions
are not met. We conclude that the site binding model is a valid model for the reactions at our
single-layer TiN pH sensor. However, as we have seen in section 2.3, interfacial potentials are
in principle independent of the electrode size. It follows that the observed dependence on size
must arise from other processes than those taking place at the electrode-electrolyte interface.

Unlike ISFETs, EGFET configurations can suffer from interferences from the readout circuit.
Ghoneim et al. [149] have shown that the input resistance of the readout circuit can have a detri-
mental effect on the pH response. They reported an increasing unstable and drifting potential
𝐸pH with decreasing input resistance. Due to the high input resistance of the electrometer volt-
meter used here (>200TΩ, see section 3.2.1), such en effect is not seen (fig. 4.5a). In addition,
we measured the change in potential 𝐸pH when the potential on the REF is suddenly changed.
As discussed in greater details in appendix A.4.2, the applied changes were fully and immedi-
ately reflected on all pHEs, regardless of their size. This indicates that the observed reduction
in sensitivity 𝑠𝑝𝐻 with decreasing electrode size is not simply the result of a voltage divider
between the pHE and the voltmeter. As mentioned in section 3.2.1, all elements between the
pHE and the voltmeter contribute to a total impedance 𝑍𝑡𝑜𝑡 seen by the pHE. Therefore, the 𝐶𝑑𝑙
used in the site binding model is not the only capacitance involved in the interfacial potential
of our pHE. In fig. 4.7, we demonstrate that the reduction in sensitivity with decreasing elec-
trode size is explained by the presence of a parasitic capacitance in parallel with 𝐶𝑑𝑙. We define
𝐶tot as the total capacitance seen by the pHE, i. e. it comprises all capacitances between a pHE
and the voltmeter, such as the input capacitance of the voltmeter itself, stray capacitances of
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Figure 4.7: Influence of the parasitic capacitance on the sensitivity to pH according to eq. (4.1). (a) In
blue, influence of 𝐶tot on the sensitivity 𝑠𝑝𝐻 for a given intrinsic buffer capacity 𝛽𝑖𝑛𝑡 = 1018 m−2

and a double layer capacitance 𝐶𝑑𝑙 = 0.15 Fm−2. In grey, influence of 𝛽𝑖𝑛𝑡 on the sensitivity
𝑠𝑝𝐻 for a given 𝐶tot = 1 nF and a given 𝐶𝑑𝑙 = 0.15 Fm−2. (b) Set of parameters explaining the
different dependence on size of the sensitivity 𝑠𝑝𝐻 observed on TiN and Ta2O5. In orange, TiN
with the parameters 𝛽𝑖𝑛𝑡 = 5 × 1019 m−2 and 𝐶𝑑𝑙 = 5 Fm−2. In blue, Ta2O5 with the parameters
𝛽𝑖𝑛𝑡 = 1018 m−2 and 𝐶𝑑𝑙 = 0.5 Fm−2. In both cases 𝐶tot = 10 nF.

the PCB and the spring-loaded contacts pins or the cable between the PCB and the voltmeter.
With this additional capacitance, eq. (2.47b) becomes

𝛼 = 1
2.3𝑘𝐵𝑇(𝐶𝑑𝑙𝐴pHE+𝐶tot)

𝑒2𝛽𝑖𝑛𝑡𝐴pHE
+ 1

(4.1)

where 𝐴pHE is the area of a pHE. Unlike 𝐶𝑑𝑙, 𝐶tot does not scale with the area. Hence, as the
electrode size is decreased, a point is reached where 𝐶tot ≪ 𝐶𝑑𝑙𝐴pHE does not hold anymore
and the surface charge on the pHE for a given pH diminishes significantly. This effect is shown
by the blue traces in fig. 4.7a, which present the sensitivity in function of electrode area when
𝐶tot varies from 10−12 to 10−7 F. Depending on the intrinsic buffer capacity 𝛽𝑖𝑛𝑡 of amaterial, the
reduction in sensitivity due to 𝐶tot becomes significant at different electrode sizes. As shown
by the grey traces in fig. 4.7a, a material with a high 𝛽𝑖𝑛𝑡 is less affected by 𝐶tot and smaller
pHEs are possible before the sensitivity is compromised. This explains the difference between
TiN and Ta2O5 seen previously in fig. 4.6b. Ta2O5 exhibits one of the highest intrinsic buffer
capacity 𝛽𝑖𝑛𝑡 among the metal oxides studied for ISFETs, typically >3.2 × 1018 m−2 [78]. Our
results suggest that the intrinsic buffer capacity of TiN is even higher. Studies on TiN in the
field of supercapacitors have shown that TiN exhibits a pseudocapacitance [150–152]which has
been associated with a significant amount of hydroxyls on its surface [151, 153]. Unfortunately,
a quantification of the density that could be comparedwith Ta2O5 has not yet been determined.
In fig. 4.7b, we show that eq. (4.1) reproduces the main characteristics of the size-dependent
sensitivity observed on TiN and Ta2O5 (fig. 4.6b) when 𝐶tot = 10 nF, 𝛽𝑖𝑛𝑡 = 5 × 1019 m−2, 𝐶𝑑𝑙 =
5 Fm−2 on TiN and 𝛽𝑖𝑛𝑡 = 1018 m−2, 𝐶𝑑𝑙 = 0.5 Fm−2 on Ta2O5. Further measurements are
needed to confirm these parameters. In addition, other processes which are note taken into
account by eq. (4.1), such as residual faradaic processes due to the finite input resistance and
the input bias current of the voltmeter, may also become significant as the electrode size is
decreased.

For all measured pHEs, the uncertainty ±2 SE in the determination of the sensitivity 𝑠𝑝𝐻 did
not exceed ±2.1mV. No systematic dependence of the uncertainty on the electrode size was
observed. The Δ𝐸pH at pH 7 should ideally be 0 for all pHEs regardless of their size and sensi-
tivity, since all measurements were offset corrected at pH 7. Computing the standard deviation
(SD) of Δ𝐸pH at pH 7 across all pHEs and defining the uncertainty as ±2 SD gives an idea of
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the precision at which changes around pH 7 can be resolved. Across all pHEs, a significant un-
certainty of ±11.1mV was found. Interestingly, no systematic dependence of the uncertainty
on the electrode size was observed. Rather, significant differences in uncertainty across mea-
surements were found, ranging from ±0.74 to ±14.4mV independently of the electrode size.
This indicates that theses uncertainties are predominantly due to variations in experimental
conditions across measurements. Even though no particular measure was taken to tightly con-
trol the temperature, based on eq. (2.47), the effect of temperature is expected to account for
less than ±1mV. In the time-resolved potential Δ𝐸pH shown in fig. 4.5a, some systematic varia-
tions which occur at each solution change are visible. This suggests that the fluidics may be the
dominant source of variations. During solution exchange, the flow-rate of the solution in the
channel sealing foil is forced by the syringe pump. Depending on the conditions in the tubing
and the hydrostatic pressure in the solution reservoir, the resulting hydrostatic pressure on
the pHEs and REF may vary between solution exchanges. In addition, the 10mL syringe has a
certain compliance which changes as the volume of withdrawn solution is increasing. Further
variations could arise from the relatively high flow-rate at the liquid junction of the REF. De-
spite these variations in experimental conditions, our results show that relative changes in pH
around pH 7 can be resolvedwith a precision of ±0.013 pH (for a sensitivity of 55mVpH−1 and
uncertainty ±0.74mV). Since the normal pH range in arterial blood is 7.35 to 7.45pH (see ap-
pendix A.1), we hypothesize that detection of acidemia and alkalemia could be achieved with
our single-layer TiN pH sensor. However, our results were obtained in reference buffers and
they cannot be translated to whole blood without further experimental investigation.

4.4 CONCLuSION
In summary, we have demonstrated a pH sensor with a Nerstian response to pH of up to
55.5mVpH−1 realized with a single-layer of conductive TiN. We demonstrated that the excel-
lent properties of TiN for pH sensing previously reported by others on thicker films (>100 nm)
deposited byRF sputtering andCVDare also possible on 12 nm thin films deposited by PEALD.
In particular, we showed that our TiN exhibits a highly polarizable interface where faradaic
processes are largely hindered (by a factor up to 105 as compared to a Pt surface) despite a con-
ductivity of >5 × 105 Sm−1. Further, we demonstrated that the response to pH is linear from 3
to 10 pH indicating that our TiN displays a density of hydroxy groups 𝑁𝑠 and a Δ𝑝𝐾 similar to
the metal oxides widely used in ISFETs, such as Ta2O5.

We systematically investigated the effect of electrode size on the sensitivity to pHand showed
that in EGFET configurations the parasitic capacitance seen by the pHE sets a lower limit for
miniaturization. We extended the site binding model with an additional capacitance 𝐶tot to
demonstrate that 𝐶tot ≪ 𝐶𝑑𝑙𝐴pHE is an additional condition for a Nerstian response on EGFET
configurations. Using the same model, we showed that materials with a high intrinsic buffer
capacity 𝛽𝑖𝑛𝑡 can compensate to a greater extend for the presence of 𝐶tot and that smaller pHE
are possible with such materials. For example, we showed that a pHE of 170 × 170µm made of
TiN still has a sensitivity of >50mVpH−1 while the sensitivity on the same pHEmade of Ta2O5
drops to <15mVpH−1. Hence, according to our model, TiN exhibits a higher intrinsic buffer
capacity 𝛽𝑖𝑛𝑡 than Ta2O5. Our results underline the importance of carefully considering the
capacitance of the readout circuit in addition to the intrinsic buffering capacity of the material
when miniaturizing pHEs in EGFET configurations. It is expected that smaller pHEs of a few
tens of µm only will be possible by placing the readout circuit closer to the pHE and thus
reducing 𝐶tot. The scalable fabrication process demonstrated on 100mm glass wafers could
easily be adapted to smaller geometries (a few µm) and larger wafers for cost-efficient mass
manufacturing. Further, a better control of the fluidics, in particular the hydrostatic pressure,
is expected to improve the precision in the determination of a pH change below ±0.013 pH.

The potential of our approach for the detection of acidemia and alkalemia needs further
investigation and characterization in plasma and whole blood. Even though the sensitivity
and the precision demonstrated in reference buffers meet the requirements formulated in ap-
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pendix A.1, biofouling of the electrodes is expected to be a challenge in blood [154]. In particu-
lar, the adsorption of proteins such as albumin on the TiN surface [155] is expected to perturb
the charge density 𝜎0 on the pHE and have detrimental effect on the potential 𝐸pH. Coating
surfaces with polyethylene glycol (PEG) is widely used in various discipline to effectively sup-
press any non-specific protein adsorption [156–158]. Coating the TiN surface of a pHE is ex-
pected to decrease the number 𝑁𝑠 of hydroxy groups, however as shown by Tarasov et al. [148],
only a very dense coating achieved after several days of deposition will affect the sensitivity
𝑠𝑝𝐻 . Therefore, coating our TiN pH sensor with PEG could be a viable strategy to mitigate the
effect of protein adsorption without affecting its sensitivity and structure. Alternatively, one
could take advantage of the fast response (<10 s) of our sensor to determine the pH before the
much slower process of protein adsorption becomes significant.

Our single-layer TiNpHsensor paves theway for further development of an all solid-statemi-
crofabricated sensor for the detection of acidemia and alkalemia. In addition, the need for only
a single layer enables the easy integration of pHEs with other micro- and nanostructures and
thus it opens new possibilities for the miniaturization of further sensors based on the determi-
nation of pH such as for dissolved CO2 (using the principle of a Severinghaus electrode [159])
or O2. The latter is further discussed and demonstrated in chapter 5.



5 A THIN-FILM DISSOLVED OXYGEN AND BUFFER
CAPACITY SENSOR

5.1 INTRODuCTION
In 1879, Danncel [160] reported for the first time about the oxygen reduction reaction (ORR)
at a Pt electrode in aqueous solution. His work was followed by several attempts to use Pt WEs
for quantitative measurements of DO in various solutions [50]. In complex solutions, the mea-
surements were severely hampered by surface contamination of theWE and by the presence of
other electroactive species [50, 161]. In 1953, Clark et al. [162] addressed these issues by cover-
ing the Pt WE with an oxygen permeable cellophane membrane. The study demonstrated the
measurement of DO in whole blood in vitro as well as in vivo. Today, Clark-type electrodes
are routinely employed in respiratory care for measuring the partial pressure of DO in arte-
rial blood [51]. While the membrane and the assembly have been optimized over the years,
the basic principle has remained the same and is still widely employed in modern blood gas
analyzers [97, 98].

Clark-type electrodes are challenging to shrink to the microscale, due to the need of the oxy-
gen permeable membrane between theWE and the solution [163–165]. Even recently microfab-
ricated Clark-type electrodes are still >10mm in size [166, 167]. Electrodes of this size require
several tens of µL of sample volume, which may exceed the volume available from capillary
sampling [99]. In addition, the integration of the oxygen permeable membrane complicates
the fabrication process [165].

Only few electrochemical DO sensors which are not based on a membrane have been re-
ported [168]. Miura et al. [169] reported about a potentiometric sensor consisting of a LaF3
solid electrolyte sandwiched between a Pt electrode and a reference electrode. They reported
a Nerstian response to both molecular oxygen in air and DO in water. In the latter, a strong
dependence on the pH of the solution of 46mVpH−1 was observed. As discussed by Miura et
al. [169], a certain level of hydroxylation of the LaF3 film is required for the operation of the
sensor, which was achieved with a water vapor pretreatment of the film. However, in aqueous
solution, hydroxylation is determined by the solution pH and cannot be controlled separately.
Therefore, the application of this approach for sensing DO in aqueous solutions is limited.

More recently, Martin et al. [170] and Damos et al. [171] reported about amperometric DO
sensors based on supramolecular catalytic coatings for ORR. Both studies demonstrated selec-
tivity to DO in the presence of other potentially interfering ions. However, the effect of other
electroactive species was not investigated, which is a recurring issue in amperometric DO sen-
sors [161]. In addition,while the base electrodes can easily be fabricated andminiaturized, their
modification with supramolecular complexes requires electropolymerization [170] or succes-
sive layer-by-layer chemical assembly [171]. Both approaches are cumbersome and difficult to
scale up in a microfabrication process flow.

Building on the idea of the ISFET microtitrator [172], Sohn and Kim [173], and later Leh-
mann et al. [174], reported about DO sensors which use a pH-sensitive ISFET to measure the
local pH change resulting from ORR at a Pt WE. Their approach reduces the footprint for sens-
ing DO to a few µm only, far below the current footprint of microfabricated Clark-type sensors.
However, this method of sensing DO is very dependent on the electrodes arrangement, in par-
ticular on the diffusion volume between the WE, where the proton gradient is established, and
the ISFET, where the proton gradient is measured [173]. This is corroborated by the discrepan-
cies in sensitivity and dynamic range reported by both studies. In a PBS solution in equilibrium
with air, Lehmann et al. [174] reported a pH-induced potential shift of ≈30mV, whereas Sohn
and Kim [173] reported a shift of ≈118mV. An additional limitation of this approach is the
requirement for an ISFET which complicates the fabrication.
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Figure 5.1: Working principle of the dissolved oxygen and buffer capacity sensor. (a) A short reduction
pulse is applied on a planar Pt working electrode (WE) (blue). A perforated pH electrode
(pHE) (orange) placed at 12 nm on top of theWE records the pH change resulting fromO2 re-
duction at theWE. The amplitude of the pH change depends on theO2 concentrationwhile the
relaxation time after the pulse depends on the buffer capacity of the solution. (b) Overview
sketch of a complete sensor showing the perforated pHE, the WE below and the contact pads
to address both electrodes. Drawing not to scale.

In this chapter, we translate the idea of the microtitrator to the nanoscale by vertically stack-
ing aWE and a pHE, separated by a distance of only 12 nm.We demonstrate that the reduction
of the diffusion path by 3 orders of magnitude results in a reproducible, immediate and pre-
dictable measurement of surface pH during ORR. We demonstrate that the operation at the
nanoscale gives access to additional kinetic information which we exploit to estimate an ad-
dition the buffer capacity of the solution. We validate our findings by finite volume method
(FVM). In addition, we demonstrate a lithographic approach to fabricate the sensors at wafer
scale. Finally, we discuss the results with respect to the diagnostics requirements stated in ap-
pendix A.1.

As shown in fig. 5.1, in contrast to the planar arrangement used by previous studies, we opted
for a vertical arrangement of the electrodes so that the interspacing between the WE and the
pHE can easily be controlled at the nanoscale. We structured a dense array of ≈106 nanowells
(NWs), each ≈80 nm in diameter, into the top pHE and the middle SiO2 insulating layer. As
depicted in fig. 5.1a, a short 20 s reduction pulse applied on the WE leads to the production of
OH– at the bottom of each of the NW. The water ionization and subsequent deprotonation of
the hydroxy groups on the TiN layer changes the surface charge and the interfacial potential of
the pHE. The amplitude of this pH-inducedpotential shift is therefore an indirectmeasurement
of the DO content. After the pulse, the relaxation time required to return to the initial pH is a
function of the buffer capacity of the solution.

5.2 MATERIALS AND METHODS

5.2.1 Device layout

As shown in fig. 5.2, a device comprises 12 individually addressable sensing regions, in ad-
dition to the elements of the general design presented in section 3.1. Each sensing region is
composed of a 225 × 350µm wide vertical stack consisting of a 10 nm thick Pt WE, a 12 nm
SiO2 insulating layer and a conductive 12 nm TiN pHE on the top. The top pHE and the mid-
dle SiO2 layer are perforated by a dense array of 5.6 × 106 NWs. The WE and the pHE are
addressed independently via dedicated contact pads. A total of 12 CEs made of 50 nm thick
Pt and 200 × 300µm in size are distributed along the sensing regions and addressable in two
groups (left and right), each composed of 6 CEs. Each sensing region has a CE in its vicinity
which provides a short path of low resistance to the WE.
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Figure 5.2: Layout of a device and structure of a dissolved oxygen and buffer capacity sensor. (a) A de-
vice comprises 12 individually addressable sensing regions. Each region consists of a working
electrode (WE), a pH electrode (pHE) and a counter electrode (CE). (b) Close up of a sens-
ing region with the dimensions of the main elements. The microsized Pt WE is covered by a
perforated 12 nm thick conductive TiN pHE. The 80 nm wide nanowells (NWs) in the pHE
are not drawn to scale. Each sensor has 5.6 × 106 NWs. (c) Cross-sectional view of the various
layers lithographically structured on a 500µm thick glass wafer.

5.2.2 Device fabrication

The deviceswere fabricated byUVL and electron beam lithography (EBL) on 500µm thick and
100mm in diameter glass wafers. In the following, we provide the main steps of the fabrication
process flow. The complete fabrication protocol is given in table A.3.

Electrodes

A first film of 4 nm Cr and 10 nm Pt was deposited by e-beam evaporation and structured into
WEs by lifting-off a negative PR. A middle layer of 12 nm SiO2 was deposited by PEALD. The
top layer of 12 nm TiN was deposited by PEALD (FlexAL, Oxford Instruments plc, United
Kingdom) at 300 °C using TDMAT as precursor in a plasma of N2/H2 20:5. These conditions
produce TiN of low resistance, as already discussed in chapter 4. Then, the TiN and the SiO2
layers were structured along the WEs by RIE in a N2/SF6, respectively CHF3/O2, gas mixture
using a positive PR.

Contact pads and counter electrodes

The contact pads of both the WE and pHE were reinforced with an additional layer of 50 nm
Pt, which also served for the fabrication of the CEs and the EBLmarkers. A thin 4 nm adhesion
layer of Cr and a 50 nm thick layer of Pt was deposited by e-beam evaporation and structured
by lifting-off a negative PR patterned by UVL.

Nanowells formation

The formation of theNWs required a hardmask. For the sake of consistency, a similar hardmask
as reported in section 6.2.2 was used. Briefly, 10 nm W and 20nm Cr were deposited by DC
sputtering, followed by a 10 nm thick layer of SiO2 deposited by PEALD. The NWs were then
defined by EBL in a 80 nm thin electron beam lithography resist (EBL resist) (AR-P 6200.04,
Allresist GmbH, Germany) using a dose of 450µC cm−2 and transferred into the hardmask by
RIE, inductively coupled plasma reactive ion etching (ICP-RIE) and ion beam (IB). The NWs
were transferred into the top TiN and the middle SiO2 layers by RIE. Finally, the remaining
hardmask was removed in a warm Cr etchant.

The complete fabrication protocol and further details are given in table A.3.
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Figure 5.3: Arrangement of the measurement setup. (a) Breakout printed circuit board with a device
mounted and the electrical, fluidic and gaseous interfaces connected. Inset, close-up of the
central chamber covered by an exhaust foil. Here, the chamber is slightly overpressurized
to demonstrate the deflection of the foil. (b) Arrangement of the shielding enclosure, the
voltmeter for reading 𝐸𝑝𝐻 , the source measure unit (SMU) for driving the working electrode
(WE) versus the Ag/AgCl reference electrode (Ag/AgCl REF), and the gas proportioner. (c)
Gas proportioner used for the blending of O2 and N2. The reading of the mass flow meters is
< ± 2mm on a full scale of 150mm.

5.2.3 Electrochemical measurements

Before eachmeasurement, the devices were treated byO2 plasma for 30 s at 100W and 100 kHz.
Then, the devices were mechanically clamped in a device holder and interfaced as described
in greater details in section 3.2. Briefly, a channel sealing foil was placed on top of the device
to avoid contact between the tracks of the sensors and the electrolyte. A reservoir plate and a
exhaust foil defined a chamber on top of the device where the ratio of O2 to N2 was controlled
by a gas proportioner. Flow rates readings from the metric scale of the mass flow meters were
converted into effective flow rates for O2 and N2 according to the calibration data provided by
the manufacturer, which are reproduced in table A.5. Ratios of 0 to 58% O2 were investigated
with an equilibrium time of 40min between each ratio. Figure 5.3 shows the arrangement of
the measurement setup in greater details.

Amperometric and potentiometric measurements were performed with a SMU and an elec-
trometer voltmeter as discussed in section 3.2.1. Cyclic voltammograms were taken at a scan
rate of 50mVs−1 in PBS equilibrated with air and supplemented with 5mM 1,1ferrocenedi-
methanol (Fc(MeOH)2). The response to DO was measured in PBS by applying a short 20 s
reduction pulse of −0.6V on theWEwhile recording the potential shift at the pHE. The fraction
of O2 to N2 in the central chamber was varied from 0 to 58% using the gas proportioner.The
response to various buffer capacity was measured by applying a 40 s reduction pulse of −0.6V
on the WE and measuring the relaxation time. We defined the relaxation time as the time re-
quired for the potential to return back to 80% of the initial value. The buffer capacity of PBS
was adjusted by dilution with an aqueous solution of 150mMNaCl to preserve the initial tonic-
ity. In these measurements, the exhaust foil was removed to equilibrate the electrolyte with air.
The same stock solution of PBS composed of 10mMNa2HPO4, 1.8mMKH2PO4, 137mMNaCl
and 2.7mM KCl adjusted to a pH of 7.2 was used for all measurements.

5.2.4 Simulations

To support our findings, we performed FVM simulations using the fipy python package [175].
The ORR, the ionization of water, the polyprotic nature of the phosphate buffer and the diffu-
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Figure 5.4: Simulated electrode geometry and spatial domain.
(a) Processes and diffusion profiles at the work-
ing electrode (WE) were simulated with a disk
electrode of the same microscopic surface area
as the real WE (showed as dashed underlay).
(b) Two-dimensional cylindrical axisymmetric do-
main used for the finite volume method (FVM)
simulations. The grid shows the centers of the fi-
nite volume elements which have logarithmically
distributed sizes. The smallest elements are placed
at 𝑧 = 0, at 𝑟 = 0 and at 𝑟 = 𝑟𝑊𝐸. The radial axis
extends from the center of the circular WE far be-
yond its radius 𝑟𝑊𝐸. The vertical axis extends from
the surface of the WE far into the bulk solution.
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sion of all involved species were simulated on a finite continuous disk electrode of the same
area than the microscopic area of the WE (see fig. 5.4a).

Geometry

The microscopic area of the WE was defined as 𝐴𝑚 = 𝜌𝐴𝑔, where 𝐴𝑔 is the geometric area of
the WE (depicted in fig. 5.2b) and 𝜌 = 1.05 is the roughness factor of the evaporated Pt deter-
mined by atomic force microscopy (AFM) (see appendix A.5.2 for details). The simulations
were performed on the two-dimensional cylindrical axisymmetric domain shown in fig. 5.4b.
Elements with logarithmically distributed sizes were used, with the smallest elements placed
around the edges of the WE, that is at 𝑧 = 0, at 𝑟 = 𝑟𝑊𝐸 and at 𝑟 = 0. The radial axis extends
1 cm away from the center of the circular WE. The vertical axis extends from the surface of the
WE 2 cm into the bulk solution.

Reactions

The simulations encompassed the ORR, the ionization of water and the polyprotic buffer activ-
ity of PBS. The ORR was assumed to proceed via the 4 electrons path according to

O2 + 2H2O + 4 𝑒− −−−→ 4OH− (5.1)

Details of the reactions of water ionization and PBS are given in appendix A.7.1. The system
of differential equations that describes the variation of the concentrations of all species due to
reaction and diffusion is given by

𝜕𝐶O2

𝜕𝑡 = 𝐷O2
∇2𝐶O2

(5.2)

𝜕𝐶H+

𝜕𝑡 = 𝐷H+∇2𝐶H+ + 𝑘𝑓 𝑎2
𝐶H2X

− + 𝑘𝑓 𝑎3
𝐶HX2−

− 𝑘𝑏𝑎2
𝐶HX2−𝐶H+ − 𝑘𝑏𝑎3

𝐶X3−𝐶H+

(5.3a)

𝜕𝐶OH−

𝜕𝑡 = 𝐷OH−∇2𝐶OH− + 𝑘𝑓 𝑏2
𝐶HX2− + 𝑘𝑓 𝑏3

𝐶X3−

− 𝑘𝑏𝑏2
𝐶H2X

−𝐶OH− − 𝑘𝑏𝑏3
𝐶HX2−𝐶OH−

(5.3b)
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𝜕𝐶H2X
−

𝜕𝑡 = 𝐷H2X
−∇2𝐶H2X

− + 𝑘𝑏𝑎2
𝐶HX2−𝐶H+ + 𝑘𝑓 𝑏2

𝐶HX2−

− 𝑘𝑓 𝑎2
𝐶H2X
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(5.4a)

𝜕𝐶HX2−

𝜕𝑡 = 𝐷HX2−∇2𝐶HX2− + 𝑘𝑓 𝑎2
𝐶H2X

− + 𝑘𝑏𝑎3
𝐶X3−𝐶H+

+ 𝑘𝑏𝑏2
𝐶H2X

−𝐶OH− + 𝑘𝑓 𝑏3
𝐶X3−

− 𝑘𝑏𝑎2
𝐶HX2−𝐶H+ − 𝑘𝑓 𝑎3

𝐶HX2−

− 𝑘𝑓 𝑏2
𝐶HX2− − 𝑘𝑏𝑏3

𝐶HX2−𝐶OH−

(5.4b)

𝜕𝐶X3−

𝜕𝑡 = 𝐷X3−∇2𝐶X3− + 𝑘𝑓 𝑎3
𝐶HX2− + 𝑘𝑏𝑏3

𝐶HX2−𝐶OH−

− 𝑘𝑏𝑎3
𝐶X3−𝐶H+ − 𝑘𝑓 𝑏3

𝐶X3−

(5.4c)

The boundary value problem is given by the initial conditions where all species at their bulk
concentrations 𝐶∗

𝑗

𝐶𝑗 = 𝐶∗
𝑗 for 𝑡 = 0 (5.5)

In addition, Dirichlet boundary conditions at the top and at the right boundaries of the simu-
lation domain (see fig. 5.4b) were defined to maintain the bulk concentrations 𝐶∗

𝑗 of all species

𝐶𝑗 = 𝐶∗
𝑗

⎧{
⎨{⎩

for 𝑡 > 0, 𝑟 = 𝑟𝑚𝑎𝑥

for 𝑡 > 0, 𝑧 = 𝑧𝑚𝑎𝑥

(5.6)

During the reduction pulse, Neumann boundary conditions were defined at the surface of
the WE to account for the ORR (eq. (5.1))

JOH− = −4JO2
= 4𝐷O2

∇𝐶O2
for 𝑡 > 0, 𝑧 = 0, 𝑟 ≤ 𝑟𝑊𝐸 (5.7)

Since the ORR was assumed to be limited by the diffusion of O2, an additional Dirichlet
condition was defined on the WE to account for the complete depletion of O2

𝐶O2
= 0 for 𝑡 > 0, 𝑧 = 0, 𝑟 ≤ 𝑟𝑊𝐸 (5.8)

Table A.6 provides an overview of all physical constants and their values used for the sim-
ulations. We validated the simulation algorithm with known analytical expressions. Further
details of the validation are discussed in appendix A.7.2.

5.3 RESuLTS AND DISCuSSION
Figure 5.5 presents an optical image and scanning electron microscope (SEM) micrographs of
a fabricated device. As shown in figs. 5.5b and 5.5c, the dense array of NWs was accurately
reproduced over the whole electrode area without defects.

A key aspect of our approach is the placement of the pHE at 12 nm above the Pt WE. Despite
the small distance, both electrodes must operate independently. We measured the leakage cur-
rent and the capacitance between the pHE and WE and found that the coupling is negligible
(<1 pA and <280pF, see appendix A.5.1 for details). This is further supported by our calibra-
tion measurements of the pHE (see appendix A.5.3 for details), which shows that the pHE
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Figure 5.5: Optical image of a device and scanning electron microscope (SEM) micrographs of the sur-
face of a sensor. (a) Optical image of a device after wafer dicing. (b) SEM micrograph of an
area of 4.2 × 2.8µm over the surface of a sensor. (c) SEM micrograph of 6 nanowells.

displays the expected near-Nerstian response to pH even when the underlaid WE is polarized.
As shown in fig. 5.6, we found a typical response of −54.5 ± 1.1mVpH−1 to changes in pH of
up to ±3 units.

To demonstrate the capability of the pHE tomeasure the surface pH at theWE,we performed
CV in PBS (pH 7.2) over the full potential window of water while monitoring the potential at
the pHE (fig. 5.7). Despite a scan rate of 50mVs−1 and the substantial buffering capacity of PBS,
a change in surface pH for all expected reactions at a Pt electrode involving protons [176–179]
could easily be captured (fig. 5.7a). Rate-limited OER and hydrogen evolution reaction (HER)
led to extreme pH of 10.1 and 4.2, respectively. Pt oxide formation led to a moderate change to
pH 7.8, while the diffusion-limited ORR led to an increase up to pH 9. Local alkalinization of
the media during ORR in PBS has been reported before by Michalak et al. [180], who observed
an increase in pH from 7.4 to ≈8 at the tip of a scanning electrochemical microscope placed
≈2.5µm above a Pt disk electrode. Our results suggest that the alkalinization at 12 nm from
the surface is at least one unit of pH more pronounced.

To demonstrate the selectivity of the potential of the pHE to reactions at the WE involving
protons,we supplemented the PBSwith 5mMFc(MeOH)2, an outer-sphere redox couple [181].
As shown in fig. 5.7b, while the anodic and cathodic peaks associated to Fc(MeOH)2 are clearly
visible in the CV, the potential at the pHE remained unchanged (fig. 5.7b). Interestingly, the
recorded CV is typical of a diffusion-controlled CV of Fc(MeOH)2 at a continuous disk elec-
trode [182]. These findings suggest that the diffusion profile at the WE is not different from
the profile found at a continuous disk electrode. This observation is supported by the work
of Shoup and Szabo [76], who demonstrated that the diffusion profiles at an infinite array of
electrodes merge into an homogeneous linear diffusion layer normal to the surface of the array.
The transition time between both regimes is dictated by the geometry of the array and is esti-
mated by the expression (𝑟array − 𝑟𝑁𝑊)2(6𝐷O2

)−1 (see section 2.2.2, where 𝑟𝑁𝑊 is the radius
of the NWs and 𝑟𝑎𝑟𝑟𝑎𝑦 is half the distance between adjacent NWs. Owing to the nanoscopic
dimensions of the NWs, this transition time is very short (≈ 75 ns) and it is expected that the
WE behaves primarily like a continuous electrode in the experimentally accessible timescale.

Figure 5.6: Calibration of the perforated 12 nm TiN pH electrode for
changes in pHof up to ±3 units andwith theWEpolarized
at 0.1V (see appendix A.5.3 for details). The black dashed
line shows the mean sensitivity estimated by an ordinary
least squares fit over all pH changes depicted in fig. A.7a.
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Figure 5.7: Potential change of the pH electrode (pHE) during cyclic voltammetry (CV) in phosphate-
buffered saline (PBS) supplemented with 5mM 1,1ferrocenedimethanol (Fc(MeOH)2). (a)
CV over the window between hydrogen evolution reaction (HER) and oxygen evolution re-
action (OER). (b) CV over a window restricted around the reduction and oxidation peaks
of Fc(MeOH)2. In blue, the current-voltage trace from the CV. In orange, the potential shift
recorded on the pHE during the CV. The black arrows indicate the scan direction while the
dashed line indicates the back scan.

The apparent continuous nature of theWE is further evidenced experimentally by the agree-
ment between the experimental steady-state faradaic current during ORR and the theoret-
ical current expected at a continuous disk electrode. We calculated the theoretical current
from eq. (2.34) using the geometry shown in fig. 5.4a. As shown in fig. 5.8, the steady-state
current at the WE lies within 10% of the theoretical current for all DO concentrations inves-
tigated. We attribute the difference to our oversimplification of the complete ORR, which in
aqueous solution is known to also proceed via a 2 electrons reduction path (𝑛 = 2) [183, 184].
Since the theoretical current is calculated with 𝑛 = 4, it is expected that the experimental cur-
rent is smaller. Further, the difference in geometry between the true WE and the disk model
(see fig. 5.4a) is an additional source of discrepancy. However, is it expected that the differ-
ence in geometry primarily influences the kinetics of the current due to its inverse square de-
pendence to the radius 𝑟𝑊𝐸. This is seen in fig. 5.8, which shows that the kinetics at the WE is
faster than predicted by the disk model. This is understood to arise from the additional radial
diffusion at the WE due to its corners and narrower width compared to the model disk elec-
trode. Despite these limitations, we found that a simple disk electrode with a 4 electrons path
for the ORR describes the main characteristics of the current at theWE, in particular the steady
conditions at times >10 s upon application of the reduction pulse.
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Figure 5.8: Faradaic current measured on the working elec-
trode (WE) upon application of a reduction
pulse of −0.6V in phosphate-buffered saline
(PBS) exposed to various ratios of O2 to N2.
The gray dash-dotted lines show the theoreti-
cal current at a disk electrode calculated from
eq. (2.34). The black dashed lines shows the the-
oretical steady-state limiting current calculated
from eq. (2.34) when 𝑓 (𝜏 = ∞) = 1.
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Figure 5.9: Simulated concentration profiles of the species during oxygen reduction reaction (ORR) at
different times (columns a-c) and at different radial distances (rows d-e) of a buffer solution
at equilibrium with air.

Using the same disk electrode model, we simulated the concentration profiles during ORR
of all involved species. At a distance of 12 nm from the WE, the profile of OH– resulting from
ORR is established in <1 ns, as shown in fig. 5.9a. At this time, the local pH as not yet changed
due to the finite rate constant ofwater ionization (see appendixA.7.1 for details). After approxi-
mately 1µs, water ionization has brought the local pH to a maximumwhich starts to gradually
decrease as the reactions of the buffer take effect (fig. 5.9b). After several seconds, the local
pH has reached a steady value which is an equilibrium between ORR, water ionization and
buffer reactions (fig. 5.9c). As shown by fig. 5.9e, the local pH found at the periphery of the
WE (𝑟 = 𝑟𝑊𝐸 + 100nm) is delayed compared to the pH at the center (𝑟 = 0) due to the radial
diffusion.

Next, wemeasured the change in surface pH resulting fromORR in a physiological PBSwith
varying DO concentrations. For each concentration, we applied a short 20 s reduction pulse of
−0.6V on the WE while simultaneously recording the potential shift at the pHE. As shown in
fig. 5.10a, we found that the amplitude of the potential shift at the pHE is as expected a func-
tion of DO in the solution. The simulation predicts an immediate (<1µs) shift of potentials
which was experimentally not accessible, since the response time of the pHE and the electron-
ics is about 2 s (see appendix A.5.3). After ≈10 s, both the simulations and the experiments
have reached steady values, which are in good agreement. At lower DO concentrations (11%),
the discrepancy is more pronounced. We attribute this difference to residual convective fluxes
in the chamber which were not simulated. At high DO content (58%), the relaxation kinetics
after the pulse seems slower than predicted by the simulations. We attribute the discrepancy
to our oversimplification of the ORR by eq. (5.1). ORR at a Pt WE is a complex multi-step pro-
cess involving superoxide production, adsorption and decomposition [183, 184]. At high DO
concentrations, the massive production of OH– may favor the superoxide reduction pathway
resulting in a production of HO2

– , which can later decompose in OH– , thus delaying the re-
laxation back to the initial pH. Another aspect which may delay the relaxation kinetic is the
adsorption of deprotonated phosphate species from the buffer, as previously reported on Au
electrode in alkaline solutions [185].

Next, we demonstrate how the relaxation kinetics after the pulse can be used to estimate the
buffer capacity of the solution. While the faradaic current remained unchanged, we found that
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Figure 5.10: Time response of the pH electrode (pHE) to various dissolved oxygen (DO) concentrations
and buffer capacities upon application of a reduction pulse of −0.6V on the working elec-
trode (WE). (a) Faradaic current at the WE (top panel) and potential change of the pH
electrode (bottom panels) for increasing ratios of O2 to N2 from 0 to 58% (blue to green
curve) in phosphate-buffered saline (PBS). (b) Faradaic current at the WE (top panel) and
potential change of the pHE (bottom panels) for decreasing buffer capacity from pure PBS,
two-fold diluted PBS, five-fold diluted PBS and pure 150mM NaCl salt solution (green to
blue curve) equilibrated with air. The overlaid black dashed line shows the results from the
finite volume method simulation.

the relaxation time of the potential is a function of the buffer capacity (see fig. 5.10b). As seen
before, the potential reached a steady value upon application of the pulse, in good agreement
with the simulations. The experimental relaxation kinetics at moderate buffer capacities (0.5
and 0.2 dilution) were slightly delayed compared to the simulations. Again, we attribute this
discrepancy to the production of superoxide and the delayed decomposition in OH– . We note
that the delay is less pronounced compared to the case of the stock PBS with high content of
DOdiscussed above, even though the potential shift is about the same. This is an additional evi-
dence that the adsorption of deprotonated species may also play a role in delaying the recovery.
In diluted PBS, it is expected that a smaller amount of species are adsorbed, hence the smaller
delay. Interestingly, this delay was reversed in the pure salt solution, where the experimental
relaxation was substantially faster than predicted from the simulations. Since this solution has
no buffer capacity, the recovery is predominantly the result of a slow diffusion process of H+

from the bulk to the electrode. In this regime, it is expected that residual convective fluxes can
significantly accelerate the relaxation time.

In fig. 5.11a we present the complete response to DO of three sensors from different devices.
The SD across all DO concentrations remained <2mV, which shows that the fabrication pro-
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cess is robust and that the device-to-device variation is controlled. As seen in fig. 5.11a, the
sensitivity of the sensor to DO is maximal in the region from 0 to 10%. This is advantageous
for identifying hypoxemia since the threshold of 7.9% O2 (blue area in fig. 5.11a) is within this
range (see appendix A.1) for definition of the threshold. However, our results were obtained in
PBS and they cannot be translated to whole blood without further experimental investigation.
As discussed in appendix A.1, whole blood is composed ofmultiple buffer systems.We hypoth-
esize that the major buffer capacity provided by Hbs would not be immediately available upon
application of the reduction pulse, because red blood cells (RBCs) impose finite H+ and OH–

fluxes across their membrane. This is supported by the measurements of Critz and Crandall
[186], who observed that a 20% suspension of RBCs exposed to a sudden alkaline solution of
pH 11 required ≈30 s to relax to its initial neutral pH. In the present case, an additional delay
is expected due to the diffusion path of several µm between the pHE and RBCs, which have
typical diameters of 6 to 8µm [187]. Therefore, it is expected that mainly the buffer capacity
of the plasma is effective in the first ≈30 s upon application of the reduction pulse. The buffer
capacity of plasma is about 8mMpH−1 [52, 188] which is close to the maximal buffer capacity
of 0.58 × 12mM ≈ 7mMpH−1 [189] of our stock PBS solution (see section 5.2.3 for the formu-
lation). The bicarbonate buffer accounts for about 2.4mMpH−1 [52] from the total 8mMpH−1,
the rest being attributed to the various plasma proteins. When subject to alkalinization, the ca-
pacity of the bicarbonate system is severely weakened due to its low acid dissociation constant
(𝐾𝑎 = 10−6.1) [52] compared to PBS, which is of triprotic nature. It is therefore expected that
the buffer capacity of plasma during ORR is mainly provided by the plasma proteins, which
account for a capacity much smaller than the capacity of our PBS solution. Fore these reasons,
we hypothesize that a same or better sensitivity could be obtained inwhole blood for reduction
pulses <30 s.

In fig. 5.11b we present the relaxation times versus all buffer capacities (except the pure salt
solution due to the long relaxation time) recorded from the three same devices. We found a SD
<1.5 s for all measured buffer capacities. Reductions in buffer capacity of ≥40% led to changes
in relaxation time of several seconds that could easily be resolved. Since the expected reduc-
tion of whole blood buffer capacity due to severe anemia is of the same magnitude (see ap-
pendix A.1), we hypothesize that the identification of anemic patients may be possible by mon-
itoring the relaxation time. However, as seen in fig. 5.11b, changes in buffer capacity at dilutions
between 0.6 to 1.0 did not translate into significant changes in relaxation time. This sets an up-
per limit of the dynamic range at about 0.6 × 7mMpH−1 = 4.2mMpH−1 buffer capacity, a
value well below the buffer capacity of whole blood. Therefore, an identification of severe ane-
mic patients could only be accomplished if the blood sample is diluted such that its buffering
capacity does not exceed 4.2mMpH−1, which could be achieved with a nearly 10 times dilu-
tions.

5.4 CONCLuSION
In summary, we have demonstrated a small footprint membrane-less electrochemical sensor
for DO and buffer capacity. We demonstrated that both parameters can be measured in physio-
logical PBSwith a uniquemicrosized vertical stack of aWE and a pHE separated by only 12 nm.
Such a vertical arrangement is made possible due to a single-layer conductive TiN pHE oper-
ated as EGFET. Through the operation regime at the nanoscale where concentrations gradients
are established in nanoseconds, additional kinetic information during ORR and relaxation are
accessible. We show that the response of the sensor is reproducible and predictable by a sim-
ple disk electrode model. It is expected that further development of our approach will lead to
smaller electrodes of a few tens of µm only, increased accuracy by using shorter pulses and
adaptive dynamic range by means of advanced probing methods such as pulse-width modu-
lated techniques. The scalable fabrication process demonstrated on 100mm glass wafers could
easily be scaled to larger wafers for cost-efficient mass manufacturing.
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Figure 5.11: Response of the sensor to various concentrations of dissolved oxygen (DO) and various
buffer capacities. (a) Response of the sensor DO in phosphate-buffered saline (PBS). In blue,
the difference in potential of the pH electrode (pHE) at the beginning and at the end of
the reduction pulse is shown for each concentration (see inset). In black, the same measure-
ment performed in air is shown. The blue area shows the range corresponding to normal DO
content (normoxemia) in arterial blood of healthy patients. Lower levels of DO indicate hy-
poxemia (see appendix A.1 for definitions). (b) Determination of the relaxation time (𝑡relax)
in diluted PBS of various buffer capacity. The relaxation time is defined as the time required
by the pHE to revert back to 80% of the pulse amplitude (see inset). The error bars show the
standard deviation of three sensors from three different devices. The black dashed lines are
the results from the finite volume method simulation.

Our results obtained in PBS show that a differentiation between severe hypoxemic and nor-
moxemic conditions is possible. However, further characterization of the response in this par-
ticular region is necessary to determine whether the sensor offers a sufficient limit of quantifi-
cation to enable the identification of hypoxemia. Using the same instrumentation, this could
be achieved by blending hypoxemic and normoxemic gas mixtures, rather than blending pure
O2 and N2. Further, residual convective fluxes which hamper the response of the sensor in this
region could be reduced by injecting pre-equilibrated solutions to avoid liquid agitation due to
the continuous flow of gas through the measurement chamber. Alternatively, the fabrication
process could be adapted so that the electrodes are recessed into a microsized reservoir. Our
results also suggest that the expected reduction in buffer capacity resulting from the lack of
Hbs associated with anemia could be detected. The potential of our approach for diagnostics
applications needs further investigation and characterization in plasma and whole blood. In
particular, the superior buffer capacity of whole blood and biofouling of the electrodes [154]
are expected to be major challenges. Beside sample dilution and biofouling coatings, these
issues may be tackled by taking advantage of the fast response and the additional kinetic in-
formation provided by our sensor. A DO reading takes less than 20 s, while biofouling is a
slow process taking place over minutes or hours [190]. Further, through the additional kinetic
information, it may possible to differentiate between the various buffers of whole blood, in par-
ticular between the fast bicarbonate system and the slower but preponderant buffer capacity
provided by Hbs.

Our dissolved oxygen and buffer capacity sensor paves the way for further development of
an all solid-state microfabricated sensor for the dual diagnosis of hypoxemia and anemia.



6 REDOX-ACTIVE NANOPORES FOR
IMMUNOASSAYS

6.1 INTRODuCTION
Nearly 70 years ago, Coulter [191] invented amethod to count micrometer sized particles in an
electrolyte that revolutionized cell counting [192]. The Coulter counter is based on a microm-
eter sized aperture in an insulating membrane. A voltage is applied across the membrane to
generate an ionic current through the aperture. As particles translocate through the aperture,
they cause transient blockades in the ionic current, which are related to the volume of each
particle [191]. The last two decades have seen a renaissance of this concept with the develop-
ment of NP sensing, where the micrometer sized aperture is replaced by a NP, enabling the
study of single molecules such as proteins [193–197], polymers [198], deoxyribonucleic acid
(DNA) [199] and even single-nucleotides (DNA sequencing) [200, 201].

NP sensing is of particular interest for the detection of low abundance biomarkers at the
lower pM level, such as PCT (see appendix A.1), due to its capability of detecting at single-
molecule level. NP sensing is a purely electrochemical approach that requires only two elec-
trodes and a current amplifier for detection [202]. Compared to optical techniques with single-
molecule sensitivity, such as total internal reflection fluorescence (TIRF) [203], confocal mi-
croscopy [203, 204] or surface-enhanced Raman scattering (SERS) [205, 206], NP sensing is
advantageous in that a label-free, rapid and relatively simple measurement without complex
sample preparation and instrumentation is possible [207]. In addition, NP sensing has been
accomplished onmicrofabricated solid-state NPs interfacedwith CMOS readout circuits [208].

A critical challenge in NP sensing is to measure the small ionic current that flows through a
NP at sufficient time resolution to detect the passage of single molecules. Because this current
is inversely proportional to the square of the NP diameter [209], it rapidly diminishes to only
a few nA as the pore diameter is shrunk to the size of proteins [194, 195]. In addition, small
proteins in the range of <25 kDa, such as those listed in appendix A.1, translocate through a
typical solid-state NP in a few µs [195, 196, 210]. Hence, the capture of a translocation event
under such conditions ideally requires a current amplifier with a bandwidth >100 kHz and a
transimpedance gain >108 VA−1. In addition, a SNR >3 [211] is needed to identify transloca-
tion events, but higher SNRs are desirable, so that additional information, such as the charge
and the size of proteins can be extracted [194, 196, 212]. These requirements are particularly dif-
ficult to meet with current electronics [211–214]. The gold standard instrument in NP sensing
research has been the Axon Axopatch 200B (Molecular Devices LLC, USA) patch clamp am-
plifier [211–213]. Even under laboratory conditions, this instrument does not meet all these re-
quirements simultaneously [211, 215]. Great efforts have been invested into producing higher-
bandwidth and low noise instrumentation [211, 212, 216–218]. However, the NP itself and the
wiring constitute significant sources of noise which may dominate the SNR[214, 219]. This can
be mitigated by reducing the area of the suspended membrane and thus its capacitance [214,
219] aswell as by coating the devicewith a dielectric [219], such as PDMS [213]. In addition, the
signal can be maximized by using thinner membranes[212, 219]. However, such membranes
tend to be more fragile and consequently critically reduce the yield [212].

To date, the most promising strategy to increase the SNR has been to reduce the bandwidth
by slowing down the translocation speed of molecules [196, 197, 220, 221]. It is well recognized
that DNA sequencing using NP sensing as been made possible by the use of motor enzymes
such as polymerases or helicases that significantly slow down the translocation of each nu-
cleobase (>1ms) [221, 222]. In the case of proteins, translocation has been slowed down by
means of lipid coatings [196, 223], DNA carriers [224] or recognition groups located within a
NP [197].

51
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Despite these tremendous developments, a universal approach for protein sensing with NPs
remains to be achieved [225–229]. NP sensing on proteins is particularly challenging due to
the heterogeneity in size, structure and charge of proteins [226, 229]. As the NP diameter must
closely match the size of the analyte, protein sensing requires NPs of tunable geometry. In ad-
dition, proteins are susceptible to the ionic strength of their environment. NP sensing is often
performed in highly concentrated (up to several M) supporting electrolytes to maximize the
SNR. Such an ionic strength may compromise the binding affinity of proteins to probes and
antibodies [230, 231] or even lead to protein denaturation [232]. Further, due to the stochastic
nature of NP sensing, the throughput obtained on a solitary NP can be very low, depending
on the analyte concentration. Therefore, the application of NP sensing in practical clinical diag-
nostics necessitates parallel measurements on multiple NPs (typically >103) to yield a useful
throughput [222, 233]. This constitutes another important engineering challenge as each NP
requires a dedicated fluidic well and current amplifier [222, 233]. The latter can be mitigated
with a fluidic multiplexing approach [234] or with an application-specific integrated circuit
(ASIC) [222]. However, the requirement for a fluidic network remains, which in practice lim-
its the density of NPs arrays to <10−3 µm2 [222, 233, 235].

Hence, critical challenges still remain for the wider application of NP sensing on proteins.
Interestingly, most challenges can be associated with the migratory nature of the ionic current
used

(i) the unfavorable inverse square dependence of the current on theNP diameter arises from
the need for the charge carriers (ions) to migration through the NP [236],

(ii) the noise which impairs the SNR arises at low frequencies from fluctuations of the ionic
current in the bulk andon the surface of theNP (flicker noisewith 1/f characteristics) [237]
and at higher frequencies from the membrane capacitance [214],

(iii) the translocation speed of molecules is coupled to the potential bias required to gener-
ate the ionic current via the electrophoretic migration, which dominates the transport of
charged molecules in the NP [216, 238],

(iv) the need for a dedicated fluidic reservoir per NP, which limits the density of NP arrays
for parallelization, arises from the crosstalk and mutual interaction of the ionic current
between adjacent NPs [239, 240].

In the field of electroanalytical chemistry, generator-collector electrode systemshave attracted
much attention for their ability to generate enhanced steady-state faradaic currents under diffu-
sion limited conditions [241]. In these systems, the diffusion of electroactive species takes place
within a finite space, defined by the distance between twoWEs [242, 243]. When implemented
at the nanoscale, such as in nanogaps [244, 245] or NWs [246, 247], these systems benefit from
redox-cycling conditions, where each electroactive molecule contributes multiple times to the
faradaic current by shuttling back and forth between both WEs. Amplification factors >130
have been reported [244].

In this chapter, we present our findings on a NP sensing concept which employs redox-
cycling currents instead of an ionic current. We demonstrate that the currents in redox NP
exhibit a weaker dependence on the NP diameter than the ionic current used in traditional NP
sensing. We found that the noise on redox NP has no 1/f component at >10Hz, a character-
istics that we attribute to the diffusive nature of redox-cycling currents. We show that in our
redox NPs a SNR >3 is possible using a simple general-purpose transimpedance amplifier in
place of a sophisticated patch clamp amplifier. In addition, we show that multiple redox NPs
can be addressed individually from a common liquid reservoir without the need of multiple
fluidic wells. We demonstrate a lithographic approach to fabricate devices with multiple redox
NPs of tunable diameter at wafer scale. Finally, we discuss our current understanding for ex-
ploiting this approach for the detection of protein biomarkers, such as CRP and PCT (see list
in appendix A.1).



6.2 MATERIALS AND METHODS 53

A

10nm SiO2

10 nm Pt
20 nm SiO2

10 nm Pt
20 nm Si3N4

R

O

TE

BE

Potential at the TE

Fa
ra
da

ic
cu

rr
en

t

0.0
10 nm

membrane membrane
BE
insulator
TE

BE

TE

insulator

NP

𝑖

Si

(c)

(d)

K+

Cl–

A
𝑖

NP

Fe+

𝑒−

𝑒−

𝑒−

𝑒−

(a) (b)

NP 20 to 500 nm

R

O

Fe

R O

Figure 6.1: Working principle of the redox-active nanopore sensor. (a) A redox-cycling current is estab-
lished inside a nanopore (NP) between a top electrode (TE) and a bottom electrode (BE)
operated at redox-cycling conditions. Due to the small separation (10 nm) between the TE
and BE, an enhanced steady-state faradaic current is established. Depicted is a possible detec-
tion scheme of a specific antigen (red) with labeled-antibodies which exploits the differences
in size between the antigen-antibody complex and unbound proteins. (b) Typical symmetric
faradaic currents recorded at the TE andBEunder redox-cycling conditions using 1,1ferrocene-
dimethanol as redox couple. (c-d) Comparison of traditional NP sensing (c) with our ap-
proach (d). In traditional NP sensing , an ionic (migration) current is generated through a
single NP by the application of a potential across a membrane. In our approach (d), a diffu-
sive current is established within a single NP which arise from the successive oxidation and
reduction of a redox couple (R/O) at the closely spaced TE and BE.

As depicted in fig. 6.1a, our approach is based on a pair of closely (10 nm) spaced Pt WEs
within a suspended NP with a tunable diameter ranging from 500 to 20 nm. When the top
electrode (TE) is biased at an oxidizing potential and the bottom electrode (BE) at a reducing
potential, in the presence of a redox-couple, a steady-state faradaic current is generate between
both electrodes as a result of the successive oxidation and reduction of the redox couple. As
the redox NP diameter is reduced, the radial diffusion path is reduced accordingly and the
redox-cycling efficiency increases. In fig. 6.1a, we depict a possible detection scheme of a spe-
cific protein biomarker using redox NPs. When an analyte molecule passes through the redox
NP, it disturbs the redox-cycling regime and leaves a corresponding signature in the faradaic
current. Figure 6.1b shows a typical redox-cycling currents recorded at the TE and BE. Symmet-
ric currents indicate that a redox-cycling regime is reached. As depicted in figs. 6.1c and 6.1d,
in contrast to traditional NP sensing, redox NPs do not require a potential bias across the mem-
brane. Hence, in our approach, no translocation electrophoretic force is exerted on charged
analytes. In addition, since the current is generated within the redox NPs, multiple redox NPs
in a common fluidic reservoir can be individually addressed.

6.2 MATERIALS AND METHODS

6.2.1 Device layout

As shown in fig. 6.2a, a device comprises 14 individually addressable sensing regions, in ad-
dition to the elements of the general design presented in section 3.1. Each sensing region is
composed of a TE and a BE made of 10 nm thick Pt that cross on top of a free-standing mem-
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Figure 6.2: Layout of a redox-active nanopore (redox NP) device and structure of a sensing region. (a)
A device comprises 14 individually addressable sensing regions and two groups of counter
electrodes, each having 6 counter electrodes (CEs). Tracks not to scale. (b) Close up of a
sensing regionwith the 3.5µmwide Pt top electrode (TE) and bottom electrode (BE) crossing
on top of a 30µm wide Si3N4 free-standing membrane. A single nanopore (NP) of 20 to
500 nm in diameter is drilled through the membrane in the region were both the TE and BE
overlap. Each sensing region has a micro-sized CE in its vicinity. (c) Cross-sectional view of
the layered materials where a NP is drilled. The structure is suspended over a 300µm wide
opening anisotropically etched through the 200µm thick Si substrate and insulated with a
top and a middle SiO2 layer of 20 nm and 10 nm, respectively (drawing not to scale).

brane. The overlap of the TE and BE defines a region of 3.5 × 3.5µm, where a single NP of 20 to
500 nm is drilled through themembrane, as shown in fig. 6.2b. This region is small tominimize
the capacitance between the TE and the BE but large enough such that the alignment accuracy
required in the lithographic definition of the NPs is kept low (≈1µm). As shown in greater de-
tails in fig. 6.2c, the overlap region is located on a 30µm wide free-standing membrane made
of ≈20nm Si3N4 and covered with a 20 nm thick insulating layer of SiO2. The TE and BE are
electrically insulated with an intermediate 10 nm thick layer of SiO2. An additional 8 nm thick
layer of SiO2 (not shown) is lining the bottom side of the Si substrate, including the opening
and the Si3N4 membrane. A total of 12 CEs made of 50 nm thick Pt and 200 × 300µm in size
are distributed along the sensing regions and addressable in two groups (left and right), each
composed of 6 CEs. Each sensing region has a CE in its vicinity which provides a short path of
low resistance to the TE and BE.

6.2.2 Device fabrication

In the following, we provide the main steps of the fabrication process flow. The complete fabri-
cation protocol and further details are given in table A.4. The NP formation process is strongly
affected by aspect ratio dependent etching (ARDE). The etch time reported in the protocol
were optimized to compensate for ARDE, therefore they might greatly differ from usual etch
times used when etching thin films of low aspect ratios.

The devices were fabricated on 100mm in diameter and 200 ± 10µm thick, two-side pol-
ished, (100)-oriented, undoped float-zone grown Siwafers of high resistivity (>10 kΩcm) (Mi-
croChemicals GmbH, Germany). The wafers were coated on both sides with 100 nm of amor-
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phous low-stress Si3N4 grown by low pressure chemical vapor deposition (LPCVD) at 780 °C
using a mixture of dichlorosilane H2SiCl2 (DCS) and ammonia.

Free-standing membrane

Openings of 300µm in the Si3N4 layer were defined by UVL using a negative PR and etched
by RIE in a CHF3/O2 gas mixture. After PR stripping, the (100) planes of the wafers were
anisotropically etched in a 30% KOH bath at 69 °C for 5 h 45min and then thoroughly rinsed
in deionized water (DI water). A thin 8 nm insulating layer of SiO2 was deposited on top of
the wafers by PEALD to prevent any leakage currents through the Si3N4 layer.

Electrodes

The BEs were defined by UVL using a negative PR. A thin 2 nm adhesion layer of Cr and a
10 nm thick layer of Ptwas deposited by e-beam evaporation and structured by lift-off. After PR
stripping and cleaning in a warm mixture of 3:1 H2SO4 and H2O2 (piranha solution) followed
byDIwater, a 10 nm insulating layer of SiO2 was deposited by PEALD. The TEswere fabricated
using the same lift-off process and then covered with a 20 nm thick insulating layer of SiO2
deposited by PEALD. To ensure ohmic contact with the electrodes, the two SiO2 layers were
removed on top of the contact pads by RIE.

Counter electrodes and markers

TheCEswere definedbyUVLusing a negative PR.A thin 4 nmadhesion layer ofCr and a 50 nm
thick layer of Pt was deposited by e-beam evaporation and structured by lift-off. The wafers
were then cleaned in a warm piranha solution and rinsed in DI water. Additional features
were defined together with the CEs, including reinforcement pads and various markers for the
subsequent definition of the NPs by EBL and identification of the electrodes.

Thinning of the membrane

The thickness of the free-standing Si3N4 membranes was reduced from the initially deposited
100 nm to ≈20nmbyRIE (PlasmaProNPG 80, Oxford Instruments plc, United Kingdom) from
the back side of the wafer. To prevent any leakage current through the remaining Si3N4 layer,
a thin 8 nm layer of SiO2 was deposited on the back side of the wafer by PEALD.

Nanopores formation

The formation of the NPs requires a multilayer hardmask consisting of 10 nm W and 40nm
Cr, both deposited by DC sputtering, followed by a 10 nm thick layer of SiO2 deposited by
PEALD. Then, the NPs can be defined either at wafer scale or on device level. In the latter case,
the wafers are first coated with a thin protective PR and diced into individual devices. In both
cases, the NPs are defined by EBL in a ≈80 nm thick EBL resist (AR-P 6200.04, Allresist GmbH,
Germany) spun at 6 krpm and baked at 150 °C for 1min. Circles of a diameter corresponding
to the basic diameter of the NPs were written in the overlap region of the TE and BE with a
dose of 525µC cm−2 (EBPG 5200+, Vistec Electron Beam GmbH, Germany). The circles were
then developed in an amyl acetate developer (AR600-546, Allresist GmbH,Germany) for 1min
followed by a 30 s dip inmethyl isobutyl ketone (MIBK):isopropyl alcohol (IPA) 1:2 to ensure a
particle-free development. The circles were transferred to the hardmask by successive etching
of its layers. The top SiO2 layer was etched by RIE, the Cr layer was etched by ICP-RIE in a
Cl2/O2 gas mixture and the W layer was etched by RIE in a N2/SF6 gas mixture. The top SiO2
layer serves as a hardmask for the etching of the Cr layer, the Cr layer serves as a hardmask for
the subsequent NP formation, while the W layer ensures a complete removal of the Cr layer,
which is otherwise difficult to accomplish without over etching.
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The NPs were formed through the structure depicted in fig. 6.2c by successive etching of the
layers. The top SiO2 insulator was etched by RIE, the TE, the middle SiO2 insulator and the BE
were etched by ICP-RIE (Plasmalab System 100, Oxford Instruments plc, United Kingdom) for
1min and 30 s in a Cl2/SiCl4 3:1 gas mixture at 1.9mTorr and with a coil power of 600W and a
platen power of 100W. This protocol was optimized to ensure a clean etching of the electrodes
without redeposition. The last Si3N4 layer was etched by RIE. The remaining hardmask was
removed in a Cr etching solution.

6.2.3 Electrical characterization

Leakage currents can compromise the performance of redox NPs if they dominate over the
faradaic current. Leakage currents between the TE and the BE were measured for different
insulating materials (see appendix A.6.1 for details) and following NP formation by Ga-based
focused ion beam (FIB) milling, Ar-based IB milling, Ar-based RIE and Cl-based ICP-RIE.

6.2.4 Electrochemical characterization

Nanopore wetting

For all measurements in liquids, a particular attention was paid to the wetting of the NPs. It
was observed that DI water would often not penetrate through NPs smaller than 100 nm. Full
wetting of even the smallest NPswas achievedwith the combination of a liquid of lower surface
tension and a surface treatment [248]. Each side of the device was made hydrophilic with
a plasma treatment in O2 at 100W for 3min. The device was then immediately exposed to
a solution of 70 vol% IPA. After 5min, the filling solution was replaced with the solution of
interest.

Ionic resistance

The true diameter of each NPs was estimated electrochemically by measuring their ionic resis-
tance. The devices were fluidically contacted with a reservoir sealing foil on the bottom and an
individual-well sealing foil on the top (see section 3.2). Once fully wetted (see section 6.2.4),
the devices were mounted on the chip holder, clamped between two reservoir plates and filled
with an aqueous solution saturated with 4M KCl. Each of the NPs on a device was individu-
ally contacted using a custommade syringe equippedwith a reservoir filled with the same 4M
KCl solution and mounted on a micro-manipulator. Once the syringe was placed on top of the
corresponding well of the individual-well sealing foil, the reservoir of the syringe was slightly
compressed to release a drop of solution, thus making a fluidic contact with a single NP. Two
Ag/AgCl pellet electrodes (Microelectrodes Inc, USA) were inserted in each of the reservoirs.
The resistance of a NP was measured by applying two opposite potential pulses of ±300mV
and 10 s between the electrodes and recording the resulting ionic current with a SMU (2636B,
Keithley Instruments LLC, USA). This procedure is illustrated in figs. 6.3a and 6.3b.

Redox-cycling current

The limiting faradaic current generated within redox NPs was measured by sweeping the TE
to an oxidizing potential of 0.8V vs. Ag/AgCl REF and back, while keeping the BE at a fixed
reducing potential of 0V vs. Ag/AgCl REF. The devicewas fluidically contactedwith a channel
sealing foil on each side (see section 3.2). Once fully wetted (see section 6.2.4), the device
was mounted on the chip holder, clamped between two channel plates and the channels were
filledwith an aqueous solution of 100mMKCl. Depending on themeasurement, 1mMor 5mM
of Fc(MeOH)2 or 500mM of Fe(CN)6 was added to the solution. A bipotentiostat was used
to set the potentials of the TE and BE with respect to a common Ag/AgCl REF (Flow-thru
#16-702, Microelectrodes Inc, USA) placed in the top channel, by adjusting the current at the
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Figure 6.3: Arrangement of the measurement setup for the determination of the ionic resistance (a-b)
and for the noise analysis (c-d). (a) Fluidic interface and electrical diagram for the ionic resis-
tancemeasurement. Individual nanopores (NPs) are fluidically contacted through a common
bottom reservoir and an individual top reservoir. Both reservoirs are filled with an aqueous
solution of 4M KCl and comprises an Ag/AgCl pellet electrode. Potential pulses are applied
to the electrodes while the resulting ionic current is recorded. (b) Arrangement for the resis-
tancemeasurements showing the needle and themicromanipulator used to fluidically contact
a single NP (inset, close up of the contact between the needle and a single NP). (c) Electrical
diagram for the noise analysis of the faradaic current at the top electrode (TE). Left, real elec-
trical connections to the printed circuit board, right (dashed lines) sketch of the equivalent
electrical connection at the NP level. (d) Setup for the noise analysis with the DHPCA-100
current amplifier. Inset, three NPs in a common fluidic channel defined by a channel sealing
foil (see section 3.2.2).

corresponding group of CEs on the device (see section 3.2.1). A scanrate of 50mVs−1 was
used in the pure KCl solution, while a scanrate of 10mVs−1 was used in the solutions with
Fc(MeOH)2 and Fe(CN)6.

6.2.5 Noise measurements

As discussed in section 6.1, the measurement of translocation events through a NP requires
ideally a current amplifier with a bandwidth >100 kHz, a transimpedance gain >108 VA−1

and a SNR >3. We tested the noise performance with an amplifier which almost meets these
specifications (DHPCA-100, FEMTO Messtechnik GmbH, Germany). Noise measurements
were performed in a Faraday cage with the amplifier placed as close as possible (<5 cm) from
the breakout PCB holding the redox NP device, as depicted in figs. 6.3c and 6.3d. Here, no
CE was used. Rather, the ground of the current amplifier was connected to the REF, as shown
in fig. 6.3c. This is acceptable since at redox-cycling conditions the faradaic currents at the TE
and BE are of the same magnitude but opposite sign. Hence, in the worse case, only a residual
current is forced through the REF. The voltage source of the current amplifier was used to set
the TE at an oxidizing potential of 0.6V vs. Ag/AgCl REF. No other instrument was connected
to the redox NP. Time series of the output voltage were recorded at 500 kHz using an external
DAQ (USB-6289, National Instruments Corp, USA). A load of 50Ω was used to match the
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impedance of the DHPCA-100 with the DAQ. The voltage series were then converted to input
referred current by divisionwith the gain used (108 ). The power spectral density (PSD) of each
time series was computed using the SciPy [249] implementation of the Welch’s method [250]
using a Hanning window. Histograms of the current fluctuations were obtained by binning
each times series into 300 bins of equal range and normalizing each bin by the total number
of counts. These measurements were repeated at different conditions: (i) with the input of
the amplifier floating (nothing connected), (ii) with a redox NP connected but not immersed
in solution (iii) with a redox NP connected and immersed in a solution of 100mM KCl and
500mM Fe(CN)6 with both the TE and BE at 0V vs. Ag/AgCl REF, and finally (iv) with a
redox NP connected and immersed in the same solution at redox-cycling conditions, i. e. with
the TE at 0.6V and the BE at 0V vs. Ag/AgCl REF.

6.3 RESuLTS AND DISCuSSION
Figure 6.4 presents optical, SEM and energy-dispersive X-ray spectroscopy (EDS) investiga-
tions of a fabricated structure. At the microscale, the desired layout is accurately reproduced,
as shown by the optical images in figs. 6.4a and 6.4b. In particular, the crossing area between
the TE and BE on top of the suspended membrane is well defined (fig. 6.4b). This is important
for the reproducibility of redox NPs since both the capacitance and leakage currents between
the TE and BE scale with this area. As shown in the SEMmicrographs in figs. 6.4c and 6.4d, the
pore formation process yield NPs of circular shape through the whole membrane. The various
layers of the membrane are selectively etched in the NP area, as evidenced by the qualitative
EDS spectra shown in fig. 6.4e. In particular, the Pt layer of the electrode which is known to be
difficult to etch by RIE [251–253] is fully removed. The residual peak at 1.74 keV (associated
with Si) in the NP area is attributed to artifacts due to the imperfect beam focus, the sample
holder and random groupings of background counts [254]. It is well know that at the nano-
scale, dimensions tend deviate from the desired layout. This is best seen in fig. 6.4f which
shows a SEM micrograph of a cross-sectional FIB cut of a redox NP with a basic diameter of
50 nm. While the PEALD deposited layers exhibit their expected thicknesses, the NP displays
a conical shape with a top diameter ≈1.5 larger than the basic diameter. This is understood to
arise from the different etching steps involved. As explained in section 6.2.2, the basic diame-
ter of a NP is written in the EBL resist. Then, an opening of the same diameter is transferred
into the hardmask, which consists mainly of Cr. During this process, the opening is widened
as a result of the slightly isotropic etching process of Cr in a Cl2/O2 gas mixture [255]. The
next etching process of Pt by RIE is mostly a physical process, as Pt barely forms any volatile
compounds [251–253]. Physical etching processes by bombardment are known to produced ta-
pered sidewalls [256], which explains why the observed conical shape is formed between the
TE and BE. The etch duration of this step was kept as short as possible because the harsh etch
conditions of this step (see table A.4) imposes a great stress on the hardmask. The following
step consists of etching through the Si3N4 supporting membrane, which by RIE is possible at
high aspect ratio. As described in section 6.2.2, the last step consist of thinning the supporting
membrane from the initial 100 nm to ideally 20 nm. As we will see later, this step displayed the
largest device to device variation.

Etching both Pt electrodes was indisputably themost challenging fabrication step to develop.
This is a very critical step because any defect or Pt residue in this region will inevitably lead
to an electrical short between the TE and BE and compromise the functioning of a redox NP.
In the development of this step, we have systematically investigated different NP formation
processes. Solid-state NPs for traditional NP sensing have been produced by IB milling [257],
transmission electronmicroscope (TEM) [258, 259], FIB milling [260, 261] or RIE [262]. In our
approach, TEM is excluded because of the Pt layer and the thickness of the electrode-insulator
stack. We investigated all the other methods and found that all physical processes based on
erosionwould quite systematical lead to unacceptable leakage currents. Details of the acquired
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Figure 6.4: Optical images of a device and micrographs of a redox-active nanopore (redox NP). (a) Op-
tical image of a device after wafer dicing. (b) Optical image of a sensing region showing the
suspended membrane where the top electrode (TE) and the bottom electrode (BE) cross. (c-
d) Scanning electron microscope (SEM)micrographs of a NP from the top using a secondary
electron detector (c) and through using a transmission electron detector placed below (d).
(e) Qualitative energy-dispersive X-ray spectroscopy spectra taken at the center of a NP (or-
ange) and next to a NP (blue). (f) SEMmicrograph of a cross-sectional focused ion beam cut
through a NP. The micrographs has been colored to highlight the different regions. The TE
and BE are in yellow, the supporting Si3N4 membrane in green and the SiO2 insulating layers
are in purple.

I-V traces are given in fig. A.9. In fig. 6.5, we summarize our findings which shows that phys-
ical processes based on Ar+ bombardment showed the greatest variability, which reflects the
stochastic nature of material redeposition associated with such processes [263, 264]. Electrical
shorts in FIB-processed redox NPs appeared more systematically, which is understood to arise
from the additional issue of ion implantation associatedwith FIB, which adds to the probability
of Pt redeposition [265]. Our results show that Cl2/SiCl4 based RIE is the only robust method
producing redox NPs with leakage currents <40pA. We confirmed these findings on 128 re-
dox NPs of various basic diameters. Our Pt etching method is largely inspired by the work of
Chung and Song [251] and Chung [266], who demonstrated that the addition of SiCl4 signifi-
cantly lowers the amount of redeposited PtCl2 as compared to when only Cl2 is used. Here, we
slightly increased the process pressure to match the capabilities of our ICP-RIE and increased
the fraction of SiCl4 to 25% to minimize the redeposition, though at the cost of an increased
etch rate of the hardmask. The residual leakage currents of ≈40pA seen between the TE and
BE are due to the finite resistance of the 10 nm insulator between both electrodes. As discussed
in greater details in appendix A.6.1, only atomic layer deposition (ALD) deposited films were
found to provide a sufficient resistance. Among the tested materials, we selected SiO2 because
it exhibits the lowest dielectric constant and it is compatible with piranha solution cleaning.

Figure 6.5: Etching-induced electrical shorts in redox-
active nanopores by various pore forma-
tion methods. Tukey boxplot of the mean
current of 128 (Cl2/SiCl4 reactive ion etch-
ing (RIE)), 34 (ion beam (IB) milling), 15
(Ar+ RIE) and 6 (focused ion beam (FIB)
milling) traces from different redox NPs. 10−11 10−9 10−7 10−5 10−3

Current (A)

Ar+ IB

Cl2/SiCl4 RIE

Ga+ FIB

Ar+ RIE



60 REDOx-ACTIvE NANOpORES FOR IMMuNOASSAyS

We further investigated the discrepancy between the basic diameter and the diameter ob-
tained after fabrication by measuring the ionic resistance of each redox NP. As discussed by
Wen et al. [267], ionic resistancemeasurement onNP is a convenientmethodwhich can quickly
provide insights on the size of a NP. For a cylindrical NP, the diameter 𝑑 is given by [267]

𝑑 = 1.84𝐺 + √3.39𝐺2 + 4𝜋ℎ𝐺𝜎
𝜋𝜎 (6.1)

where 𝐺 = 1
𝑅 is the ionic conductance, ℎ the height (thickness) of the NP and 𝜎 the con-

ductivity of the electrolyte. Equation (6.1) converges to the well known expression reported
by Kowalczyk et al. [209] for small 𝑑 (typically <100 nm). As shown in fig. 6.6a, most redox
NP exhibit the expected (nearly) quadratic dependency on the basic diameter (according to
eq. (6.1)). However, some NPs deviate from the expected resistance. As determined by SEM
(fig. 6.6b) the NPs conserved a circular shape at the top and bottom, regardless of their diame-
ter. Investigation by SEM revealed that NPs with a basic diameter >200nm tend to be larger as
expected, whereas thosewith a basic diameter <200nm tend to be smaller (fig. 6.6b). This is re-
flected in the resistance measurements, which shows that most NPs <200nm deviate towards
larger resistances. Even though variations in membrane thickness can change the ionic resis-
tance, from eq. (6.1), it is clear that the membrane cannot account for the observed increase in
resistance, given the linear dependency of the resistance on ℎ. As previously shown in fig. 6.4f,
the exact thickness of the supporting Si3N4 is not well controlled. This results from the fabri-
cation process flow which begins on a 100 nm thick membrane that is later thinned to ≈20nm.
Spatial variations in the etch rate of this step yield membranes of different thicknesses depend-
ing on the location of a device in the RIE chamber. Since the etching of narrow structures such
as NPs suffers from ARDE [268], it is expected that variations in membrane thickness eventu-
ally translate into variations in NP diameter. Owing to the physics behind ARDE, the effect is
expected to be nonlinear and of increasingmagnitude with decreasing NP diameter [268]. The
variations in resistance shown in fig. 6.6a seems larger across devices than across NPs from a
same device, which supports our hypothesis of variations in membrane thickness due to the
spatial inhomogeneity of the RIE etch rates.

Next, we demonstrate the generation of redox-cycling currents in our redox NPs. We swept
the TE to an oxidizing potential of 0.8V while keeping the BE at a fixed potential of 0V vs.
Ag/AgCl REF. First, we performed the measurement in pure salt solution (100mM KCl). The
resulting currents are shown in fig. 6.7a for redox NPs with a basic diameter of 500 nm (row
d), 50 nm (row e) and 20nm (row f) and from two devices (blue and orange). As expected in
a salt solution, only capacitive currents arising from nonfaradaic processes are visible. At the
TE (solid lines), whose potential was swept, typical 𝐶𝑑𝑙 charging traces are observed [57, 80],
while the current at the BE, whose potential was fixed, only a residual current (<10 pA) is ob-
served (dashed lines). Note that here we have on purpose chosen a higher scanrate (50mVs−1)
as used in the next measurements (10mVs−1) to highlight these capacitive currents. Our mea-
surements in pure salt confirm that the currents measured at the TE and BE are independent
and that significant leakages through the thin insulating layer or due to redeposition during
the fabrication process are excluded, even when immersed in an electrolyte.

To demonstrate a redox-cycling regime, we added to the salt solution the outer sphere redox-
couple Fc(MeOH)2 [181] which undergoes the heterogeneous redox reaction [247, 269, 270]

Fc(MeOH)2
+ + 𝑒− kred−−−⇀↽−−−kox

Fc(MeOH)2 𝐸0′ = 0.25V vs. Ag/AgCl REF (6.2)

As discussed in section 2.1.2, the electron transfer kinetics of such a reaction is governed by
the Butler Volmer equation (eq. (2.21)). Hence, the faradaic current is expected to rise exponen-
tially as the electrode potential exceeds the formal potential 𝐸0′ (note that here we refer to 𝐸0′

as the apparent potential vs. Ag/AgCl REF in our electrolyte of 100mM KCl at room temper-
ature and atmospheric pressure). As shown in fig. 6.7b, the expected exponential increase of
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Figure 6.6: (a) Ionic resistance of redox-active nanopores (redox NPs) of various diameters measured
in 4M KCl with a potential of 300mV applied by two pellet Ag/AgCl electrodes placed on
each side of a device. The abscissa in (a) is the basic diameter as written by electron beam
lithography. The dashed line represent the theoretical resistance of cylindrical NPs calculated
from eq. (6.1) with ℎ = 100 nm and 𝜎 = 10.3 Sm−1. A total of 26 NPs from 3 different devices
are shown (see top axis for details). (b) Scanning electron microscope micrographs of a se-
lection of 3 NPs acquired with a secondary electron detector (left) and transmission electron
detector (right).

the current is already visible at 1mM Fc(MeOH)2. The onset of exponential increase matches
closely 𝐸0′ (indicated by the vertical dotted line) in all NPs, regardless of the diameter. As we
have seen in section 2.2.2, a reaction like eq. (6.2) is expected to be quickly limited by diffusion.
In fig. 6.7b, the typical plateau associated with diffusion limited electrode reactions [57, 80]
is visible at >0.5V in all NPs. In contrast to the pure salt solution, here, all BEs show a cur-
rent of the same shape but opposite sign as on the TE. Since the potential of the BEs is fixed
at 0V ≪ 𝐸0′ , any change in the current at the BEs must originate from changes in the flux of
Fc(MeOH)2

+ towards the BEs. As the production of Fc(MeOH)2
+ proceeds at the TE accord-

ing to eq. (6.2), the currents at the BE and TE are coupled by the transport of Fc(MeOH)2
+

from the TE towards the BE. This is a hallmark of generator-collector electrode systems [57,
271]. An important figure of merit of such systems is the collection efficiency which is a mea-
sure of the fraction of species produced at the generator which are successively collected at
the collector electrode. When the faradaic currents at both electrodes are symmetric, i. e. of
the same magnitude but opposite sign, then an ideal regime is reached where all produced
species are fully collected at the collector [57]. The symmetry in the currents recorded in our
redox NPs (fig. 6.7b) shows that most redox NPs operate close to this ideal regime. However,
in some redox NPs (e. g. fig. 6.7 b-e), the current at the BE is up to 50% smaller than the cur-
rent at the TE. As the faradaic current can be limited by both the electron transfer kinetics or
the transport flux, it is not possible based on these measurements to identify the exact cause
of the asymmetry seen in these redox NPs. The electron transfer kinetics at the BE could be
hampered by an unfavorable surface condition, such as a thin layer of organics or a thin oxide
passivation layer. Further, the BE could suffer from fabrication defects, such as pinholes in the
Pt layer or excess removal of Pt material during NP formation, resulting in a decreased sur-
face area which appears as a decreased electron transfer kinetics. In most generator-collector
systems, the collector is of greater surface area than the generator to avoid this issue [57, 241].
Alternatively, the asymmetry could arise from unequal transport fluxes at the BE and TE. This
could arise from residual convective fluxes in the top or bottom fluidic channels which could
favor the TE over the BE or conversely. However, since the asymmetries are reproduced across
differentmeasurements (see fig. 6.7c), the hypothesis of fabrication defects or electrode surface
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contamination is favored. The latter could explain the hysteresis seen between the forward and
backward scans. The electrochemistry of Pt in aqueous solutions is complex and involves ox-
ide formation or reduction processes which may alter electron transfer kinetics over the course
of a forward and backward scan[176–179]. Owing to the nanoscale geometries involved, the
electrodes are subject to large current densities which are expected to exacerbate such effects.
In addition, as discussed in section 2.1.1, adsorption of ions may cause an additional potential
dependent current which does not follow the Butler Volmer formalism.

In fig. 6.7c,we show the samemeasurements in a fivefold concentration of 5mMFc(MeOH)2.
As expected from eq. (2.21), the limiting current in all redox NPs increased proportionally. For
example, in the smallest redox NPs of 20 nm in diameter a current of ≈200pA is reached. In
comparison, Han et al. [272] obtained a limiting current of −19 nA on an array of 1681 NWs
with recessed ring electrodes 60 nm in diameter exposed to 5mM Fe(CN)6, which yields a
current of 11.3pA per NW. In their structure, both WEs were separated by 100 nm, 10 times
the thickness of our insulating layer between the TE and BE. The current in closed generator-
collector systems is known to be inversely proportional the interspacing distance [244], as this
distance defines the maximal thickness 𝛿 of the diffusion layer (see eq. (2.33)). Hence, scaling
the current reported by Han et al. [272] by a factor 10 provides a rough basis for a comparison.
The higher currents (by factor 2-3) observed here, is attributed to the difference in geometries
since in our case, the TE benefits from increased diffusion fluxes arising from both opened ends
of a redox NP. Compared to traditional NP sensing, the current in our redox NPs has weaker
dependence on the NP diameter, as seen when comparing figs. 6.7b and 6.7c. In the larger NPs,
the current obtained in our redoxNPs is ≈10 smaller as the ionic current expected from aNP of
the same geometry according to eq. (6.1) (𝑑 = 500 nm, ℎ = 30 nm, with a typical bias of 150mV
in an electrolyte of 5mM). As the NP diameter is shrunk to 20 nm, the situation is reversed and
the current obtained in our redox NPs is ≈3 times larger than the ionic current expected from
a NP of the same diameter (under the same conditions as before). This is understood to arise
from the shortening of the radial diffusion pathwithin the redoxNP as the diameter is reduced.
The solubility of Fc(MeOH)2 in water is limited to 5mM, hence further scaling of the current
in our redox NPs must be investigated with another redox couple. In appendix A.6.3, we show
that our attempts at increasing the current with 500mM Fe(CN)6 were hampered by a strong
asymmetry in the currents at the TE and BE. While the current in a 500 nm redox NP scaled
symmetrically, the current at the BE in smaller redox NPs remained about 10 times smaller as
the one at the TE, indicating a poor collection efficiency. Owing to the −4 charge of the Fe(CN)6
ion, migration effects may hinder the transport towards the BE, biased at 0V. This highlights
the importance of the nature of the redox couple used in redox NPs.

In these measurements, all redox NPs were fluidically contacted via a common fluidic chan-
nel, as shown in the inset of fig. 6.3d. This is different from traditional NP sensing which re-
quires a fluidic separation between adjacent NPs. In our approach, each redox NP can easily
be addressed by electrically contacting the corresponding TE and BE. In addition, due to the
lithographic process used, redox NPs with multiple NPs of varying diameters can easily be
fabricated, as demonstrated in appendix A.6.5. Such arrays could be used for the simultane-
ous monitoring of multiple redox NPs from a same pair of TE and BE, in a similar fashion as
demonstrated by Wen et al. [273] on ionic currents.

Next, we present noise studies on redox NPs using a commercial general-purpose trans-
impedance amplifier (DHPCA-100, FEMTO Messtechnik GmbH, Germany). In fig. 6.8, we
show the PSD and histograms of the input referred current in different conditions. In blue,
the PSD of the amplifier with floating input which is of the same order of magnitude as the
rated noise of the device (≈2nA2 Hz−1 at 10 kHz). This confirms that the setup used (fig. 6.3d)
is properly shielded and does not introduce significant noise.When a device is mounted on the
PCB and the current amplifier is connected to a redox NP, the PSD increases by about one or-
der of magnitude. While the noise of the amplifier itself is mostly white noise (independent of
frequency), a frequency dependent increase in noise is observed at >10 kHz when a redox NP
is connected. This behavior is typical of resistive-feedback transimpedance amplifier because
in such amplifiers the PSD scales with 𝐶in

2𝑓 2, where 𝐶in is the total input capacitance and 𝑓
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Figure 6.7: Redox-cycling currentsmeasured at the top electrode (TE) (solid lines) and at the bottomelec-
trode (BE) (dashed lines) of redox-active nanopores when the top electrode (TE) is swept
from 0 to 0.8V and back vs. an Ag/AgCl reference electrode. (a) Measurements at a scan
rate of 50mVs−1 in 100mM KCl without redox species. (b) Measurements at a scan rate
of 10mVs−1 in 100mM KCl with 1mM 1,1ferrocenedimethanol (Fc(MeOH)2) and (c) with
5mM Fc(MeOH)2. These measurements (a-c) were conducted on NPs with a basic diameter
of 500 nm (d), 50 nm (e) and 20nm (f). Reported are results from two devices (blue and or-
ange). 𝐸0′ is the formal potential of the redox reaction eq. (6.2).

the frequency [274]. When a device is connected, it is expected that the capacitance 𝐶in is in-
creased due to the wires, PCB tracks, spring-loaded pins and the capacitance between the TE
and BE. Interestingly, when the redox NP is immersed in the electrolyte, no significant increase
in noise is seen. Even when the redox NP is operated at redox-cycling conditions and produces
a faradaic current at the TE of ≈4.5 nA, no change in the noise is observed. This is better seen
in fig. 6.8b, which shows that when the TE is biased at 0.6V, the mean current increases as a
result of redox-cycling but the noise fluctuations are unchanged. This behavior is very different
from the noise seen in traditional NP sensing. The noise in traditional NP sensing is composed
of (i) a 1/f component at <100Hz, (ii) white noise from about 100 to 103 Hz, (iii) dielectric and
capacitive noise at >103 Hz [213, 214, 219, 237, 275].

In our redox NPs, the 1/f component which is the dominant noise source in traditional solid-
state NPs at lower frequencies [219, 237, 275], is not observed in the investigated frequency
range. As demonstrated by Wen et al. [237] on SiNx NPs, the 1/f component arise from fluc-
tuations of the ionic current in the bulk and at the surface of the NP (flicker noise) and from
fluctuations at the Ag/AgCl electrodes. It is easily understood that the latter has little influ-
ence on the faradaic current in our redox NPs, since here the current is of diffusive nature,
i. e. the transport of species is driven by concentration gradients rather than electric fields. Fur-
ther, as discussed previously in fig. 6.7, the faradaic current at 0.6V is diffusion-limited, hence
small changes in the electrode potential are not expected to affect significantly the current but
nonetheless measurements of longer duration are needed to confirm the validity of this asser-
tion at lower frequencies (<10Hz). The same argumentation can be extended to the case of
the flicker noise attributed to fluctuations of the ionic current due to variations in the surface
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Figure 6.8: Power spectral density (PSD) (a) and amplitude fluctuations histograms (b) of the noise on
the DHPCA-100 current amplifier with the input floating (blue), with a redox-active nano-
pore (redox NP) connected in dry state (green) and with a redox NP of 50 nm in diameter
operated at redox-cycling conditions in 100mM KCl with 500mM potassium ferrocyanide
(orange). The top electrode (TE) was biased at 0.6V, except in the left orange histogram of
panel (b) were it was at 0V.

charge density 𝜎0 (see section 2.1.1) within the NP. Again, these fluctuations arise from the
varying electrostatic landscape at the IHP and/or OHP in the NP, which is not expected to
influence a diffusion-limited faradaic current. However, such effects cannot be excluded when
the diameter is shrunk and therefore additional measurements in smaller redox NPs are nec-
essary.

At higher frequencies, the dominant noise source in traditional NP sensing is the capacitive
component (iii) arising at >10 kHz, attributed to the capacitance induced by the material sep-
arating the cis and trans side reservoirs, which typically includes the suspended membrane
and part of the frame around it, as well as the wiring [213, 219]. As mentioned previously, any
capacitance connected to the current amplifier adds to the total input capacitance 𝐶in which
is responsible for the frequency-dependent amplification of the intrinsic noise of the amplifier.
Several strategies to mitigate this effect have been reported, such as the reduction of surface
area [276], coating with thick polymers [213], or CMOS [211] integration. In our redoxNP, the
picture is different as the only capacitance added (beside wiring) is the capacitance between
the TE and BE. Owing to the dimension of the crossing area (see fig. 6.2b), this capacitance
must be <100 fF, about 2-3 orders of magnitude smaller as in traditional NP sensing [217, 275].
It is clear that such a small capacitance is dominated by the wiring. Still, at >13 kHz we ob-
tain a slightly better PSD (8 × 10−8 nA2 Hz−1 vs. 10−7 nA2 Hz−1 [213]) as obtained on a typical
traditional SiNx NP using the sophisticated Axopatch 200B, which offers almost 3 orders of
magnitude better input referred noise performance [215] as the DHPCA-100 used herein. Fig-
ure 6.8b shows that a SNR >3 at a bandwidth of 200 kHz is possible on our redox NPs using a
simpler and cheaper amplifier made out of commercial off-the-shelf discrete components.

6.4 CONCLuSION
In summary, we have demonstrated a possible alternative approach to NP sensing based on
redox-cycling currents in place of the traditional ionic current. In the presence of a redox couple
at 5mM, we showed that the redox-cycling current generated within redox NPs of diameters
<30 nm can exceed the ionic current expected from a traditional NP of the same geometry and
at the same electrolyte concentration (5mM). This is made possible due to two closely (10 nm)
spaced WEs integrated within a redox NPs which are operated in a generator-collector mode.
As the radial distance between both WE decreases with decreasing NP diameter, the redox-
cycling efficiency is enhanced. We showed that the noise in redox NPs is different from the
noise observed in traditionalNP sensing, a difference attributed to the diffusive nature of redox-
cycling currents. In particular, no 1/f noise was observed in the investigated frequency range
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(>10Hz), which may result from the intrinsic insensitivity of diffusion currents on electric
fields. Further, we showed that the noise at higher frequencies (>10 kHz) scales more favor-
ably, due to the apparent NP capacitance being defined by the microscopic overlap region of
both WEs, rather than the macroscopic suspended membrane, as it is the case in traditional
NP sensing. Due to these advantages, we could demonstrate that a SNR of >3 at 200 kHz is
possible using a simple resistive-feedback transimpedance amplifier in place of a sophisticated
patch clamp amplifier with limited bandwidth such as Axon Axopatch 200B. We have shown
thatmultiple redoxNPs in a common fluidic reservoir can be addressed individually by simply
contacting the corresponding WEs. Further, we demonstrated a lithographic fabrication pro-
cess flow for the fabrication of redox NPs with tunable pore diameter down to 20 nm at wafer
scale.

There is significant room for improvement of the fabrication process flow to reduce the effect
of ARDE by designing a much thinner electrode-insulator stack. Our investigations of leakage
currents show that a smaller interspacing of the two WEs is possible. It is expected that fu-
ture developments of our approach will lead to redox NPs of smaller diameters with enhanced
redox-efficiency and higher yield. This will allow the study of the properties reported here on
a larger number of specimens and improve the quantitative understanding of our redox NPs.
In particular, the measurement of translocation events will require an accurate knowledge of
the shape and diameter of the redox NPs. Here, we expect interesting studies on the modula-
tion of the translocation speed by means of a bias potential across the membrane, as this is not
possible on traditional NP sensing without simultaneously affecting the ionic current. Addi-
tional studies on the noise, in particular at lower frequencies, are needed to further identify the
mechanism of noise generation in redox NPs. Simultaneously, the investigation of alternative
redox couples which are soluble at higher concentration are needed in order to further increase
the SNR. These investigationsmust be extended to plasma andwhole blood beforemultiplexed
immunoassayswith our redoxNPs can be realized. Since antibodies or antigens for all themark-
ers discussed in appendix A.1.4 are already commercially available, we expect that the main
development efforts will be dedicated to the tuning of the pore geometry and the selection of
optimal molecular probes which leave a signature in the redox-cycling current which is distinct
from other blood components. Although NP sensing has been demonstrated in whole blood
usingmagnetic nanoparticles [277], at present the approach as been demonstrated on prostate-
specific antigen (PSA) only. Approaches based on the dimerization of individual Au nanopar-
ticles upon binding of the target analyte are fully adapable to any antibody or antigen [227],
yet their performance in whole blood remains to be demonstrated. In addition to these devel-
opments, studies on an optimal redox-couple and adequate coatings to prevent NP clogging
must be carried out. For the latter, various coating approaches have been reported [278], such
as lipid-bilayers [196, 279], ALD deposited Al2O3 [280] or PEG grafting [53, 281]. The latter
has been demonstrated to be an effective strategy to suppress nonspecific protein adsorption
in NP-based antigen-antibody complex detection [53].

As anticipated by Tabard-Cossa [212], the most promising path towards NP sensing with
better SNR at higher bandwidth is the close, yet discrete integration ofNPdeviceswith readout
electronics. By demonstrating that the advantages of our redox NPs are accessible via a PCB
and a simple transimpedance current amplifier, ourwork constitutes an important step towards
this goal and ultimately towards an increased accessibility of NP sensing.
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Novel clinical decision algorithms for the management of AFI based on multiple biomarkers
have proven effective in reducingunnecessary prescription of antibiotics and improving clinical
outcome [30, 282]. Yet, the complexity and cost associated with the measurement of multiple
biomarkers is a major obstacle towards their wider adoption at the primary care in LMICs. It
becomes evident that there is an urgent need for the development of novel technologies which
can detect a multiplexed panel of biomarkers simultaneously at low-cost [44, 45].

In this work, we have evaluated the potential of three microfabricated electrochemical sen-
sors aimed at ultimately realizing a mass manufactured microchip capable of detecting multi-
ple biomarkers most relevant for the management of AFI. In particular, in chapter 4 we have
demonstrated the measurement of pH using a single conductive TiN layer which reduces the
fabrication costs compared to traditional ISFETs, as microfabrication costs typically scale with
the number of layers [283].Here, the sensorswereminiaturized down to≈200µm, butwe have
shown that this limit is not intrinsic to the sensing mechanisms involved, rather it is due to the
finite capacitance of the readout electronics, which can be reduced through tighter integration.
In chapter 5, we demonstrated a membrane-less approach to DO sensing by monitoring the
local pH changes induced upon the reduction of O2 at a Pt electrode. Traditional electrochemi-
cal DO sensing methods involve an O2 permeable membrane, which is difficult to miniaturize
and deposit by means of standard microfabrication techniques. Our simplified fabrication ap-
proach demonstrated on processes with proven scalability comes at the cost of a non-linear
response to DO and a dependency on the buffer capacity of the solution. However, we demon-
strated that the latter can be estimated by measuring the relaxation kinetics of the local pH
following the O2 reduction pulse. We further exploited this kinetic information to demonstrate
that a fast measurement of the buffer capacity is possible when the DO content is known, a
condition easily met in solutions equilibrated with air.

Scaling and miniaturization through microfabrication has brought complex technologies
such as computing or mobile telephony to many places still lacking basic diagnostic tests for
AFI [284]. These principles have motivated our work on redox NPs. In chapter 6, we have
shown that changing the nature of the current from a migration (ionic) current to a redox-
cycling diffusive current generated within NP allows to implement single NP addressability at
the electrical level, rather than at the fluidic level. Hence, our work paves the way for the im-
plementation of highly scalable NP arrays at densities and architectures (e. g. crossbar) which
are challenging to implement in traditional NP sensing [222]. Most protein biomarkers listed
in the sensors specifications (see appendix A.1) are concentration dependent, and thus a quan-
tification of their concentration down to the lower pM range is necessary. NP sensing can yield
such results provided that sufficient events are detected, which due to the stochastic nature of
the method requires the simultaneous monitoring of several hundreds of NPs [222, 229, 285].
A further advantage of our approach is that the membrane capacitance impeding high band-
width measurements in traditional NP sensing is reduced to the crossing area between both
embedded electrodes, which is defined by the width of the electrodes (3.5µm). Our approach
opens thus new possibilities for NP sensing at high bandwidth using simple readout electron-
ics. Yet, our promising findings on redox NPs must be consolidated with further investigations
on a larger number of pores.

In this work, we have focused our efforts on the fabrication and the understanding of the fun-
damental processes involved in the proposed sensors. Importantly, throughout our investiga-
tions, we did not face challenges that fundamentally questioned our envisioned microchip. At
the current stage of development, our results show that the ideal sensors specifications (see ap-
pendix A.1) for pH, DO and buffer capacity can be met. Based on our measurements on redox
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NPs, we anticipate that the selection of a redox couple of higher solubility, such as a quinone-
derivative or FcNCl (up to≈2M [286] and≈0.7M [287], respectively)will lead to an improved
SNR enabling the detection of translocation events.

OuTLOOk Further development of our envisioned microchip will require reaching several key
milestones before multiplexed measurements from a simple finger prick are possible. First, all
sensors characterizationmade in buffer solutionsmust be repeated in plasma andwhole blood.
As mentioned in their respective chapters, all three sensors are expected to be affected by pro-
tein adsorption in their current format. Hindering protein adsorption constitutes a critical as-
pects in amyriad of disciplines [288–290]. The subject has attractedmuch attention and several
solutions, such as PEG coatings, have been reported [156–158]. This approach is possible on
all three sensor, but its effect on the sensor performance must be investigated additionally. In
the case of a single use chip, coating the pH, DO and buffer capacity sensors could be avoided
by exploiting their fast response to perform the measurements within a few seconds following
sample dispensing. In addition to an adequate coating, the implementation of immunoassays
with redox NPs will require the engineering of molecular probes which leave a specific sig-
nature in the redox-cycling current distinct from other blood components. Approaches based
on magnetic nanoparticles have been demonstrated in whole blood [277] and probes based
on dimerization of individual Au nanoparticles have recently shown promising results in the
detection of antigen-antibody complexes [227].

Second, the proposed approach of measuring Hb levels via the buffer capacity must be con-
firmed on clinical samples. Although the central role ofHb in the buffer capacity ofwhole blood
has been well studied [189, 291, 292], experimental evidence of a decrease in blood buffer ca-
pacity in anemic patients is limited due to the slow and cumbersome titration method used,
which is not practicable in routine clinical practice [52]. Hence, the new possibility offered
by our buffer capacity sensor to quickly measure this parameter requires dedicated studies to
assess its clinical relevance.

Next, the integration of a miniaturized REFmust be demonstrated. Miniaturization of stable
REFs is difficult due to the need for a liquid junction and a reference reservoir [58]. Among the
various solid-state REFs reported [58], those which implement the porous liquid junction on
a suspended solid-state membrane [293] are particularly suited for our envisioned microchip,
since the basic structure is already available from the redox NPs. In our approach of redox
NP sensing, the stability of the REF is not critical, since the redox-cycling current is limited by
diffusion rather than by electron transfer kinetics (see chapter 6). In contrast, the pH, DO and
buffer capacity sensors will be critically affected by an unstable REF. Again, the fast response of
these sensors could be exploited to keep themeasurement duration under a few tens of seconds
and bypass the need for a highly stable REF.

Finally, a further key development step will be the integration of a fluidic circuit which can
(i) dispense the sample to the right place and in the right quantity, (ii) contain a reference
buffer solution required in the differential measurement of pH (iii) for each protein biomarker
listed in appendix A.1, provide a fluidic separation to avoidmarker crosstalk during redoxNPs
sensing. Amyriad ofmicrofluidic circuitswhich can accomplish these tasks have been reported,
including several microfabricated approaches for the treatment of whole blood [294].

The strong demand for low-cost, miniaturized andmultiplexed biochemical sensors extends
well beyond the specific case of AFImanagement discussed herein. There is a growing demand
for such systems in all areas of life sciences were microfluidics has established itself as a cru-
cial enabling technology. In particular, the miniaturization of in vitro assays towards higher
throughput microplates and biomimetic organs-on-chip require new technologies for in situ
continual monitoring of critical microenvironment parameters, such as DO and pH, as well as
multiplexed proteins analysis for assessing the responses to stimuli, such as pharmaceutical
compounds [295, 296]. At the same time, the trend towards personalized and digital health
is demanding novel generation of affordable and connected multiplexed sensors [297]. Due
to the flexible lithographic microfabrication processes used in this work, our sensors could be
adapted to these applications and contribute overcoming current analytical limitations.



A SUPPORTING INFORMATION

A.1 SENSORS SpECIFICATIONS
Based on the biomarkers introduced in chapter 1, specifications for the measurement of pH,
DO, buffer capacity and protein biomarkers can be formulated.

A.1.1 Dissolved oxygen measurement

The normal arterial partial pressure of DO is between 90 to 100mmHg (or 12 to 13.3 kPa).Mod-
erate hypoxemia is defined between 40 to 60mmHg and severe hypoxemia <40mmHg [51].
The threshold of <60mmHg (or <8 kPa) for hypoxemia corresponds to the beginning of the
steep portion of the Hb dissociation curve and corresponds to <90% O2 saturation at normal
arterial pH [51]. When simulated in a solution equilibrated with a gaseous mixture at atmo-
spheric pressure, the threshold for hypoxemia is reachedwhen the fraction of O2 in themixture
is ≤7.9%. Normoxemia extends from this fraction up to 13.1%.

A.1.2 pH measurement

The normal range for arterial pH is 7.35 to 7.45. Thus, acidemia is defined as <7.35pH and
alkalemia as <7.45pH [51].

A.1.3 Buffer capacity

Keitel et al. [30] defined severe anemia as a condition where Hb level is <60 gL−1. This thresh-
old translates into a ≥50% reduction of Hb content compared to a healthy patient with typical
Hb levels of 120 to 140 gL−1 [51]. The buffer capacity of whole blood is 38mMpH−1 and the
part due to Hb is 30mMpH−1 [188]. If the part due to Hb is reduced by 50% as in severe
anemia, the buffer capacity of whole blood is expected to drop proportionally by about 40%.
This was experimentally evidenced by Ellison et al. [52], who measured a buffer capacity of
whole blood in an anemic patient of 23mMpH−1, which corresponds to reduction of ≈40%
compared to the buffer capacity of whole blood in healthy patients.

A.1.4 Protein biomarkers

Several inflammation blood biomarkers for the differentiation of bacterial and viral infections
have been proposed, with associated cutoff ranges
CRP ≥10 to ≥125mgL−1 [30, 48]

PCT ≥15 ngL−1 to ≥4µgL−1 [30, 48]

IP-10 ≥0.4 to ≥0.6µgL−1 [48]

TRAIL ≥50 to ≥150 ngL−1 [46]

MxA ≥36µgL−1 [48]
Most malaria RDTs (lateral flow assay (LFA) format) target the plasmodium falciparum histi-
dine rich protein 2 (PfHRP2) antigen with a detection limit of >0.8µgL−1 [298]. Hence, pro-
tein biomarkers should ideally be detected down to a few ngL−1.
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A.2 FABRICATION

A.2.1 Fabrication of the sealing foils

Table A.1: Fabrication protocol of the sealing foils reported in section 3.2.

Step Description Parameters Comments

SU-8 mold
1 O2 Plasma cleaning PVA Tepla GIGAbatch 310M;

Power: 600W;
Time: 2min:
O2 flow: 600sccm;
Pressure: 1.2mbar.

To be done just before
deposition.

2 Dehydration 180°C for 5min.
3 HMDS priming Vapor HMDS;

Wafer temperature 110°C;
8 cycles at -500mbar.

To be done just after de-
hydration.

4 Spincoat 100um SU8 Resist: SU-8-3050;
1st step: 5s at 500RPM with
100RPM/s;
2nd step: 60s at 1000RPM
with 500RPM/s.

5 Pre-bake 1min at 65°C;
1min at 95°C;
1min at 65°C;
5min at 95°C.

Multiple steps are
needed for the self-
leveling of the thick
resist.

6 Exposure MA6 mask aligner;
UV lamp 365nm (I-line);
Dose of 275mJ/cm2;
Soft-contact.

7 Soft-bake 1min at 65°C;
5min at 95°C.

Multiple steps are
needed to reduce stress
and avoid cracks in the
resist.

8 Development PGMA for 10min;
Rinse in PGMA for 2min;
Rinse thoroughly in IPA.

Use intermittent mild
sonication during
development if the
smaller features don’t
become visible.

9 Hard-bake Ramp from 65°C to 180°C.
10 Dicing

Silanization
11 O2 plasma activation PVA Tepla Ion 3MHz;

Power: 50W;
Pressure: 100mTorr;
Flow O2: 50sccm;
Time: 60s.

To be done just before
silanization.
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Table A.1: Fabrication protocol of the sealing foils reported in section 3.2

Step Description Parameters Comments

12 Silanization with
ODTS

Place for 2 hours at 50°C in
Toluene supplemented with
0.5mM
Octadecyltrichlorosilane and
4.5mM H2O.

Toxic fumes.

13 Rinse and dry Rinse in Toluene and dry
with N2.

PDMS preparation
14 Mix Sylgard 184;

Mix in 1:10 ratio;
Degas for 5min in desiccator.

15 Cure Pour the mixture on the SU-8
mold;
Cover with a Mylar A foil;
Clamp between two glass
slides with a spring clamp;
Place in an oven at 60°C for
>4hours.
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A.2.2 Fabrication of the single-layer TiN pH sensor devices

Table A.2: Fabrication protocol of the single-layer pH sensor devices reported in chapter 4.

Step Description Parameters Comments

TiN electrode
N1 Deposition of ∼12nm

TiN PEALD
Oxford FlexAL;
Cycles: 180;
Precursor: TDMAT, dose 0.8s;
N2/H2 20:5 sccm plasma;
Temperature 300°C.

Deposition rate is
∼0.72A per pulse.

N2 Dehydratation On hotplate at 110°C for
3min.

N3 Coat positive
photoresist

Resist: AZ 6612, 1.2um thick;
Spin at 4000RPM for 40s with
2000RPM/s.

N4 Soft-bake 110°C for 1min.
N5 Exposure MA6 mask aligner;

Layer 1 GDS file;
UV lamp 365nm (I-line);
Dose of 40mJ/cm2;
Hard-contact.

Expose for 3.1s at
13mW/cm2.

N6 Post-bake 110°C for 1min.
N7 Develop positive

photoresist
Develop in AZ 400K 1:4 for
40s;
Rinse thoroughly with DI
water.

N8 RIE etch of the TiN
layer

Oxford PlasmaPro NPG 80;
Time: 4min 30s;
N2: 30sccm;
SF6: 30sccm;
Pressure: 35mTorr;
RF Forward: 25W;
Graphite electrode platen.

DC bias around 70V.

N9 Strip positive
photoresist

DMSO at 60°C for 10min;
Extract wafer under IPA flow
and dry.

N10 Dehydratation On hotplate at 110°C for
3min.

N11 Coat negative
photoresist

Resist: nLOF 2020, 2um thick;
Spin at 4000RPM for 40s with
2000RPM/s.

N12 Soft-bake 110°C for 1min.
N13 Exposure MA6 mask aligner;

Layer 2 GDS file;
UV lamp 365nm (I-line);
Dose of 70mJ/cm2;
Soft-contact.

Expose for 5.5s at
13mW/cm2.

N14 Post-bake 110°C for 1min.
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Table A.2: Fabrication protocol of the single-layer pH sensor devices reported in chapter 4.

Step Description Parameters Comments

N15 Develop negative
photoresist

Develop in AZ 726 MIF for
40s;
Rinse thoroughly with DI
water.

N16 O2 Plasma descum PVA Tepla GIGAbatch 310M;
Power: 200W;
Time: 1min:
O2 flow: 500;
Pressure: 1.0mbar.

N17 Evaporation of
Cr(4nm)/Pt(50nm)

Evatec BAK501 LL;
Cr: 4nm, rate 0.1nm/s;
Pt: 50nm, rate 0.2nm/s;
Rotation: 20RPM;
Source distance: 600mm;
Pressure: ∼0.5uTorr.

N2 blow wafer before
loading.

N18 Metal Lift-Off DMSO for 1.5hours;
Extract wafer under acetone
flow;
Rinse in water;
Fresh DMSO at 120°C for
30min;
Rinse with IPA and dry with
N2.

N19 O2 Plasma cleaning PVA Tepla GIGAbatch 310M;
Power: 600W;
Time: 5min:
O2 flow: 600sccm;
Pressure: 1.2mbar.

To remove remaining
resist layer, since pi-
ranha cleaning is not
compatible with TiN.

Ta2O5 electrode
A1 Dehydrate and coat

negative photoresist
Repeat steps N10-N12

A2 Exposure MA6 mask aligner;
Layer 1 GDS file;
UV lamp 365nm (I-line);
Dose of 70mJ/cm2;
Hard-contact.

Expose for 5.5s at
13mW/cm2.

A3 Post-bake and develop
negative photoresist

Repeat steps N14-N16

A4 Evaporation of
Ti(50nm)

Evatec BAK501 LL;
Ti: 50nm;
Deposition rate: 0.2nm/s;
Rotation: 20RPM;
Source distance: 600mm;
Pressure: ∼0.15uTorr.

N2 blow wafer before
loading.

A5 Metal Lift-Off and
cleaning

Repeat steps N18-N19

A6 Dehydrate and coat
negative photoresist

Repeat steps N10-N12



A.2 FABRICATION 75

Table A.2: Fabrication protocol of the single-layer pH sensor devices reported in chapter 4.

Step Description Parameters Comments

A7 Exposure MA6 mask aligner;
Layer 2 GDS file;
UV lamp 365nm (I-line);
Dose of 70mJ/cm2;
Hard-contact.

Expose for 5.5s at
13mW/cm2.

A8 Post-bake and develop
negative photoresist

Repeat steps N14-N16

A9 DC sputtering
Ta2O5(50nm)

von Ardenne CS 320 S;
Target: Ta;
DC power: 300W;
Pressure: 4ubar;
Ar: 11sccm;
O2: 9sccm;
N2: 11sccm;
H2: 12sccm;
Time: 596s.

N2 blow wafer before
loading.

A10 Oxide Lift-Off and
cleaning

Repeat steps N18-N19

Wafer dicing
1 Coat protective resists Resist: AZ 4512;

Spin at 4000RPM for 40s with
2000RPM/s.

2 Soft-bake 110°C for 1min.
3 Dicing
4 Strip protective resist Acetone for 3min;

Rinse in IPA and dry.
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A.2.3 Fabrication of the dissolved oxygen and buffer capacity sensor devices

Table A.3: Fabrication protocol of the dissolved oxygen and buffer capacity sensor devices reported
in chapter 5.

Step Description Parameters Comments

Working electrode
1 Dehydratation On hotplate at 110°C for

3min.
2 Coat negative

photoresist
Resist: nLOF 2020, 2um thick;
Spin at 4000RPM for 40s with
2000RPM/s.

3 Soft-bake 110°C for 1min.
4 Exposure MA6 mask aligner;

Layer 1 GDS file;
UV lamp 365nm (I-line);
Dose of 70mJ/cm2;
Hard-contact.

Expose for 5.5s at
13mW/cm2.

5 Post-bake 110°C for 1min.
6 Develop negative

photoresist
Develop in AZ 726 MIF for
40s;
Rinse thoroughly with DI
water.

7 O2 Plasma descum PVA Tepla GIGAbatch 310M;
Power: 200W;
Time: 1min:
O2 flow: 500;
Pressure: 1.0mbar.

8 Evaporation of
Cr(4nm)/Pt(10nm)

Evatec BAK501 LL;
Cr: 4nm;
Pt: 10nm;
Deposition rate: 0.1nm/s;
Rotation: 20RPM;
Source distance: 600mm;
Pressure: ∼0.5uTorr.

N2 blow wafer before
loading.

9 Metal Lift-Off DMSO for 1.5hours;
Extract wafer under acetone
flow;
Rinse in water;
Fresh DMSO at 120°C for
30min;
Rinse with IPA and dry with
N2.

10 Piranha cleaning Piranha cleaning: 3:1 Sulfuric
acid:Hydrogen peroxide 30%
at 60°C for 5min.

Caution, strong oxidiz-
ing agent!

Middle insulator
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Table A.3: Fabrication protocol of the dissolved oxygen and buffer capacity sensor devices reported
in chapter 5.

Step Description Parameters Comments

11 O2 Plasma cleaning PVA Tepla GIGAbatch 310M;
Power: 600W;
Time: 2min:
O2 flow: 600sccm;
Pressure: 1.2mbar.

To be done just before
deposition.

12 Deposition of 12nm
SiOx PEALD

Oxford FlexAL;
Cycles: 145;
Precursor: 3DMAS, dose 0.8s;
O2 plasma;
Temperature 300°C.

Deposition rate is
∼0.83A per pulse.

pH electrode
13 Deposition of 12nm

TiN PEALD
Oxford FlexAL;
Cycles: 180;
Precursor: TDMAT, dose 0.8s;
N2/H2 20:5 sccm plasma;
Temperature 300°C.

To be done right after
the previous step, with-
out breaking the vac-
uum. Deposition rate is
∼0.72A per pulse.

14 Dehydratation On hotplate at 110°C for
3min.

15 Coat positive
photoresist

Resist: AZ 6612, 1.2um thick;
Spin at 4000RPM for 40s with
2000RPM/s.

16 Soft-bake 110°C for 1min.
17 Exposure MA6 mask aligner;

Layer 3 GDS file;
UV lamp 365nm (I-line);
Dose of 40mJ/cm2;
Hard-contact.

Expose for 3.1s at
13mW/cm2.

18 Post-bake 110°C for 1min.
19 Develop positive

photoresist
Develop in AZ 400K 1:4 for
40s;
Rinse thoroughly with DI
water.

20 RIE etch of the TiN
layer

Oxford PlasmaPro NPG 80;
Time: 4min 30s;
N2: 30sccm;
SF6: 30sccm;
Pressure: 35mTorr;
RF Forward: 25W;
Graphite electrode platen.

DC bias around 70V.

Pad opening
21 RIE etching of the SiOx

layer
Oxford PlasmaPro NPG 80;
Time: 2min;
O2: 1sccm;
CHF3: 49sccm;
Pressure: 15mTorr;
RF Forward: 100W;
Graphite electrode platen.

DC bias around 350V.
This is to remove the
middle insulator on the
pad of theworking elec-
trode.
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Table A.3: Fabrication protocol of the dissolved oxygen and buffer capacity sensor devices reported
in chapter 5.

Step Description Parameters Comments

22 Strip positive
photoresist

DMSO at 60°C for 10min;
Extract wafer under IPA flow
and dry.

Counter electrodes and markers
23 Dehydrate and coat

negative photoresist
Repeat steps 1-3.

24 Exposure MA6 mask aligner;
Layer 5 GDS file;
UV lamp 365nm (I-line);
Dose of 70mJ/cm2;
Hard-contact.

Expose for 5.5s at
13mW/cm2.

25 Develop negative
photoresist and
descum

Repeat steps 6-7.

26 Evaporation of
Cr(4nm)/Pt(50nm)

Evatec BAK501 LL;
Cr: 4nm, rate 0.1nm/s;
Pt: 50nm, rate 0.2nm/s;
Rotation: 20RPM;
Source distance: 600mm;
Pressure: ∼0.5uTorr.

N2 blow wafer before
loading.

27 Metal Lift-Off Repeat steps 9.
28 O2 Plasma cleaning PVA Tepla GIGAbatch 310M;

Power: 600W;
Time: 5min:
O2 flow: 600sccm;
Pressure: 1.2mbar.

To remove remaining
resist layer, since pi-
ranha cleaning is not
compatible with TiN.

Mask deposition for wells formation
29 DC sputter

W(10nm)/Cr(20nm)
FHR.Star.100-PentaCo;
W: 10nm, rate ∼0.14nm/s,
pressure 3mTorr, Ar 100sccm;
Cr: 20nm, rate ∼0.15nm/s,
pressure 6mTorr, Ar 200sccm;
DC power: 0.25kW
Rotation: 30RPM;
Distance: 20mm.

30 Deposition of 10nm
SiOx PEALD

Oxford FlexAL;
Cycles: 125;
Precursor: 3DMAS, dose 0.8s;
O2 plasma;
Temperature 300°C.

Deposition rate is
∼0.83A per pulse.

Wafer dicing Optional. For wafer-
scale wells formation,
must be done later, as a
last step.

31 Coat protective resists Resist: AZ 4512;
Spin at 4000RPM for 40s with
2000RPM/s.
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Table A.3: Fabrication protocol of the dissolved oxygen and buffer capacity sensor devices reported
in chapter 5.

Step Description Parameters Comments

32 Soft-bake 110°C for 1min.
33 Dicing
34 Strip protective resist Acetone for 3min;

Rinse in IPA and dry.
Wells formation

35 Dehydratation On hotplate at 150°C for
3min.

36 Coat e-beam resist Resist: CSAR 62900.04, 78nm
thick;
Step1: spin at 500RPM for 5s;
Step2: spin at 6000RPM for
60s with 2000RPM/s.

37 Soft-bake 150°C for 1min.
38 E-beam exposure Vistec EBPG 5200+;

Layer 7 GDS file;
Dose of 450uC/cm2.

39 Develop e-beam resist Develop in AR 600-546 for
1min;
Develop in MIBK:IPA 1:2 for
30s;
Rinse 3x in IPA.

Don’t use water as it
will crack the resist. The
step in MIBK is needed
to remove residues.

40 RIE etch of the SiOx
mask

Oxford PlasmaPro NPG 80;
Time: 2min;
O2: 1sccm;
CHF3: 49sccm;
Pressure: 15mTorr;
RF Forward: 100W;
Graphite electrode platen.

DC bias around 350V.

41 Ion-milling of the Cr
mask

Oxford IonFab 300 Plus;
Time: 2min;
Angle: 10°;
Rotation 20RPM;
Pressure: ∼0.1mTorr;
Platen temp: 10°C;
Beam: voltage 600V, current
150mA, Ar 10sccm;
Neutralizer: 250mA, Ar
5sccm.

42 ICP etch of the Cr
mask

Oxford PlasmaPro
System100;
Time: 1min 15s;
Cl2: 42sccm;
O2: 8sccm;
Pressure: 12mTorr;
RF Generator 4W, ICP
generator 1200W;
Chiller temperature: 20°C.

DC bias around 44V.
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Table A.3: Fabrication protocol of the dissolved oxygen and buffer capacity sensor devices reported
in chapter 5.

Step Description Parameters Comments

43 RIE etch of the W mask Oxford PlasmaPro NPG 80;
Time: 2min;
N2: 30sccm;
SF6: 30sccm;
Pressure: 35mTorr;
RF Forward: 25W;
Graphite electrode platen.

DC bias around 70V.

44 RIE etch of the TiN
layer

Oxford PlasmaPro NPG 80;
Time: 4min 30s;
N2: 30sccm;
SF6: 30sccm;
Pressure: 35mTorr;
RF Forward: 25W;
Graphite electrode platen.

DC bias around 70V.

45 RIE etching of the SiOx
layer

Oxford PlasmaPro NPG 80;
Time: 4min;
O2: 1sccm;
CHF3: 49sccm;
Pressure: 15mTorr;
RF Forward: 100W;
Graphite electrode platen.

DC bias around 350V.

46 Cr wet etch Etchant:
((NH4)2[Ce(NO3)6]/HClO4)
For 2min at 60°C;
Rinse thoroughly with DI
water.

This will also remove
any remaining e-beam
resist.

47 RIE etch of the W
remaining mask

Oxford PlasmaPro NPG 80;
Time: 1min 15s;
N2: 30sccm;
SF6: 30sccm;
Pressure: 35mTorr;
RF Forward: 25W;
Graphite electrode platen.

DC bias around 70V.
This is to remove the
remaining W mask
not removed by the Cr
etchant. Longer etch
will remove the pH
electrode!
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A.2.4 Fabrication of the redox-active nanopore devices

Table A.4: Fabrication protocol of the redox-active nanopore devices reported in chapter 6.

Step Description Parameters Comments

Membrane fabrication
1 SiNx LPCVD coating,

100nm on both sides
ATV PEO-604 furnace;
H2SiCl2:NH3 at 0.36mbar;
780°C for 100min.

Groth rate is
∼1nm/min. Place
no more than two
wafers in the furnace
with sufficient spacing
so that the flow is
not disturbed. Avoid
any scratch, every
scratch may lead to a
through-hole in the
wafer.

2 Dehydratation On hotplate at 110°C for
3min.

Use a wafer carrier to
avoid scratches on the
back-side of the wafer.

3 Coat negative
photoresist

Resist: nLOF 2020, 2um thick;
Spin at 4000RPM for 40s with
2000RPM/s.

4 Soft-bake 110°C for 1min. Use a wafer carrier to
avoid scratches on the
back-side of the wafer.

5 Exposure MA6 mask aligner;
Layer 6 GDS file;
UV lamp 365nm (I-line);
Dose of 70mJ/cm2;
Soft-contact.

Expose for 5.5s at
13mW/cm2.

6 Post-bake 110°C for 1min. Use a wafer carrier to
avoid scratches on the
back-side of the wafer.

7 Develop negative
photoresist

Develop in AZ 726 MIF for
40s;
Rinse thoroughly with DI
water.

8 RIE etch of SiNx Oxford PlasmaPro NPG 80;
Time: 6min;
O2: 5sccm;
CHF3: 50sccm;
Pressure: 54mTorr;
RF Forward: 100W;
Graphite electrode platen.

DC bias around 300V.

9 Strip negative
photoresist and
piranha cleaning

Acetone for 5min;
Rinse thoroughly with DI
water.
Piranha cleaning: 3:1 Sulfuric
acid:Hydrogen peroxide 30%
at 60°C for 5min.

Caution, strong oxidiz-
ing agent!
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Table A.4: Fabrication protocol of the redox-active nanopore devices reported in chapter 6

Step Description Parameters Comments

10 KOH etching Temperature-regulated water
bath;
KOH: 30% at 69°C;
Etch for 5hours 45min;
Rinse in DI water at 70°C for
10min.

For a Fz-Si wafer with
a thickness of 200um+-
10um.

Lower Insulator
11 O2 Plasma cleaning PVA Tepla GIGAbatch 310M;

Power: 600W;
Time: 2min:
O2 flow: 600sccm;
Pressure: 1.2mbar.

To be done just before
deposition.

12 Deposition of 8nm
SiOx PEALD

Oxford FlexAL;
Cycles: 100;
Precursor: 3DMAS, dose 0.8s;
O2 plasma;
Temperature 300°C.

Deposition rate is
∼0.83A per pulse.

Bottom electrode
13 Dehydrate and coat

negative photoresist
Repeat steps 2-4. Depending on the

chuck and the vacuum
applied the mem-
branes may brake
during spincoating.

14 Exposure MA6 mask aligner;
Layer 1 GDS file;
UV lamp 365nm (I-line);
Dose of 70mJ/cm2;
Hard-contact.

Expose for 5.5s at
13mW/cm2.

15 Develop negative
photoresist

Repeat steps 6-7.

16 O2 Plasma descum PVA Tepla GIGAbatch 310M;
Power: 200W;
Time: 1min:
O2 flow: 500;
Pressure: 1.0mbar.

17 Evaporation of
Cr(2nm)/Pt(10nm)

Evatec BAK501 LL;
Cr: 2nm;
Pt: 10nm;
Deposition rate: 0.1nm/s;
Rotation: 20RPM;
Source distance: 600mm;
Pressure: ∼0.5uTorr.

N2 blow wafer before
loading.
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Table A.4: Fabrication protocol of the redox-active nanopore devices reported in chapter 6

Step Description Parameters Comments

18 Metal Lift-Off DMSO for 1.5hours;
Extract wafer under acetone
flow;
Rinse in water;
Fresh DMSO at 120°C for
30min;
Rinse with IPA and dry with
N2.

Use a gentle water jet
for rinsing otherwise
the membranes may
brake.

19 Piranha cleaning Piranha cleaning: 3:1 Sulfuric
acid:Hydrogen peroxide 30%
at 60°C for 5min.

Caution, strong oxidiz-
ing agent!

Middle insulator
20 O2 Plasma cleaning PVA Tepla GIGAbatch 310M;

Power: 600W;
Time: 2min:
O2 flow: 600sccm;
Pressure: 1.2mbar.

To be done just before
deposition.

21 Deposition of 10nm
SiOx PEALD

Oxford FlexAL;
Cycles: 125;
Precursor: 3DMAS, dose 0.8s;
O2 plasma;
Temperature 300°C.

Deposition rate is
∼0.83A per pulse.

Top electrode
22 Dehydrate and coat

negative photoresist
Repeat steps 2-4. Depending on the

chuck and the vacuum
applied the mem-
branes may brake
during spincoating.

23 Exposure MA6 mask aligner;
Layer 3 GDS file;
UV lamp 365nm (I-line);
Dose of 70mJ/cm2;
Hard-contact.

Expose for 5.5s at
13mW/cm2.

24 Deposit and structure
the electrode

Repeat steps 15-19.

Top insulator
25 O2 Plasma cleaning PVA Tepla GIGAbatch 310M;

Power: 600W;
Time: 2min:
O2 flow: 600sccm;
Pressure: 1.2mbar.

To be done just before
deposition.

26 Deposition of 20nm
SiOx PEALD

Oxford FlexAL;
Cycles: 240;
Precursor: 3DMAS, dose 0.8s;
O2 plasma;
Temperature 300°C.

Deposition rate is
∼0.83A per pulse.

Pad opening
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Table A.4: Fabrication protocol of the redox-active nanopore devices reported in chapter 6

Step Description Parameters Comments

27 Dehydratation On hotplate at 110°C for
3min.

28 Coat positive
photoresist

Resist: AZ 6612, 1.2um thick;
Spin at 4000RPM for 40s with
2000RPM/s.

29 Soft-bake 110°C for 1min.
30 Exposure MA6 mask aligner;

Layer 4 GDS file;
UV lamp 365nm (I-line);
Dose of 40mJ/cm2;
Soft-contact.

Expose for 3.1s at
13mW/cm2.

31 Post-bake 110°C for 1min.
32 Develop positive

photoresist
Develop in AZ 400K 1:4 for
40s;
Rinse thoroughly with DI
water.

33 RIE etch of >30nm
SiOx

Oxford PlasmaPro NPG 80;
Time: 3min 15s;
O2: 1sccm;
CHF3: 49sccm;
Pressure: 15mTorr;
RF Forward: 100W;
Graphite electrode platen.

DC bias around 350V.
Slightly over-etch to en-
sure that all the pads
are perfectly open.

34 Strip positive
photoresist

DMSO at 60°C for 10min;
Extract wafer under IPA flow
and dry.

Use a gentle water jet
for rinsing otherwise
the membranes may
brake.

Counter electrodes and markers
35 Dehydrate and coat

negative photoresist
Repeat steps 2-4. Depending on the

chuck and the vacuum
applied the mem-
branes may brake
during spincoating.

36 Exposure MA6 mask aligner;
Layer 5 GDS file;
UV lamp 365nm (I-line);
Dose of 70mJ/cm2;
Hard-contact.

Expose for 5.5s at
13mW/cm2.

37 Develop negative
photoresist and
descum

Repeat steps 15-16.

38 Evaporation of
Cr(4nm)/Pt(50nm)

Evatec BAK501 LL;
Cr: 4nm, rate 0.1nm/s;
Pt: 50nm, rate 0.2nm/s;
Rotation: 20RPM;
Source distance: 600mm;
Pressure: ∼0.5uTorr.

N2 blow wafer before
loading.
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Table A.4: Fabrication protocol of the redox-active nanopore devices reported in chapter 6

Step Description Parameters Comments

39 Metal Lift-Off and
piranha cleaning

Repeat steps 18-19.

Mask deposition for nanopore formation
40 DC sputter

W(10nm)/Cr(40nm)
FHR.Star.100-PentaCo;
W: 10nm, rate ∼0.14nm/s,
pressure 3mTorr, Ar 100sccm;
Cr: 40nm, rate ∼0.15nm/s,
pressure 6mTorr, Ar 200sccm;
DC power: 0.25kW
Rotation: 30RPM;
Distance: 20mm.

SiNx membrane thinning
41 RIE etch of SiNx Oxford PlasmaPro NPG 80;

Time: 2min;
O2: 5sccm;
CHF3: 50sccm;
Pressure: 54mTorr;
RF Forward: 100W;
Graphite electrode platen.

DC bias around 300V.
Place the wafer upside
down, the etching is
done from the back.

SiOx mask deposition for nanopore formation and back insulator
42 Deposit top SiOx mask

and bottom SiOx
insulator

Oxford FlexAL;
Cycles: 125;
Precursor: 3DMAS, dose 0.8s;
O2 plasma;
Temperature 300°C.

Deposition rate is
∼0.83A per pulse. Run
the step twice, once on
each side of the wafer.
The SiOx below the
membrane serves as
additional insulator to
lower leakage currents.

Wafer dicing Optional. For wafer-
scale pore formation,
must be done later, as a
last step.

43 Coat protective resists Resist: AZ 4512;
Spin at 4000RPM for 40s with
2000RPM/s.

Depending on the
chuck and the vacuum
applied the mem-
branes may brake
during spincoating.

44 Soft-bake 110°C for 1min.
45 Dicing
46 Strip protective resist Acetone for 3min;

Rinse in IPA and dry.
Nanopore formation

47 Dehydratation On hotplate at 150°C for
3min.
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Table A.4: Fabrication protocol of the redox-active nanopore devices reported in chapter 6

Step Description Parameters Comments

48 Coat e-beam resist Resist: CSAR 62900.04, 78nm
thick;
Step1: spin at 500RPM for 5s;
Step2: spin at 6000RPM for
60s with 2000RPM/s.

Depending on the
chuck and the vacuum
applied the mem-
branes may brake
during spincoating.

49 Soft-bake 150°C for 1min.
50 E-beam exposure Vistec EBPG 5200+;

Layer 7 GDS file;
Dose of 525uC/cm2.

51 Develop e-beam resist Develop in AR 600-546 for
1min;
Develop in MIBK:IPA 1:2 for
30s;
Rinse 3x in IPA.

Don’t use water as it
will crack the resist. The
step in MIBK is needed
to remove residues.

52 RIE etch of the SiOx
mask

Oxford PlasmaPro NPG 80;
Time: 2min;
O2: 1sccm;
CHF3: 49sccm;
Pressure: 15mTorr;
RF Forward: 100W;
Graphite electrode platen.

DC bias around 350V.

53 Ion-milling of the Cr
mask

Oxford IonFab 300 Plus;
Time: 4min;
Angle: 10°;
Rotation 20RPM;
Pressure: ∼0.1mTorr;
Platen temp: 10°C;
Beam: voltage 600V, current
150mA, Ar 10sccm;
Neutralizer: 250mA, Ar
5sccm.

54 ICP etch of the Cr
mask

Oxford PlasmaPro
System100;
Time: 2min 30s;
Cl2: 42sccm;
O2: 8sccm;
Pressure: 12mTorr;
RF Generator 4W, ICP
generator 1200W;
Chiller temperature: 20°C.

DC bias around 44V.

55 RIE etch of the W mask Oxford PlasmaPro NPG 80;
Time: 2min;
N2: 30sccm;
SF6: 30sccm;
Pressure: 35mTorr;
RF Forward: 25W;
Graphite electrode platen.

DC bias around 70V.
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Table A.4: Fabrication protocol of the redox-active nanopore devices reported in chapter 6

Step Description Parameters Comments

56 RIE etch of the top
SiOx insulator

Oxford PlasmaPro NPG 80;
Time: 4min;
O2: 1sccm;
CHF3: 49sccm;
Pressure: 15mTorr;
RF Forward: 100W;
Graphite electrode platen.

DC bias around 350V.

57 ICP etch of the
electrodes and the
middle insulator

Oxford PlasmaPro
System100;
Time: 1min 30s;
Cl2: 22.5sccm;
SiCl4: 7.5sccm;
Pressure: 1.9mTorr;
RF Generator 100W, ICP
generator 600W;
Chiller temperature: 20°C.

DC bias around 280V.

58 RIE etch of the SiOx
lower insulator

Oxford PlasmaPro NPG 80;
Time: 2min;
O2: 1sccm;
CHF3: 49sccm;
Pressure: 15mTorr;
RF Forward: 100W;
Graphite electrode platen.

DC bias around 350V.

59 RIE etch of SiNx
membrane

Oxford PlasmaPro NPG 80;
Time: 2min;
O2: 5sccm;
CHF3: 50sccm;
Pressure: 54mTorr;
RF Forward: 100W;
Graphite electrode platen.

DC bias around 300V.

60 RIE etch of the SiOx
back insulator

Oxford PlasmaPro NPG 80;
Time: 3min;
O2: 1sccm;
CHF3: 49sccm;
Pressure: 15mTorr;
RF Forward: 200W;
Graphite electrode platen.

DC bias around 500V.
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A.2.5 Fabrication of the device holder

The PMMAplates of the device holder discussed in section 3.2 were micromachined according
to the drawing shown in fig. A.1.
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Figure A.1: Technical drawing of the reservoir plate (top) and the channel plate (bottom).
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A.3 SuppORTING METHODS AND INSTRuMENTATION

A.3.1 Use of the source measure unit as bipotentiostat

Asdiscussed in section 3.2.1, amperometricmeasurementswere conductedwith a SMU(2636B,
Keithley Instruments LLC, USA) configured in 4-wire mode. Figure A.2 shows the electrical
connections used on the back panel of the SMU when used as bipotentiostat.

Force LO
REF

𝑊𝐸2

CE

Sense LO

𝑊𝐸1

Figure A.2: Sketch of the electrical connections on the back panel of the source measure unit
(SMU) (2636B, Keithley Instruments LLC, USA) when used as a bipotentiostat. The chan-
nels are configured in 4-wire mode. The counter electrode (CE) is connected to the negative
sourcing leads, the reference electrode (REF) to the negative sensing leads, each of the two
working electrodes (WEs) is connected to both the positive sourcing and sensing leads of
channel A and B, respectively. The color of the cables corresponds to the color used in the
user manual of the SMU.

A.3.2 Characteristics of the gas proportioner

The reading scale of the gas proportioner (GMR2-010457, Aalborg Instruments and Controls
Inc, USA) used in chapter 5 is in mm. To determine the corresponding ratio of O2/N2, the flow
rate conversion table of the manufacturer was used. The data are reproduced in table A.5.

mm O2 mLmin−1 N2 mLmin−1 mm O2 mLmin−1 N2 mLmin−1

150 74 85 70 27 32
140 67 77 60 24 28
130 61 70 50 20 23
120 53 62 40 16 19
110 47 54 30 13 15
100 42 49 20 10 12
90 38 44 10 4 8
80 32 37 0 0 0

Table A.5: Conversion table between the reading scale (mm) and the flow rate of the gas proportioner
for O2 and N2. Data provided by the manufacturer at standard conditions of 101.3 kPa and
21.1 °C.
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A.4 CHARACTERIzATION OF THE SINGLE-LAyER TIN pH SENSOR

A.4.1 Conductance of the TiN layer

The conductance of the 12 nm TiN layer was measured on dedicated devices where the TiN
layer was structured into 30 × 700µm narrow strips contacted by a pair of 250 × 250µm large
contact pads metallized with 50 nm Pt. The geometry is shown in the bottom right inset of
fig. A.3. The same glass wafers as for the single-layer TiN pH sensor were used. The pads
were contacted by a probe station and I-V traces were taken from −1 to 1V with a SMU (4200-
SCS, Keithley Instruments LLC, USA). As shown in fig. A.3, the TiN strips have a conduc-
tance of 265 ± 6µS. Given the geometry used, this value translates in a conductivity of 𝜎 =
5.15 ± 0.12 × 105 Sm−1. The linearity of I-V traces indicate that the electrical contacts to the TiN
strips were ohmic.

Figure A.3: Current-voltage trace and conductance of
30 × 700µm strips of 12 nm thick TiN. The
geometry used for the measurements is shown
in the bottom right inset (orange is TiN not
drawn to scale, blue is 50 nm Pt on top of TiN).
Reported is the slope ±2 SE of a linear fit of three
strips on different devices. .

𝐺 = 265 ± 6µS
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A.4.2 Response to potential steps

The influence of a sudden change of the REF potential on the pHE potential 𝐸pH was mea-
sured by connecting a voltage source (2636B, Keithley Instruments LLC, USA) in series be-
tween the REF and the electrometer voltmeter. The voltage source was programmed to apply
the sequence 0, 100, 200, 300, 0, −100, −200, −300 and 0mV at 5 s intervals. The measurement
was conducted in 100mM KCl on the largest (1.6 × 10−7 m2), medium (4.15 × 10−9 m2) and
smallest (2.5 × 10−11 m2) pHE. The response is shown in fig. A.4.
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Figure A.4: Time response to electrostatic steps and kinetics of TiN pH electrodes (pHEs) of various sur-
face areas. (a) Time response of the largest (braun), smallest (green) and a medium-sized
(red) pHE to a series of ±100mV steps applied on the reference electrode in 100mM KCl.
Kinetics of the response for a step of 100mV (b) and −100mV (c). All pHEs respond imme-
diately and by the expected amplitude.
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A.5 CHARACTERIzATION OF THE DISSOLvED OxyGEN AND BuFFER CA-
pACITy SENSOR

A.5.1 Leakage current and capacitance

As discussed in section 5.2.1, theWE and the pHE are separated only by a 12 nm thin insulating
layer of SiO2. To determine the leakage current and the capacitance between both electrodes, I-
V trace traces were taken from −1 to 1V between the pads of theWE and the pHEwith a probe
station and a SMU. The leakage current was measured in 27 sensors. Capacitances were mea-
sured by charging the electrodes with a constant current of either 10 pA or 5 pA using the same
SMU. The capacitance was estimated with an ordinary least squares fit over 18 sensors. The re-
sults are presented in fig. A.5. Note that the given capacitance may slightly be overestimated
since the leakage current was not taken into account.
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Figure A.5: Leakage current and capacitance between

the working electrode (WE) and the
pH electrode (pHE). (a) Current-voltage
traces measured between the WE and the
pHE of 27 sensors. (b) Potential built
across the WE and the pHE upon injec-
tion of a constant current. The given ca-
pacitance results from an ordinary least
squares fit over 18 sensors.

A.5.2 Determination of the roughness factor

The faradaic current at the WE during ORR depends on the microscopic surface area of the
WE. As discussed in section 5.2.2, the WE is made of Pt deposited by e-beam evaporation. The
roughness factor 𝜌 was determined by AFM on a 500 × 500 nm area on a Pt layer deposited by
e-beam evaporation under the same conditions as the WE. The results are shown in fig. A.6. A
factor 𝜌 = 1.05 was determined from the map shown in fig. A.6b.
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Figure A.6: Surface roughness measurement of the Pt films using atomic force microscopy. (a) Map of a
large 5 × 5µm area. (b) Map of the small 500 × 500 nm area used to estimate the roughness
factor 𝜌.
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A.5.3 Calibration of the pH electrode

The potentiometric response of the pHE to pH was measured in commercial reference buffer
concentrates of 3 to 10 pH (Titrisol, Merck KGaA, Germany). For these measurements, the WE
was biased at 0.1V. As discussed in section 3.2.2, the solutions were dispensed sequentially
in arbitrary order by a syringe pump set to a pulling flow rate of 4mLmin−1. A computer-
controlled microfluidic rotary valve was used to select one of the 8 pH buffer solutions at inter-
vals of 2min. The change in potential between the solutions were sampled 5 s before and after
the injection of the solutions. An ordinary least squares fit over all potential changes was used
to determine the sensitivity and its uncertainty.
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Figure A.7: Response and sensitivity of the perforated pH electrode (pHE). (a) Potential of the pHE
for solutions with a pH of 3 to 10 dispensed sequentially in arbitrary order. (b) Change in
potential of the pHE for all the changes in pH shown in (a). The black dashed line shows
the mean sensitivity estimated by an ordinary least squares fit over all pH changes. (c) Time
response of the pHE to a change in pH of 2 and 1, respectively.

A.6 CHARACTERIzATION OF THE REDOx-ACTIvE NANOpORE DEvICES

A.6.1 Leakage currents in selected insulators

To avoid leakages currents between the TE and BEwhich exceed the faradaic current, the 10 nm
thin insulator between both electrode must be free of defects and exhibit a high resistivity. As
such properties are influenced by the deposition method [299], we investigated several mate-
rials and deposition methods. Layers (10 nm) of Al2O3, HfO2 and SiO2 deposited by PEALD,
layers of Al2O3 and HfO2 deposited by ALD, layers of SiO2 and Si3N4 deposited by plasma en-
hanced chemical vapor deposition (PECVD) and layers of Ta2O5 deposited by DC sputtering
were investigated. I-V traces were taken between the TE and BE from −3 to 3V using amechan-
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ical probe station and a SMU (4200-SCS, Keithley Instruments LLC, USA). Each potential step
was applied for a duration of 15 s. The results are summarized in fig. A.8.
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Figure A.8: Leakage current in a selection of insu-

lating materials. Current-voltage traces
measured between the top electrode and
bottom electrode separated by a 15 nm
thick layer of SiO2 (turquoise), Si3N4
(red), Ta2O5 (green), HfO2 (orange),
and Al2O3 (blue). The materials were de-
posited by plasma enhanced atomic layer
deposition (PEALD) (circles), plasma
enhanced chemical vapor deposition
(PECVD) (squares) or direct current
magnetron sputtering (DC sputtering)
(triangles). Reported is the mean +2 SD
of 3 to 9 different devices.

A.6.2 Electrical shorts following pore formation

As described in section 6.2.3, electrical shorts induced by the NP etching process were investi-
gated. Figure A.9 shows typical I-V traces taken between the TE and BE following pore forma-
tion.
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) Figure A.9: Current-voltage traces (I-V traces) of redox-

active nanopores following pore formation. I-
V traces measured between the top electrode
and bottom electrode of NPs formed usingAr
reactive ion etching (RIE) (blue), Cl2/SiCl4
RIE (orange), Ga focused ion beam (FIB)
(red) and Ar ion beam (IB) (turquoise). Se-
lection of 3 typical traces resulting from each
method.

A.6.3 Redox-cycling with potassium ferrocyanide

In fig. 6.7, we have reported about redox-cycling currents using Fc(MeOH)2 as redox couple.
In the following, we show the same measurements made using Fe(CN)6. Unlike Fc(MeOH)2,
which has a limited solubility in water of about 5mM, Fe(CN)6 is soluble up to a few M. In
fig. A.10, we show the faradaic current at the TE and BE under redox-cycling conditions when
the TE is swept from 0 to 0.8V while the BE is kept at 0V vs. Ag/AgCl REF (see section 6.2.4
for details).

A.6.4 Number of molecules in redox-active nanopores

The number of redox species in a redoxNP of a given diameter can be estimated using a simple
cylinder model. The height of the cylinder is given by the distance between the BE and the TE.
As shown in fig. 6.2c, this distance is 30 nm. For a given a redox NP diameter, the volume and
thus the number of molecules between the TE and BE can be estimated. As shown in fig. A.11,
the number of molecules for the concentration range and diameters reported in this thesis is
estimated as >30.
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Figure A.10: Redox-cycling current with
potassium ferrocyanide
(Fe(CN)6) measured at the
top electrode (TE) (solid
lines) and at the bottom
electrode (BE) (dashed lines)
of redox-active nanopore with
basic diameters of 500, 50 and
20nm.
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A.6.5 Redox-active nanopore arrays

Throughout chapter 6, we have reported about the fabrication of single redox NPs at the cross-
ing point of the TE and BE. Due to the flexible EBL based process flow, it is possible to fabricate
arrays of redox NPs with multiple pore sizes without changing the process flow. This is shown
in fig. A.12, where redox NPs with basic diameters of 250, 150, 75 and 20nm have been pro-
cessed. Due to the magnification used, the diameter of the smallest redox NP could not be
accurately determined. In both images, the Cr hardmask is still present.

Figure A.11: Estimated number of molecules in redox-
active nanopores (redox NPs) between a
top electrode and a bottom electrode sep-
arated by a distance of 30 nm (according
to the structure shown in fig. 6.2c.
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Figure A.12: Demonstration of the fabrication of redox-active nanopore (redox NP) arrays with four re-
dox NPs having a basic diameters of 250, 150, 75 and 20nm. (a) Scanning electron micro-
scope (SEM) micrograph of the NPs using a secondary electron detector from the top and
(b) through using a transmission electron detector placed below.
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A.7 SIMuLATION OF THE DISSOLvED OxyGEN AND BuFFER CApACITy
SENSOR

A.7.1 Simulated reactions

The simulations encompassed the ORR, the ionization of water and the polyprotic buffer activ-
ity of PBS. The reaction of ORR is given in eq. (5.1).

Water ionization

The ionization of water is described by

H2O
𝑘𝑓 𝑤−−−⇀↽−−−𝑘𝑏𝑤

H+ + OH− (A.1a)

𝐾H2O = [H+][OH−]
[H2O] (A.1b)

𝐾𝑤 = 𝐾H2O𝐶�

H2O = [H+][OH−] (A.1c)

where 𝑘𝑓 𝑤 and 𝑘𝑏𝑤 are the rate constant of water dissociation and neutralization, respectively.

Both are related by the dissociation constant of water such that 𝐾H2O =
𝑘𝑓 𝑤
𝑘𝑏𝑤

. Values of the
physical constants are given in table A.6.

Buffer reactions

The buffer activity of PBS at neutral and alkaline conditions is described by its second and
third dissociation constants 𝐾𝑎2

and 𝐾𝑎3
. For the sake of clarity, the constituting species of the

buffer are referred to as H2X
– , HX2– and X3– . Because water ionization was not treated as

instantaneous, distinct reactions for protolysis and hydrolysis of the buffer species are used.
The two protolysis reactions are described by

H2X
−

𝑘𝑓 𝑎2−−−⇀↽−−−𝑘𝑏𝑎2

H+ + HX2− (A.2a)

𝐾𝑎2
= [H+][HX2−]

[H2X
−] (A.2b)

and

HX2−
𝑘𝑓 𝑎3−−−⇀↽−−−𝑘𝑏𝑎3

H+ + X3− (A.3a)

𝐾𝑎3
= [H+][X3−]

[HX2−]
(A.3b)

The two hydrolysis reactions are described by

HX2−
𝑘𝑓 𝑏2−−−⇀↽−−−𝑘𝑏𝑏2

H2X
− + OH− (A.4a)

𝐾𝑏2
= [H2X

−][OH−]
[HX2−]

(A.4b)

and

X3−
𝑘𝑓 𝑏3−−−⇀↽−−−𝑘𝑏𝑏3

HX2− + OH− (A.5a)

𝐾𝑏3
= [HX2−][OH−]

[X3−]
(A.5b)
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Both dissociation constants of hydrolysis are related to their counterparts for protolysis as fol-
lows 𝐾𝑤 = 𝐾𝑎2

𝐾𝑏2
and 𝐾𝑤 = 𝐾𝑎3

𝐾𝑏3
. Table A.6 provides an overview of all physical constants

and their values used for the simulations.

Symbol Description Value Unit Ref.

𝐷H2O self-diffusion coefficient of water 2.29 × 10−5 cm2 s−1 [300]
𝐷O2

diffusion coefficient of O2 1.96 × 10−5 cm2 s−1 [301]
𝐷H+ diffusion coefficient of H+ 9.31 × 10−5 cm2 s−1 [302]
𝐷OH− diffusion coefficient of OH– 5.27 × 10−5 cm2 s−1 [302]
𝐷H2X

− diffusion coefficient of H2PO4
– 9.59 × 10−6 cm2 s−1 [303]

𝐷HX2− diffusion coefficient of HPO4
2– 7.59 × 10−6 cm2 s−1 [303]

𝐷X3− diffusion coefficient of PO4
3– 8.24× 10−6 cm2 s−1 [303]

𝐻𝑐𝑝 Henry’s law constant for O2 1.2 × 10−5 MPa−1 [304]
𝑝� standard pressure 105 Pa [305]
𝐶�

H2O concentration of pure water 55.34 M [306]
𝐶∗

HX bulk concentration of HPO4
2– 0 to 10 mM def.

𝐶∗
H+ bulk concentration of H+ 10−7.2 M def.

𝐾H2O dissociation constant of water 1.82 × 10−16 M [306]
𝐾𝑎3

3rd acid dissociation constant 10−12.4 [307, 308]
𝐾𝑎2

2nd acid dissociation constant 10−6.86 [307, 308]
𝑘𝑏𝑤 rate constant of neutralization 1.4 × 1011 M−1 s−1 [306]
𝑘𝑏𝑏3

3rd base rate constant for recombination 2 × 104 M−1 s−1 def.
𝑘𝑏𝑏2

2nd base rate constant for recombination 2 × 104 M−1 s−1 def.
𝑘𝑏𝑎3

3rd acid rate constant for protolysis 105 M−1 s−1 def.
𝑘𝑏𝑎2

2nd acid rate constant for protolysis 105 M−1 s−1 def.
𝑠𝑝𝐻 sensitivity of the pHE −55 × 10−3 VpH−1 meas.
𝜌 roughness factor of the Pt films 1.05 meas.
𝐴𝑔 geometric area of the Pt film of the WE 78.75 × 10−9 m2 def.
𝑟𝑁𝑊 radius of the NWs 40 × 10−9 m def.
𝑟𝑎𝑟𝑟𝑎𝑦 half distance between the NWs 70 × 10−9 m def.

Table A.6: Physical constants used in the finite volume method simulations. All values are at 25 °C. Def.
and meas. means defined, respectively measured, by us.

A.7.2 Validation of the simulations

We validated the simulation algorithm with known analytical expressions. First, we validated
the equilibrium and kinetics of water ionization and buffer reactions. Second, we validated the
concentration profiles of O2 and OH– during ORR.

Water ionization

When some amount of OH– is added to an aqueous solution, water ionization will oppose to
the change and the equilibrium concentration of OH– will be lower than the added amount, in
line with Chatelier’s principle. For a given change Δ𝐶OH− , the equilibrium equation according
to eq. (A.1c) is 𝐾𝑤 = (𝐶OH−(0) + Δ𝐶𝑤) ⋅ (𝐶H+(0) + Δ𝐶𝑤), where Δ𝐶𝑤 is the contribution from
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(a) Water ionization (b) Buffer reactions
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Figure A.13: Validation of the finite volumemethod (FVM) simulation forwater ionization (a) and buffer
reactions (b). (a) Simulated relaxation kinetics of water ionization for a change Δ𝐶OH− =
𝐶∗

OH− × 102, when 𝐶∗
O2

= 0 and 𝑘𝑏𝑎2
= 𝑘𝑏𝑎3

= 𝑘𝑏𝑏2
= 𝑘𝑏𝑏3

= 0. The black dashed line shows
the theoretical kinetics calculated from eq. (A.7). The grey dash-dotted line is the ionization
constant 𝐾𝑤 defined in eq. (A.1c). (b) Simulated relaxation kinetics of the buffer reactions
for a change Δ𝐶H+ = 𝐶∗

H+ ×102, when 𝐶∗
O2

= 0 and 𝑘𝑏𝑤 = 0. The black dashed lines show the
theoretical kinetics calculated from eq. (A.8). The grey dash-dotted line is the second acid
dissociation constant 𝐾𝑎2

of the buffer reaction defined in eq. (A.2).

water ionization. The polynomial Δ𝐶2
𝑤 +Δ𝐶𝑤(𝐶OH−(0)+𝐶H+(0))+(𝐶OH−(0)𝐶H+(0))−𝐾𝑤 = 0

can be solved for Δ𝐶𝑤. The resulting equilibrium concentrations at 𝑡 = ∞ are then given by

𝐶OH−(∞) = 𝐶OH−(0) + Δ𝐶𝑤 (A.6a)
𝐶H+(∞) = 𝐶H+(0) + Δ𝐶𝑤 (A.6b)

and the kinetics to reach that equilibrium is given by [309]

𝐶OH−(𝑡) = 𝐶OH−(∞) − Δ𝐶𝑤𝑒
−𝑡
𝜏 (A.7a)

𝜏 = 1
𝑘𝑓 𝑤 + 𝑘𝑏𝑤(𝐶OH−(∞) + 𝐶H+(∞)) (A.7b)

In fig. A.13a we compare the analytical results with those obtained by simulation (note that
here the buffer reactions and ORR were disabled by setting 𝑘𝑏𝑎2

= 𝑘𝑏𝑎3
= 𝑘𝑏𝑏2

= 𝑘𝑏𝑏3
= 0 and

𝐶∗
O2

= 0, respectively). Both the equilibrium value and the kinetics are in good agreement.
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Buffer reactions

Using the same approach as for water ionization, we can derive the equilibrium concentration
and kinetics of the buffer reactions eqs. (A.2) to (A.5) for a given change in pH Δ𝐶H+ . Here,
we give the kinetics expression for eq. (A.2) only, which is the dominant reaction at neutral pH.
From eq. (A.2b), the equilibrium equation is

𝐾𝑎2
=

(𝐶H+(0) + Δ𝐶𝑏) ⋅ (𝐶HX2−(0) + Δ𝐶𝑏)
𝐶H2X

−(0) − Δ𝐶𝑏

where Δ𝐶𝑏 is the contribution from the buffer, which is again found by solving the associated
polynomial. The kinetics to reach equilibrium concentration for each of the species is then given
by [309]

𝐶H+(𝑡) = 𝐶H+(∞) − Δ𝐶𝑏𝑒
−𝑡
𝜏 (A.8a)

𝐶HX2−(𝑡) = 𝐶HX2−(∞) − Δ𝐶𝑏𝑒
−𝑡
𝜏 (A.8b)

𝐶H2X
−(𝑡) = 𝐶H2X

−(∞) + Δ𝐶𝑏𝑒
−𝑡
𝜏 (A.8c)

𝜏 = 1
𝑘𝑓 𝑎2

+ 𝑘𝑏𝑎2
(𝐶H+(∞) + 𝐶HX2−(∞)) (A.8d)

In fig. A.13b we compare the analytical results with those obtained by simulation (here we
disabled water ionization and ORR by setting 𝑘𝑏𝑤 = 0 and 𝐶∗

O2
= 0, respectively). For all

species, both the equilibrium value and the kinetics are in good agreement.

Concentration profiles during oxygen reduction reaction

The analytical calculations of the concentration profiles are based on an infinite electrode, for
which analytical expressions can be derived. These expressions predict the linear diffusion pro-
file normal to the surface of an infinite electrode. In the case of finite electrodes, this condition
is fulfilled at the center of theWE for some time before the radial diffusion becomes significant.
During ORR, under assumption of linear diffusion and boundary condition 𝐶O2

(0, 𝑡) = 0, the
concentration profile of O2 normal to the electrode is given by [57]

𝐶O2
(𝑧, 𝑡) = 𝐶∗

O2
erf⎛⎜⎜⎜

⎝

𝑧
2√𝐷O2

𝑡
⎞⎟⎟⎟
⎠

(A.9)

It follows that the normal component of the flux of OH– species at theWE resulting fromORR
(according to eq. (5.1)) is

JOH−(0, 𝑡) = −4JO2
(0, 𝑡) = 4𝐷O2

𝜕𝐶O2
(𝑧, 𝑡)

𝜕𝑧 = 4𝐶∗
O2

√𝐷O2

√𝜋𝑡
(A.10)

The concentration profile of OH– species resulting from eq. (A.10) is

𝐶OH−(𝑧, 𝑡) = 4𝐶∗
O2

√ 𝐷O2

𝐷OH−
erfc⎛⎜

⎝
𝑧

2√𝐷OH− 𝑡
⎞⎟
⎠

+ 𝐶∗
OH− (A.11)

To the best of our knowledge, eq. (A.11) has not been reported before. Therefore, in the follow-
ingwe givemore details on its derivation. The diffusion of OH– species in the normal direction
to the surface is (see eq. (2.27))

𝜕𝐶OH−

𝜕𝑡 = 𝐷OH−
𝜕2𝐶OH−

𝜕𝑧2 (A.12)
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under the boundary conditions

lim𝑧→∞ 𝐶OH−(𝑧, 𝑡) = 𝐶∗
OH− (A.13a)

𝜕𝐶OH−

𝜕𝑧 (𝑧 = 0, 𝑡) = − JOH−(0, 𝑡)
𝐷O2

= 4𝐶∗
O2

√𝐷O2

√𝜋𝑡
(A.13b)

Taking the Laplace transform of eq. (A.12) on the variable 𝑡 leads to the following second order
linear inhomogeneous partial differential equation

𝑠𝐶OH− − 𝐶∗
OH− = 𝐷O2

𝜕2𝐶OH−

𝜕𝑧2 (A.14)

for which there is a general solution

𝐶OH− = 𝐶1 exp⎛⎜⎜⎜
⎝

𝑧√𝑠
√𝐷O2

⎞⎟⎟⎟
⎠

+ 𝐶2 exp⎛⎜⎜⎜
⎝

− 𝑧√𝑠
√𝐷O2

⎞⎟⎟⎟
⎠

(A.15)

Setting the constant 𝐶1 = 0 and applying the boundary conditions eqs. (A.13a) and (A.13b),
the solution of eq. (A.14) becomes

𝐶OH− = 4𝐶∗
O2

√𝐷O2

√𝐷OH−

1
𝑠 exp⎛⎜⎜⎜

⎝
− 𝑧√𝑠

√𝐷O2

⎞⎟⎟⎟
⎠

+
𝐶∗

OH−

𝑠 (A.16)

Finally, taking the inverse Laplace transform of eq. (A.16) leads to eq. (A.11).
In fig. A.14 we compare the analytical results with those obtained by simulation (here we

disabled water ionization and the buffer reactions by setting 𝑘𝑏𝑤 = 𝑘𝑏𝑎2
= 𝑘𝑏𝑎3

= 𝑘𝑏𝑏2
= 𝑘𝑏𝑏3

=
0). As expected, the simulation results at the center of the WE 𝑟 = 0 are in good agreement
with the analytical expressions for a limited time. As seen in fig. A.14b, for times ≤1µs the
agreement for both O2 and OH– is excellent. Passed this time, the radial diffusion of OH–

towards the WE leads to an increasing discrepancy between the simulation and the analytical
results. This is expected since the analytical expressions do not account for radial diffusion. As
seen in fig. A.14e, the profiles at 100 nm next to the WE are smaller and delayed compared to
situation at the center of the WE.

In fig.A.15,we compared the simulatedOH– flux at theWEwith the fluxpredicted by eq. (A.10).
Beside a single discrepancy when 𝑧 → 0 attributed to the discretization of the space inherent
to the FVM, both fluxes are in good agreement.
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Figure A.14: Validation of the concentration profiles from the finite volume method (FVM) simulation
for oxygen reduction reaction (ORR) at different time points (columns a-c) and at different
radial distances (rows d-e). Solid lines show the simulated concentration profiles for ORR,
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Figure A.15: Validation of the flux from the finite volume method simulation for oxygen reduction reac-
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shows the analytical time evolution calculated from eq. (A.10).
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