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ABSTRACT

Electron microscopy has enabled us to visualize objects that are not observable with a
light microscope. With Transmission electron microscope observation up to subatomic
level is possible. Generally, the sample is under vacuum in an electron microscope. But
in real life sample is under influence of environmental conditions like liquid, gas, tem-
perature. Development in Micro electro mechanical systems (MEMS) has made it pos-
sible to make nanocell, which encloses sample and provide different stimuli like gas,
liquid, voltage, temperature. This allows real-time changes in the sample in different
environmental conditions. This has a wide area of application in the field of physics,
chemistry, biology, and material science.

Imaging in liquid environment contains encapsulated liquid (liquid nano cell), which
allows high energy electron beam passes through thin windows and reaching to detec-
tors. While the electron beam passing through the liquid, the interaction of both splits
water and generates radiolysis products. These radiolysis products contain gases, ions,
radicals, and other chemical compositions. These products affect the chemistry in liq-
uid and therefore the observations in the experiment. So itis important to quantify these
generated species. One of the species that is generated due to radiolysis is H* ion. Be-
cause of this, pH of the liquid changes. Numerical studies are available to quantify this
pH change but species generation data is interpolated to several orders of magnitude
and very limited experimental work is available. Especially for pH change, no experi-
mental attempts are found.

The goal of this thesis was to measure pH change due to radiolysis. For this two prob-
lems need to tackle simultaneously, making micro size pH sensor on-chip and trying to
find out what species due to radiolysis has the potential to affect pH measurements. Ra-
diolysis generates 15 species for pure water and characterizing all of them is difficult.
So here approach is taken to measure species effect just outside the electron beam area,
which reduces to only 5 species to consider. Species generation and its effect on the plat-
inum electrode are analyzed. For Ultra pure water (pH 7.2), the measured voltage shift
was negative and for pH 4.01 (Buffer solution) and pH 2.45 (H,SO4 solution), it was posi-
tive with increase in dose rate. The reason for this could be the generation of excess H, O
for acidic solutions and generation of excess O, for neutral pH solutions. So it is impor-
tant to shield the effect of these two species for successful pH measurement just outside
the beam region. The optimization code is written to decide the place and thickness of
two pH measuring electrodes for maximum H™ ion detection and minimum effect for
other species. From literature it is found that IO, has selectivity of 107 for H»0,. Re-
sults from the optimization code conclude that the sensing layer should have minimum
selectivity for O, = 0.1, to measure any meaningful pH change outside the beam area.

pH sensing characteristics of the Platinum electrode reveal a maximum error of 0.4
pH in measurement. Manufacturing of the Iridium oxide layer is done to see pH sens-
ing properties. Error estimation concludes that due to Iridium oxide with the current
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manufacturing technique maximum error is 0.4 pH. However, according to simulations
outside the beam area, maximum pH change is 1.34 pH. From the optimization code di-
mensions of two pH sensing electrodes are decided. Considering maximum error from
pH measurement experiments and error from species interference from simulations, an
electrode configuration has been designed. The design allows pH measurement for the
dose rate 5 * 107 Gy/s and above for initial pH of solution ranging from 6 to 8.
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INTRODUCTION

Transmission Electron Microscopy (TEM) allows study of objects at the nano scale. Elim-
inating aberration problems with aberration correction enhances the ability to go up to
subatomic level. TEM is mainly composed of a vacuum chamber with typically elec-
tron beam source (electron gun) of 100 — 300 KV. Vacuum chamber ensures minimum
interference of electron beam with other molecules. The electron beam is directed and
focused by magnetic lenses. Sample holder holds sample at correct location and angle
of observation. The sample is very thin (few hundred nano meter) so that the electron
beam could pass through. Interaction of electron beam and sample deflects the electron
beam that is captured by detectors to create image of sample. A schematic of TEM is
shown in figure 1.1a. Analyzing the sample under static conditions (vacuum and room
temperature) does not represent real life situation for many cases. To understand the
structure-property relationship of the different samples, it would be necessary to visu-
alize (in real time) the dynamic mechanisms of the specimen as a function of different
stimuli (e.g. temperature, pressure, bias, liquid, etc) that would manipulate and mimic
the real life conditions to which such sample is normally exposed. In-situ TEM makes it
possible.

1.1. TRANSMISSION ELECTRON MICROSCOPY IN LIQUID CELL
Development of Micro Electro Mechanical System (MEMS) has facilitated in-situ TEM.
There are functionalized holders that contain MEMS chip, within which it is possible to
combine different native environment (e.g. liquid , gas) surrounding the sample. MEMS
gives possibility to combine different stimuli (e.g. gas heating, liquid heating, gas bias-
ing, liquid biasing etc.). Liquid sample holder with exploded view of holder tip is shown
in figure 1.2. It consists of two chips (Top chip and Bottom chip) and a O-ring, combi-
nation of these three is called nano cell. MEMS chip is located in tip area with O-ring to
seal the liquid within cell. Bottom chip (figure 1.2c) has features to make flow in nano
cell possible. Inlet and outlet is shown on chip. Electron transparent window is made of
Si3 Ny, which allows to pass electrons. Similar type of holders are available for gas system
with some modifications.
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Figure 1.1: (a) Schematic diagram of TEM[I] (b) Commercial transmission electron microscope (JEM-
2100Plus) [2]

Outlet

Electron
transparent

(b) (c) window

Bottom chip

Figure 1.2: DENSsolutions Stream system (a) sample holder for liquid sample (b) sample holder tip with liquid
cell and (c) MEMS chip with electrodes and inlet and outlet channel [3]
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Many processes occur in moist environment, most of biological species naturally oc-
cur liquid environment. These processes can be captured using specially designed liquid
cell. Mainly two types of liquid cells are used for this purpose, open cells and encapsu-
lated cells (or monolithic cells) [4]. In open cell differential pressure is maintained in the
sample by special differential pumping system, which ensures vacuum in other parts of
chamber. Low vapour pressure liquids and particularly ionic liquids can be easily im-
aged this way. Water which has high vapour pressure can also be imaged by this method
but that will require cooling stage with TEM [5]. Closed cell is under vacuum from the
outside and the inside will be pressure with few bars, so it should withstand that pressure
difference. Material with high Young’s modulus is required to avoid bulging of cell. Sili-
con nitride, hexagonal boron nitride, graphene are some materials that can be used for
this application. Silicon based micro-manufacturing techniques are well developed so
membrane with silicon nitride is suitable for manufacturing. Graphene on the other side
with single atomic thickness, has well known properties such as electron transparency, a
very high young’s modulus. it is a zero overlap semi-metal (with both holes and electrons
as charge carriers) with very high electrical conductivity. However, the lack of compat-
ible micro manufacturing techniques makes it difficult to fully integrate it within the
manufacturing of liquid cells [6].

117 . - . ;
d | ?
Wi e / | ,
®—: Cysteamine — CTA* +==H-bond 50 NM ! i!

Figure 1.3: Examples of liquid sample in-situ TEM observations (a) Gold nano particles bond under different
concentrations of solution [7] (b) Electrochemical deposition of Lead (Pb) (number in image shows branches
of Lead (Pb) [8] (c) Nano droplet condensation inside graphane channel [9] (d) Iron (Fe) corrosion in acetic
acid environment [10]

In-situ TEM for liquid samples can be used for wide area of application in physics,
chemistry, biology and material science. Some examples of liquid medium in-situ TEM
are mentioned here. Dynamics of nano particles generation and cluster formation can
be analyzed by liquid in-situ TEM [11], like a study is done for nano gold rods bond
formation under different concentration of solution (figure 1.3a), which gives better un-
derstanding of bond formation[7]. Another application is electro chemical processes,
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which are important mostly for energy storage and material synthesis. Real time ob-
servation helps to reveal kinetics of electrochemical processes and composition it gets
after process[12]. In-situ TEM analysis of Electro chemical deposition of lead (Pb) on
gold (Au) electrode (figure 1.3b) using lead nitride solution as electrolyte reveals solu-
tion concentration significantly affects morphology of deposition [8]. Growth and uni-
formity of Lithium (Li) electro deposition for Li-ion batteries can be visualized under
TEM and optimum current densities can be obtained [13]. TEM has already been used
to see corrosion products, but in-situ TEM can make it possible to see critical changes
during process [14]. Iron (Fe) thin film corrosion with acetic acid is analyzed (figure
1.3d). Dissolution of iron (Fe) grains gives insight of corrosion of different grain shape
and size[10]. Liquid at nano scale behaves differently than micro scale because free en-
ergy and configuration entropy become important at nano scale. In-situ TEM can be
used to visualize movement of liquid on solid substrate and solid nano particles move-
ment in liquid [9], like nano droplet condensation inside graphane nano tube is shown
in figure 1.3c.

1.2. CHALLENGES IN LIQUID CELL IN-SITU TEM

Liquid cell in-situ transmission electron microscopy allows the study of liquids or objects
in liquid with atomic level resolution. There are many exciting applications in the field
of corrosion, battery electrolyte, biological cell observation, etc. The main problem with
these studies is the electron interaction with liquid (radiolysis), which generates species
like gases, radicals, and ions. Species generated may react or change the composition of
the sample. This changes the environment surrounding the observation point, so it is
important to know the concentration of species generated to interpret observation from
TEM correctly.

One of the chemical property that is important for liquid is pH. pH is the measure-
ment of H* ions in solution. It is important to quantify pH change inside liquid nano cell
while observation. Interaction of electron beam with liquid also generates heat. Heated
sample can behave differently, so it is also important to quantify temperature change
due to this.

To quantify these parameters main challenge is a very small confined volume (in or-
der of nanoliter), and limited understanding of electron beam interaction with liquid at
high dose rate (in order of 10°Gy/s). To address these challenges this thesis focus on the
measurement of pH change inside liquid nano cell and characterization of pH sensor.
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LITERATURE AND THEORY

Discussion of electron beam interaction with water and pH sensing theory is done in this
section. After extensive literature study design parameters affecting pH sensor is derived
and conclusions based on that is made for selection of material and pH sensing method.

2.1. EFFECT OF ELECTRON BEAM ON LIQUID SAMPLE

To get higher resolution from TEM it is important to tackle the problem of aberration
correction. Another way is to decrease the wavelength of incoming electron, therefore
requiring the user to increase the accelerating voltage. Development of suitable sample
preparation methods (e.g. using focused ion beam) has paved a way to make samples
that are electron transparent with typical thickness < 50 nm. That has decreased re-
quirement of high voltage for atomic level resolution. This electron beam interacts with
sample during analysis [1, 2]. Electron beam damages sample in two main way, ion-
ization damage and knock on damage. Generally speaking, increasing the electron en-
ergy results in two effects: the ionization level decreases, while the "knock-on" damage
increases. Therefore, the overall electron beam effects depend on different parameters
such as the beam energy, beam diameter, sample type, sample dimensions, electron cur-
rent density, sample temperature and electron dose [3]. Heating, electrostatic charging,
radiolysis, displacement damage, sputtering and hydrocarbon contamination are some
of the effects of electron beam on sample [4]. In this thesis, where the focus will be on
liquid phase experiments, the particular effects of the electron beam on sample temper-
ature and radiolysis will be discussed. Temperature and radiolysis affects pH of sample
under observation, so it is necessary to study it in detail.

2.1.1. TEMPERATURE EFFECT

Due to inelastic scattering energy is transferred from electron to atoms that ultimately
rise temperature of nano cell and specimen. This nano cell, which is in vacuum, does not
lose energy into surrounding by convection. If the temperature rise is small, radiation
loss is also negligible. Therefore, conduction becomes the only heatloss mechanism that
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plays a considerable role during the heat transfer from the nano cell to the surroundings,
via the holder [3]. Depending on TEM parameters like beam size and electric current,
specimen parameters like thickness, thermal diffusivity and heat capacity temperature
rise can vary. Here calculations for simplified model of heat generation and diffusion is
done for system shown in 1.2b. Simplified model that is used to calculate heat generation
in water due to electron beam is depicted in figure 2.1, as discussed only conduction is
considered for heat transfer. Top and bottom windows are 50 nm thick and with vary
high thermal conductivity compared to the liquid inside the cell, so heat generation from
this is neglected.

K}
“"2\
k=

Figure 2.1: Schematic representation of cylindrical electron beam irradiating nano cell [5]

Dose rate (y) (Jkg~'s™!) is calculated as equation 2.1 [5]. Continuous slow down ap-
proximation (CSDA) is considered here for energy loss of e~ beam. Generally speaking,
the deflection of the electron is coupled to the amount of energy they loose. For high de-
flections, high energy losses are expected. But CSDA represents an average of that. Here
S is density normalized stopping power (M eVem? g‘l), Iis current (A), a is beam radius
(m), t is thickness of liquid layer (m) and A is mean free path of electrons (m) inside liq-
uid. ¢ is heat generated per unit volume as equation 2.2 [5]. p is density of medium in
which electron beam travels.

_10°SI (1 5) 2.1
T na? A ’
q=vyp (2.2)

For maximum energy generation upper limit of TEM is considered. Energy of 300
KeV, with 10 nA current and beam radius is 1 nm. Data of stopping power is taken from
NIST database [6]. Thickness of liquid layer in nano cell is 300 nm. Mean free path of
electron in liquid water is 300 nm [5]. Electron beam energy loss per unit volume (g) is
1.6%10"8 wm™3.
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1 D steady state conduction equation is solved for cylindrical body with heat gener-
ation and maximum increase (at center of illuminated area in liquid) in temperature is
calculated by equation 2.3 [5]. Here K is thermal conductivity of liquid (Wm™lK™Y), Lis
window length (m). Maximum temperature is at center of cylinder. It is found to be 5.84
K increase for TEM condition discussed above. Which is comparable with temperature
increase calculated in [5] and [4].

2K

For standard operating conditions temperature increase is few degrees. It can vary
for different operating conditions. For example liquid nano cell under higher pressure
has more liquid thickness (upto few um), for this temperature increase can be more.
Calculation here does not consider conduction between water and silicon nitride trans-
parent window, so temperature increase by this calculation is maximum. If sample in
liquid medium is poor thermal conductor, local temperature rise can be more.

ATmax—qa ( +In(— )) 2.3)

Temperature change has its effect on pH of solution and electrode sensitivity. Change
in pH of solution with temperature is not an error, but electrode sensitivity should be
compensated to avoid error [7]. Considering maximum temperature increase of 5 K,
it can be theoretically calculated that maximum error can be 0.067 pH if temperature
compensation is not done. This calculation is shown in appendix A.1.

2.1.2. RADIOLYSIS

Radiolysis is the dissociation of molecules by incident radiation. When «, f, y radia-
tion irradiates molecules, its chemical bond (which has energy in order of 10° eV) dis-
integrates and several species (radicals, ions, molecules, atoms) are formed [8]. These
species which are generated by direct effect of radiation are called primary yields. Pri-
mary yields then react with each other forming many radiolytic products [5]. Electron
beam interaction with water molecule is shown in figure 2.2. Direct interaction of elec-
tron beam with water occurs within 107° second time scale, after that electron physi-
cally interacts with species formed during previous stage and species chemically reacts
with each other. That is physico-chemical stage. After 10~'2 second slow reactions starts
occurring between primary yields. For water (H>O) it forms sixteen species. If other
molecules like solvent present in water, electron beam can form more species.

Some of the examples for radiolysis effect on in-situ TEM are discussed here.

P. Abellan et al. [9] observed generation of Ce(O H)s nano particles (Figure 2.3), when
cerium(III) nitrate solution (pH: 5.2) is irradiated with electron beam in TEM. A Pour-
baix diagram shows stability of Ce(OH)3 above pH 10.4, that means pH of solution has
increased due to electron beam.

S. Chee et al. [10] study corrosion of copper (Cu) in NaCl solution. Figure 2.4 shows
copper (Cu) corrosion in Nacl solution, when exposed to electron beam. Radiolytic
species may affect behaviour of corrosion in this case. So while interpreting the results,
it is necessary to account generated species and and its concentration.
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Figure 2.2: Interaction of electron beam with water molecule representing three stages of reaction [8]

Figure 2.3: Ce(OH)3 particle growth due to radiolysis effect (all figures have same scale bar (500 nm)) [9]

QUANTIFYING GENERATION OF RADIOLYSIS PRODUCTS
To quantify radiolysis several attempts has been made. Numerical and experimental
studies are discussed here.

N.M. Schneider et al. [11] has numerically studied effect of electron beam on wa-
ter. Radiolysis of water generates these primary products, H,0 — e, , H*,OHe, H,, H;O;,
H30%,HO,¢ [5]. After generation of seven primary species, sixteen species are gener-
ated due to reactions between them. This changes pH of solution. Results for genera-
tion of different species and pH change with dose rate is shown in figure 2.5. Species
generation above dose rate 10* %is linear. Unit Gy (Gray) is equivalent to J/kg, which
means absorption of one joule of radiation energy per kilogram of matter. For dose rate
more than 103%, pH of water decreases. This decrease in pH strongly depends on ini-
tial pH of liquid. Typical dose rate for in-situ TEM experiments ranges from 10® — 10'°

%. This generation of species and change in pH affects the specimen to be observed
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Figure 2.4: Copper (Cu) thin film corrosion in 6M NaCl solution when exposed to electron beam (all figures
have same scale bar (500 nm))[10]

as discussed above. This simulation has many assumptions like, generation of species
is taken from literature which has very low dose rate (3-4 order of magnitude less). It is
assumed that every time electron interacts with liquid, it hits H»O molecules. But af-
ter initial few microseconds probability of electron hitting H» O molecule is less than 0.1
[8]. As a consequence this simulation is good for qualitative analysis but for quantitative
analysis experiments should be done.

To evaluate concentration of generated species, M. Nilsen [8] tried to quantify the
concentration of H,O, and H, for in-situ SEM experiments. For water it is observed
that from simulation ratio of H,O, : H; is 1:1, but by experiments it is 1:2.4. For SEM
entire electron beam is absorbed into liquid layer, for TEM it is not the case. It appears
that radiolytic species generation in both can vary. No study for in-situ TEM/SEM which
measures pH(experimentally) is done. Thus there is a need for a pH sensor for in-situ
TEM measurement to understand observations by microscope.

pH at steady state
Csteady-state (M]

1o | O H e |
102 10° 102 10* 105 108 10

10" 10' 10° 10° 107 10°
Dose rate [Gy/s] Dose rate [Gy/s]

Figure 2.5: Steady state species generation and pH change for different dose rate (unit of dose rate is

Gy__J
= = rgs

2.2. PH SENSING

pH is the measurement of the hydrogen ion activity in a solution, which is given as fol-
lowing [7]:
pH=-log(a™") (2.4)
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Traditionally glass electrode is used to measure pH in solution. It measures the po-
tential between a glass electrode with respect to some reference electrode. The potential
of the reference electrode remains constant and glass electrode potential changes with
pH of solution. Theoretically this potential can be represented by Nernst potential [7],
which is linear with pH. Ideal slop at 25°C is -0.059 pLH, which defines sensitivity of this
Sensor.

E=E"+

*1{ «In(a) 2.5)

n*

Here E°: Constant, R: Gas constant, T: Temperature of solution, n: Stoichiometry for
electron transfer, F: Faraday constant, aff i Activity of Hydrogen ion in solution

Generally measurement of pH is done by open circuit potential (OCP) measurement
with sensing membrane of glass. Sensing membrane is important because it makes equi-
librium with hydrogen ions (H") in the liquid, which changes potential across mem-
brane as function of pH. For micro scale systems different pH measurement techniques
and different pH sensing membrane are explored. Those techniques and materials for
membrane are discussed in following sections.

2.2.1. METHODS OF PH SENSING

Widely used glass electrode for pH measurement has limitation of miniaturization. For
micro scale pH measurement many other techniques are developed based on electrical,
optical, acoustic devices. H. Oh et al. [12] developed surface acoustic wave device for
pH measurement. Several optical pH sensors like CCD camera pH sensor, ratiometric
pH sensor, fluorometric pH sensor, Optical fiber pH sensor are described by M. Khan et
al.[13] in their review of pH sensors. For current application acoustic and optical pH sen-
sors are extremely difficult to integrate in system described in figure 1.2. Therefore detail
investigation on techniques like potentiometry, chemiresistor, EIS (Electrolyte Semicon-
ductor Insulator), ISFET (Ion Selective Field Effect Transistor) and ExGFET (Extended
Gate Field Effect Transistor) is done from now on. Data for performance of pH sensor is
presented in table in appendix A.2, section 2.2.1 is summery from that study.

DETECTION TECHNIQUES
1. Potentiometric (OCP: Open circuit potential)

Potentiometric methods are most commonly used pH measurement techniques.
Schematic of this is shown in figure 2.6a. It consists of two electrodes, one sensing
electrode with ion selective membrane and other reference electrode with con-
stant potential. The potential between two electrodes is measured with high impe-
dance voltmeter.

Ideal sensitivity of this sensor is defined by Nernst potential discussed in previous
section, which is -59.16 ’;—E at 25°C. pH measured with this method shows sub,
super and ideal Nearnstian slope [14, 15]. B. Lakard et al.[16] study polymers as pH
sensitive membrane. Open circuit potential response for that (figure 2.6b) shows
different slope for different polymers.
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Figure 2.6: Schematic representation of pH measuring techniques (a) potentiometry [17] (b) response for po-
tentiometry [16]

2. Chemi resistor

A reference electrode free pH sensing technique, in which sensing material con-
ductivity changes with pH of solution [18]. Schematic of this is shown in figure
2.7a, which has interdigitated electrode covered with sensing material.

There are several studies available for these sensors [19-23]. The detail of that is
presented in appendix table A.2. It is observed from literature that response of
conductivity/impedance with pH is non linear. That makes sensor out of use un-
less it is calibrated at each and every pH point. B.S. Kang et al.[24] study single ZnO
nano rod conductivity with pH, which showed linear response. Typical response
of sensor can be seen in figure 2.7b.

3. EIS (Electrolyte semiconductor insulator)

This type of pH sensor detects change in capacitance of its gate due to change in
pH of solution. Figure 2.7f shows schematic of such a device. Response of this type
of device is shown in figure 2.7g and 2.7h. M. Chen et al. [25] made EIS pH sensor
which shows good linearity over period of one year.

4. ISFET (Ion Selective Field Effect Transistor)

Bergveld [26] first used ISFET for ion measurement for biological environment.
This device (figure 2.7¢) is similar to MOSFET, but gate is comprised of electrolyte
and reference electrode. Miniaturization and compatibility with CMOS processes
for manufacturing makes this method special for micro size application. Other ad-
vantage of this device is that it offers a quick response time(less than 1 second)[27,
28]. Typical response of ISFET pH sensor is shown in figure 2.7e.

5. ExGFET (Extended gate field effect transistor)

This sensor is extension of MOSFET. Standard MOSFET gate is extended and sens-
ing material is attached to it. Schematic of this is shown in figure 2.7d. Response
of EXxGFET is similar to ISFET response.
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Figure 2.7: Schematic representation of pH measuring techniques and response of sensor (a) chemi resistor
[18] (b) response for chemi resistor [20] (c) ISFET [29] (d) EXGFET [29] (e) response for FET devices [30] (f) EIS
(impedance and capacitive) [25] (g) capacitive response [31] (h) impedance response [32]
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COMPARISON OF PH SENSING METHODS

Performance and manufacturability of different methods are compared (figure 2.8) based
on noise, response time, linearity, miniaturization, ease of fabrication and cost. Even
though potentiometry technique is widely used, for micro application it has limitation
in terms of signal to noise ratio. ISFET shows promising results for micro pH sensing, but
it suffers with problem of drift and insulation of FET from solution [33]. EXGFET devices
has less noise than potentiometric sensors and does not suffer of insulation problems
from solution but they still suffer from drift problem [34]. Considering all of this points,
it can be concluded that ISFET, ExGFET and potentiometry sensors can be used for cur-
rent application of pH measurement for in-situ TEM.

Ease of fabrication

Linear response . Miniaturization

Noise reduction * Simple Electronics

Response time® Cost effective

=+=Pptentiometry =e=Chemi resistor EIS eem|SFET e=emEXGFET

Figure 2.8: Comparison of pH sensing methods

2.2.2.PH SENSING MEMBRANE

With development of new pH sensing techniques, new materials are analysed for this
application. As micro fabrication techniques are developing, many materials like metal
oxide, polymers and nitride had found their way into micro pH sensing. S. Glab et all.[35]
has given ideal properties for metal oxide electrode for pH sensing surface. It explains
that metal oxide should be stable and in a reproducible state. Reproducible state means
that during equilibrium reaction, metal oxide should be able to reach its previous oxida-
tion states. It should be sparingly soluble and must participate in equilibrium reaction
with hydrogen ion (equation 2.6). Hardly any material meet these ideal criteria and that
leads to non standard properties of pH sensor like drift, hysteresis, sub or super nern-
stian response. Buck et al.[14] have described five possible mechanisms of metal oxide
pH sensing. Among them single phase oxygen intercalation is the most possible expla-
nation for metal oxide pH sensing [14, 29]. In this hydrogen ion forms equilibrium with
metal oxide and changes its oxidation state. For this, equilibrium and electrode potential
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are given as follow [14].
equilibrium: MO, +26H" +26e” = MO,_s5+6H,0 2.6)

i RxT
electrode potential :¢p=C+

+ RxT
In(a® )+%ln(ao) 2.7

Where, ¢: electrode potential, C: constant, a®: Activity of oxygen in solid phase
Potential of metal oxide varies with hydrogen ion (H") and oxygen in solid phase
(equation 2.7). To measure pH, sensing membrane should be manufactured in such a
way that oxygen in solid phase remains constant.
pH sensing characteristics gets affected by material of sensing membrane, technique
used for manufacturing and geometry of membrane. To investigate the effect of each of
the parameter this section is divided into three sub sections.

* Material for sensing membrane
* Manufacturing technique for sensing membrane

* Geometry of sensing membrane

MATERIALS FOR SENSING MEMBRANE

To understand behaviour of different materials in pH sensing, a review of many publica-
tion is done. All reviewed papers details are given in table in appendix A.2. Interpretation
of material characteristics based on that is given in this section. Materials are categorised
based on following characteristics:

* Species interference
* Range and sensitivity of material
* Drift and hysteresis of material.

Among them selectivity and drift properties are most important for pH sensor.

A list of material that are included in this study is presented in table 2.1. Some of
materials like Pt, SiO, fail to obtain stable pH response so they are not considered for
further study [27, 36, 37]. Some of materials like OsO,, Diamond, AIN are analysed by
fewer people, so further investigation on their behaviour is required to establish them as
reliable pH sensing material.

0s0, | Sb/Sby03 Pt TiN Gdy 03 Polybisphenol

IrO, Ir/IrO, Zn0O InN AIN polyethyleneimine(PEI)
RuO, | Pd/PdO ITO NiO CuO polypropyleneimine(PPI)
RhO, PtO, Si3Ny ZrlZr0O, Co30y4 polypyrrole(Ppy)

Tay 05 TiO, SiO, Zr0; WOs poly(p—phenylenediamine)
Sn0O, PdO Al,O3 | TayOs: RuO, | Diamond polyaniline(PANI)

Table 2.1: List of materials included in this literature (appendix A.2)
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Speciesinterference Ideally sensing membrane should not be sensitive to species other
than hydrogen ion (H*) for pH sensing. Other species affecting the membrane is called
interfering species. Practically the membrane always have some amount of interference
from other species. This is most important parameter in selection of sensing material.
Traditional glass electrode is highly effective against oxidation/reduction species and
highly acidic/basic solution [38], but it gets affected by hydrogen fluoride [35]. Metal
oxide and nitride are relatively new sensing material. Interferences of these materials
from different species are not available in form of systematic study. R.P. Buck et al. [14]
studied many metal oxide interference with variety of species which is main source of
information in this section. It is clear from available studies that different materials have
varying degrees of selectivity towards species like anion, H, O, and redox solutions. From
figure 2.2 it is clear that all oxides are unstable in presence of oxidizing/reducing species
like ferrocyanide and farrocaynide. Moreover, redox species highly affects all materials
except IrO,. Figure 2.2 shows different groups of materials based on interference from
species, IO, is least affected by other species. Various literature also confirms that IO,
is best suitable material for pH sensing in terms of least affected by other species [29, 39].
Figure 2.10 represents effect of anions, cations, H, O, and redox interference graphically.

Oxidizing/ Ridox
Material Anion Cation reducing Hy0, g Other Score
Interferance
agents
Non Affecting: Br—, I, - S AL e ) Not stable in strong
030, CI-. F- Non Affecting: Li*, Nat, K Low alkaline 11
Non Affecting: (Li*, Na*, K*): : Non Affecting:
Ir0; selectivity -12.4 Low S 0,<0.9 mV i
Affecting: I—, Sulphate NonA ffecting: . T .
RO, INSEAFEN Gl NE B (Lit, Not, K*)<15mV Wizt L) I3
Affecting: Br—,I~ B AR . r
RhO, o Al (6=, 7= Non Affecting: Li*, Nat, K Low NA 13
ST Non Affecting: S = s
Taz0;5 ﬁﬁecﬂgf 71_ Cl-. Br- (Cu*?, Fet?)<13 mV, Low i}%\l?g “ghS%CL 11
.-l Li*, Na+<ImV, K+<1mV S
SnO, NA Non Affecting: Li*, Na*, K* NA NA -
Affecting: I~ a SR e G ;
PtO, Non Affecting:Cl-, Br~, F~ Non Affecting: Li*, Nat, K Affecting: NH,Cl, O, | 13
e — Fe + K+
. Affecting: I~ Sulphate Affect_lr{gA(Na 2 1) .
TiO, Nt (el B 7= selectivity -10 Affecting:Oy 15
s & ’ ? Non Affecting: Li+
ZnO NA Non Affecting: Na*, K+ NA NA NA NA -
SigNy NA NA NA NA NA -
NA: Not Available
Highly affecting
2 | Medium affecting
1 | Low affecting

Figure 2.9: Interference of different species on sensing material (data for this table are collected from table in

appendix A.2

Least affected | Medium affected | Most affected
I 702 R LtOg Ti 02
Tag 05 Rh Oz
050, PtO,

Table 2.2: Priority of material based on Interference
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Figure 2.10: Interference of species on different material

Range and Sensitivity Range of a sensor is defined as maximum and minimum value
of parameter that can be measured. For the current application range is not very much
of a problem. If given sensor can detect pH within a range of 3-10, it can be used as pH
sensor for in-situ TEM. From appendix A.2 it can be said that most of materials have a
pH sensing range higher than this. There are few exceptions like SnO, and PtO,. Some
literature [14, 33] mentioned SnO,, which does not produce any reproducible results for
any pH range, but after heat and chemical treatment it shows pH range between 4-10. It
is worth to mention that sputtered PtO, has arange of 5-10 [14, 40, 41]. But nano-porous
Pt0O, has range of 2-12[40]. Maximum range(-1 to 15) is observed for polybisphenol
coating on ITO [42].

Figure 2.11 represents the sensitivity of different sensing material. It can be seen that
Ir Oy, TiO, behaves near to ideal sensitivity. Material like PtO,, Ta, Os, ZnO show sub-
nernstian behaviours. Reasons for different behaviours of various material is unknown.

Drift and Hysteresis Drift is the continuous deviation of output of a sensor under con-
stant input parameters and conditions. All pH sensors discussed in this review show
some amount of drift. Reasons for drift are presented here.

* According to equation 2.6, presence of oxygen in solution may affect activity of
oxygen in solid state () and cause drift [43].
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Figure 2.11: Sensitivity of different material (Nernst slope from equation 2.5) (data for this graph are collected
from table in appendix A.2)

¢ Diffusion of ions from the measured solution to the reference electrode standard
solution makes sensors drift [44].

° Asymmetry in membrane placed due to one side contact [18]
e If the time to reach equilibrium is longer than the sensor drift for that time [14]

Glass electrodes or other traditional ion selective electrodes have big advantage in
terms of symmetry in both sides of their membranes. On the contrary solid state ion
selective membranes have one contact with liquid and other contact with electrode. This
asymmetry leads to drift of in latter membrane [18].

From reasons discussed above it can be concluded that drift can arise from many
sources. To control the drift to the minimum, design (resistance and thickness of mem-
brane) and manufacturing parameters need to be optimized. Some attempts were made
to minimize drift. J. Hendrikse et al. [43] used ISFET device properties to reduce drift.
They took the difference between device threshold voltage and gate voltage. Since both
are drifting, their difference show stable response and small drift of 0.68 ’Z—y is observed.
G. Zevenbergen et al. [44] have developed a pH sensor with drift as low as 0.004 ’Z—Y
They used modification in manufacturing (conditioned sputtered IrO, in H>SO,) and
geometry (connection between sensing and reference electrode, reservoir size of refer-
ence electrode) to minimize the drift.

Hysteresis represents non ideal changes of the sensor output due to cyclic changes
in input. P. Buck et al. [14] had tested many materials for hysteresis (pH: 2-12-2). Table



2.2. PH SENSING 19

2.3 shows error due to hysteresis.

Material | TiO» | RuOs | RhO, | SnO, TayOs | OsOy | IrOy | PtO,
+mV 30 9 20 75 50 25 25 100

Table 2.3: Hysteresis of different material (pH: 2-12-2) [14]

Conclusion for material selection Out of many materials discussed here, IO, is found
as the best suitable for species interference performance. Ta,Os is a non conducting
oxide, so it is resistant to species interference. However due to high impedance it has
limitation for use in potentiometry. OsO, has good selectivity, but it is expensive and
does not have extensive literature study available. In terms of range, most of the materi-
als behave well. For sensitivity also Ir O, performs well. Ti0, also has good sensitivity,
but it lags in selectivity. Polymer Polybisphenol shows good sensitivity and range. It is
also resistive to the influence of anions and cations, but its response with redox species
and H» O, is unknown. So based on given parameters discussed, IrO- is best suitable for
pH sensing. However in presence of dissolved oxygen, it generates slow drift due to slow
diffusion of oxygen in membrane of IrO,. Materials like Ta;Os and ZrO; (electrically
non conducting), do not allow oxygen to bond with sensing membranes. Hence they do
not get affected by dissolved oxygen.

Several attempts are made to improve these properties by combining two or more
types of materials. A film of Ta,Os over IrO, makes the sensor more stable in envi-
ronment with dissolved oxygen [38]. Ta,Os and RuO, mixture gives a stable response
and reduces drift and hysteresis compared to pure material [45]. Instead of using sin-
gle materials, combinations of different materials may be useful. Generally electrically
conducting materials that give good response to pH change are not good performing in
selectivity (species interference). Materials that have good selectivity does not have good
response, especially for potentiometric measurement due to high impedance. Although
Ir O, is kind of exception, in selectivity and response.

MANUFACTURING TECHNIQUE FOR SENSING MEMBRANE

Manufacturing of micro sensing membranes is done by several techniques. Based on
which technique is used for manufacturing, it affects the performance of the sensor.
Sensitivity obtained by different manufacturing processes is shown in figure 2.12. With
vapor deposition techniques, sensitivity is near to ideal. For sputtered material, sensitiv-
ity varies from super to sub Nernstian. Thus post treatment is important in this method
to get ideal sensitivity.
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Figure 2.12: Sensitivity of different methods (data for this graph are collected from table in appendix A.2)

GEOMETRY OF SENSING MEMBRANE

Ithickness

Area

Figure 2.13: Sensing membrane geometry

Geometry of sensing membranes relies on two parameters, sensing area and thickness.
Their effect on sensitivity and drift effect will be analyzed.

L. Yin et al. [33] report logarithmic decrease in sensitivity as area of sensing mem-
brane decrease for EXGFET device. For Sn0, over ITO if area decreases below 0.8 mm?
the sensitivity decreases. For pH sensors described in appendix A.2, no ExGFET device
can be found with an area less than 0.8mm?. Thus ExGFET devices are not suitable for
in-situ TEM application. Nernst equation does not have any area limit on sensing mem-
brane, so with OCP it should be fine to have sensing membranes of the order of um?
magnitude. Figure 2.14 shows area effect on sensitivity of pH meter manufactured with
sputtering for OCP and ISFET measurement. It seems that OCP and ISFET do not get
affected by area of pH sensor. The smallest area reported is 0.0019 mm?, for which sen-
sitivity is -55 ";—I‘{/. This area is still big for current application. Y. Zhang et al. [? ] have
made nano size pH probe with diameters of 2.5 ym, 1 pm and 100 nm diameter. It shows
changes in pH potential with small sensitivity (-17.5 ’;—g). However they used a certain
protein as sensing materials, that can also be the reason for reduced sensitivity. It is clear
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from their results that smaller probes make smaller currents to flow, that are difficult to
measure without noise.

Effect of thickness on drift is shown in figure 2.15. It can be said that for very low
thicknesses of sensing membrane (<10 nm) the drift is very large. For thicknesses vary-
ing between 11 to 100 nm, drift of majority of sensors is less than 1 % As the thickness
increases, the drift moves towards higher values. Reason for this is large time to form
equilibrium between sensing membrane and solution. For thickness < 10 nm drift is

very high, reason for this is unknown.

0.go1

Ideal slope from
Nernst equation

Sensitivity (mV/pH)

-60

-65

-70

©1Ir02 OTiO2

Area (mm2)

ITO

W03 = 5n02

Figure 2.14: Area vs. Sensitivity (data for this graph is collected from table in appendix A.2)
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Figure 2.15: Drift for different thicknesses of sensing material (data for this graph is collected from table in

appendix A.2)
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SIMPLIFIED EQUIVALENT ELECTRIC CIRCUIT: POTENTIOMETRIC SENSOR
A simplified electric circuit is shown in figure 2.16. Here R1 is solution resistance, R2
is charge transfer resistance and Cl1 is double layer capacitance. As area of pH sensor
increases R2 decreases, which leads to smaller drift of pH sensor [18].

Figure 2.16: Simplified equivalent electric circuit

2.3.

CONCLUSION AND LEARNING FROM LITERATURE REVIEW
Species interference is very important in selection of membrane, specially when
due to electron beam many species are created. Ir O, has been identified as least
affected by other species.

Most of pH sensing materials studied have range more than pH 3 to 10, so range is
not an criteria for selection of material.

Sensitivity of membrane varies with manufacturing technique used and process-
ing of membrane before using as pH sensor.

Drift can be seen in sensor due to very high charge transfer resistance between
ions and membrane. Hydration of pH sensing layer takes time, which can also
induce drift. To reduce drift area of pH sensor should be sufficiently large (which
reduces charge transfer resistance) and membrane can be hydrated before use.

Nernst equation does not depends on area, so pH sensor sensitivity is independent
of area. So theoretically there is no restriction of pH sensor area.

Temperature increase due to electron beam is very limited, so there is no need to
compensate pH for same.

Thickness of sensing membrane should be >80 nm, according to hydrated layer
theory to get fully Nernst response from pH sensor [18].

2.3.1. RESEARCH QUESTION AND CHALLENGES
How does pH changes temporally and spatially, during radiolysis in the TEM liquid cham-

ber.

Remove the effect of species other than H* to sensing membrane: As discussed in
the radiolysis, it generates many species that may react with pH sensor. To mea-
sure pH accurately effect of other species should be quantified or eliminated.
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* Integration of reference electrode into the system: TEM liquid cell is small enclo-
sure with limited space, which makes integration of reference electrode into TEM
liquid cell challenging.
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EXPERIMENTAL SETUP AND
RADIOLYSIS SIMULATION

3.1. APPROACH

Learning from literature review sets guidelines to design pH sensor and measuring per-
formance characteristics. Since this is the first attempt to measure pH for TEM liquid
nanocell, requirements for performance parameters are not defined quite strictly. This
study reveals up to how much extent pH can be measure using the open circuit potential
method for pH change due to radiolysis. Sensitivity is the main parameter that repre-
sents up to what magnitude pH resolution can be achieved. Drift and Hysteresis are pa-
rameters that represent the reliability of the pH sensor. The impedance characteristic of
the sensor membrane is also measured to derive charge transfer resistance and double-
layer capacitance. Comparison of these characteristics for two materials Platinum (Pt)
and Iridium oxide is done. After that final design is proposed based on numerical anal-
ysis from radiolysis species generation. Combining radiolysis simulation and experi-
ments, error estimation is made on the final design. The following section discusses the
experimental methods used for characterization.

3.2. EXPERIMENTAL SETUP

Since the potentiometric method is considered here to measure pH, two electrodes are
needed for it. Ideally, two electrodes should be on the chip and pH should vary in the
area marked as a black circle (figure3.1). So it allows measurement of differential pH
between two electrodes. One of the methods to vary pH locally is using TEM, which gen-
erates an electron beam near one of the electrodes changing pH in a nearby area. But
electron beam and solution interaction generate a lot of other species, making pH meter
characteristics measurement difficult to interpret. So the configuration is shown in fig-
ure3.1 is only used for interference measurement due to radiolysis species. To measure
drift, hysteresis, sensitivity external reference electrode arrangement (figure3.3) is used.
The addition of an external reference electrode brings a new challenge to set up, which

27



3.2. EXPERIMENTAL SETUP 28

is described in the next section.

" Electron transparent Sensi
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Liquid pH sensing Reference Ilr?lltjelt
channel membrane electrode

Figure 3.1: Schematic of on chip electrodes to measure pH. Inlet, outlet and flow channel facilitate flow of
liquid and bond pads makes electrical connection with outside sensing device.

3.2.1. INTEGRATION OF REAL REFERENCE ELECTRODE

Due to size variation in nanocell and the real reference electrode, the connection be-
tween them is a challenge. It is visible from figure 3.2, that flow channel dimensions are
approx 10 times smaller compared to the real reference electrode. Especially the thick-
ness of nanocell is around 200-500 nm, which is 10* times smaller compared to the ref-
erence electrode. Both are connected with a microfluidic channel. Schematic of which
is shown in figure 3.3. This microfluidic channel has an approximate length of 20 cm,
so it has a high resistive component for charge transfer. Because of this high resistance
configuration is very sensitive to electromagnetic noise from the environment. It is im-
portant to identify noise sources and eliminate noise as much as possible. To eliminate
noise whole setup is placed inside a Faraday cage made of Aluminium foil. Apart from
that instead of using crocodile cables, banana cables are used for connections. That fur-
ther reduced the noise. The laptop charging adapter is also creating noise in the system,
so while taking reading it is disconnected. Noise reduction is shown in table 3.1. To mea-
sure noise PalmSens4 [1] potentiostat is used. It shows the noise level with color-coding
of green, yellow, orange, and red, where green is less noise and red is more noise level. It
also gives noise level value scaled to the measurement current range. Noise is reduced
25 times by usage of Faraday-cage and removal of crocodile cables. For all further mea-
surement arrangement for least noise is used. The real experimental setup with the real
reference electrode is shown in the appendix B.
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Figure 3.2: Size comparison of nano cell flow channel and real reference electrode [2]
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Figure 3.3: Schematic diagram of real reference electrode integrated into system. To visualize inlet and out-
let, a sectioned view of the chip is presented. This configuration is used to characterize sensitivity, linearity,
hysteresis and drift property of pH sensing membrane.
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Scaled noise value
Condition Minimum Noise | Maximum Noise
Laptop power adapter on - 0.176
Without Faraday cage 0.932 1.014
Using Faraday cage 0.025 0.053
Elimination of crocodile cable | 0.025 0.041

Table 3.1: Scaled noise value for different setup conditions. Scaling is done with respect to current range po-
tentiostat is measuring to pick to pick current noise value.

3.2.2. CHIP CONFIGURATION

A flow channel with inlet and outlet is also shown in figure3.4. This chip has three Plat-
inum electrodes. Nomenclature for three on chip electrodes is selected as WE, RE, and
CE. Out of three electrodes, only one is used for pH measurement as a pH sensing elec-
trode connected with external the real reference electrode. Electrode covered with white
box (Figure3.4) is a platinum electrode. pH sensing characteristics of this is measured.
The same electrode is covered with iridium oxide, to measure pH sensing characteristics.
The procedure for covering the Platinum electrode with Iridium oxide is given in the next
section.

Flow channel
Outlet Inlet

Bond pads

l

D stream

r

Platinum WE
electrode Electrode for
pH sensing
CE
RE

Figure 3.4: Chip configuration showing inlet, outlet, and flow channel for flow of liquid. Nomenclature for
three on-chip electrode is also shown:WE, RE and CE.
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3.2.3. PRINTING AND CHARACTERIZATION OF IRIDIUM OXIDE

Iridium oxide is deposited as a sensing layer on the electrode shown in figure3.6. Char-
acterization of this layer is done using Raman spectroscopy to see if annealed material
peaks are matching with Iridium oxide peaks from literature. The film thickness is an-
alyzed under the white light interferometer (WLI) and film surface characteristics are
observed under the scanning electron microscope (SEM).

PRINTING OF IRIDIUM OXIDE

The deposition of the pH sensing Iridium oxide layer is done by VSParticle nanostruc-
tured material printer [3]. It generates nanoparticles from the spark ablation technique.
Figure 3.5 shows a schematic of the spark ablation technique. Here two Iridium rods are
placed facing each other and a spark is generated by applying 13 W electrical signal. Ar-
gon (Ar) is used as a carrier gas with a flow rate of 1 1/min. This gas and nanoparticles
mixture passes through a nozzle of size 0.1 mm diameter and nanoparticles are printed
on the chip. The scan speed of the printer is 0.8 mm/s and the height from the substrate
is kept 600 pm. The gas carrying Iridium nanoparticles is inert, so the printed layer is
not oxidized. To oxidize deposited Iridium, annealing is done in atmospheric air on a
hot plate. The chip containing the layer of Iridium is put on a hot plate for 4 hours at 400
°C in an open environment.

Carrier gas Desired material(s)
Ar, N2 or air

Electrical spark Short residence time Long residence time

ablation (20,000K)

. Small gap concentration Large gap concentration .

Figure 3.5: Schematic of spark ablation method for generation of nano particles [3].
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.

Printed
Iridium
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Figure 3.6: Printed Iridium on chip with spark ablation method. Variation in color is due to thickness variation
of film.

RAMAN SPECTROSCOPY

Raman measurements are done in the backscattering mode with the Horiba LabRAM
S3000 system. Spectra is taken with 514.51 nm frequency laser at 100% (Figure3.7)and
10% (Figure3.8) of intensity. The laser of 5 um spot size diameter is focused on the sam-
ple. Readings are taken from 0 to 1000 cm ™! range of wavenumber. It can be concluded
from figure3.7 that the peak observed at 520 cm™! with 100% intensity of the laser is
because of laser penetration up to silicon substrate. Because of this peaks from Iridium
oxide are suppressed. When laser intensity is reduced to 10% of the initial level, the pene-
tration depth is reduced and silicon substrate peak disappears(Figure3.8). Three Raman
peaks for single crystal Ir O, are at 561 (Eg), 728 (B2g) and 752 (A1g) cm~! [4]. Raman
spectrum is obtained at two different places shows peaks, which are shown in figure3.8.
Peaks of Byg and A4 are obtained through deconvolution in which it is assumed to be
composed of two Gaussian components. All Raman peaks shift the lower side compared
to single-crystal IrO,, which is in line with observation found from literature [4]. A com-
parison of Raman peaks for two locations with single-crystal Ir O, is shown in table3.2.
For both locations also Raman peaks slightly deviate. Reason can be a nonuniform struc-
ture of Iridium oxide due to nonuniform oxidation or different strains between Iridium
oxide and substrate [4]. Additional peaks below 200 cm ™! are also detected, the reason
for that is unknown.
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Figure 3.7: Raman spectroscopy result for printed Iridium oxide after annealing at 400 °C for 4 hours with 100
% intensity of laser

Eg (cm™) | Bag (cm™) | Ajg (cm™)
Single crystal [4] | 561 728 752
Spot1 558 725 736
Spot 2 557 728 747

Table 3.2: Raman peaks comparison at two different location with single crystal IrO, and printed Iridium
oxide after annealing at 400 °C for 4 hours
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Figure 3.8: Raman spectroscopy result for printed Iridium oxide after annealing at 400 °C for 4 hours with 10
% intensity
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THICKNESS OF DEPOSITED IRIDIUM OXIDE

From the literature, it is clear that the thickness of the pH sensing membrane should be
more than 80nm. Here printing parameters are set such that a minimum thickness layer
is printed. This is because the overall thickness of the nanocell is 200-500 nm. So it is
desirable to have minimum thickness electrodes. The thickness of the deposited layer is
measured by the white light interferometer. Wyko surface profiler (NT3300) is used for
this purpose. First, the thickness of the Platinum layer is measured and then the thick-
ness of the Iridium oxide and Platinum layer is measured together. Both thicknesses are
subtracted to get the thickness of the Iridium oxide layer. Although pH measurement
is done with electrode WE (figure3.9b), thickness measurement is done at electrode CE
(Figure3.9b). The reason for this is, electrode B (Figure3.9b) is on a Silicon nitride sus-
pended membrane. This suspended membrane is not reflective enough to get a mea-
surement with the white light interferometer. An attempt is made to measure thickness
at electrode WE (Figure3.10b), which shows very uneven results. So similar Iridium oxide
layer is deposited at electrode CE(figure3.9b), and thickness is measured (Figure3.10a).

Iridium Oxide
'{ :ﬁ // Platinum

+ Silicon Nitride

(a)

(b)

Figure 3.9: (a) Schematic of layers on which Iridium oxide layer is deposited (b) Printed Iridium oxide on chip
showing deposition at two location: WE and CE

From the white light interferometer profile, it is clear that the deposited layer is not
uniform over the entire electrode. The main reason for this is the deposition technique
itself. Since the nanoparticle generator generates particles and their agglomeration pro-
cess is not precisely controlled. So when they hit the substrate, a non-uniform profile
is generated. Particles may fuse and that gives an uneven profile. The thicknesses mea-
sured at three locations are shown in table3.3. The thickness of the Iridium oxide layer
varies from 138 to 174 nm. Ideally, the thickness should be 80 nm, but the deposition of
avery thin layer with this technique could not be achieved.

Iridium Oxide + Platinum (nm) | Platinum (nm) | Iridium oxide (nm)
Spot 1 318 144 174
Spot 2 282 144 138
Spot3 302 144 158

Table 3.3: Thickness of Iridium oxide at different location on electrode at CE
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Figure 3.10: Thickness profile with white light interferometer (a) Electrode CE (Figure3.9b) (b) Electrode WE
(Figure3.9b)

VISUALIZATION OF IRIDIUM OXIDE SURFACE

Scanning electron microscopy is used to visualize the printed Iridium oxide. Phenom
microscope with backscatter detector mode (BDS) is used for this. This microscope has
four detectors and it can operate in two modes. In Full mode, it gives contrast mainly due
to different sample compositions. Imaging is done with a 5kV beam and 2450X magni-
fication. Iridium oxide has the brightest contrast and the Silicon nitride window has the
darkest contrast (Figure3.11a). Imaging in this mode does not reveal the surface features
of Iridium oxide. So other image is taken in topographic mode (Figure3.11b). It can be
seen that the Iridium oxide membrane is not smooth, but it has a rough surface. In some
places agglomeration of particles can also be seen, which is due to the manufacturing
process used to deposit this film.

Silicon Nitride  [ridium Oxide
Window

Platinum

(@)

(b)

Figure 3.11: SEM image of Iridium oxide membrane (a) Full mode (shows elemental contrast) (b) Topographic
mode (showing surface feature)

3.3. PH SENSOR CHARACTERISTICS MEASUREMENT METHOD

pH sensor performance parameter includes sensitivity, linearity, drift, hysteresis, re-
sponse time analysis, selectivity. Apart from that sensing membrane charge transfer
resistance and double-layer capacitance plays important role in sensor performance.
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These characteristics are measured using potentiostat Palmsens4.

BASICS OF ELECTROCHEMICAL MEASUREMENT AND POTENTIOSTAT

The characteristics of the pH sensor are analyzed by two electrochemical techniques
namely, potentiometry and impedance analysis. Basic of electrochemical measurement
and equipment used for measurement is described here.

Electrochemistry is the transfer of the charge from the electrode to another phase,
chemical changes take place, and electron and charge transfer occurs. Some examples
of electrochemical processes are corrosion, electroplating, water splitting by applying
voltage. In these processes, the reaction takes place at the interface of the electrode and
electrolyte. Quantification of this electrochemical process is measured by the electro-
chemical cell. Generally for solid electrode and liquid electrolyte three-electrode setup
is used for measurement (Figure3.12). The working electrode (WE) is the one which is
the region of interest for an electrochemical process, reference electrode (RE) is used to
measure the potential of the working electrode, and (ideally) no current passes through
it. The counter electrode (CE) is used to deliver current so potential between reference
and working electrode is controlled.

A potentiostat is used to measure and control the voltage of this electrochemical cell.
The schematic of the potentiostat (Palmsens4) is shown in figure3.13. The reference elec-
trode is connected to a high impedance amplifier. For Palmsens4 impedance is around
1 TQ, which ensures ideally zero current through this electrode. For potential measure-
ment two modes are present, OCP (Open circuit potential) and Chronopotentiometry.
Condition for potential measurement is ideally no current should pass through circuit
(Reference and working electrode). This condition is satisfied in OCP and Chronopo-
tentiometry differently. In OCP measurements counter electrode is disconnected and
potential is measured between the working and the reference electrodes while a high
impedance resistor (1 TQ) is connected between them. In chronopotentiometry current
through working electrode can be set to zero, so it actively maintains zero current by sig-
nal manipulation via the counter electrode and measures voltage between the reference
and the working electrodes. While the electron beam is passing through the nanocell,
some electrons may find its way through the working electrode. Which violates the con-
dition of zero current and ultimately affecting potential readings. While measuring with
electron beam no difference is found between OCP and chronopotentiometry, so OCP is
used for further measurement.
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Figure 3.12: Typical electrochemical cell with three electrodes: WE- Working electrode, RE- Reference elec-
trode, CE- Counter electrode
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Figure 3.13: Schematic of potentiostat circuit diagram used here for measurement

3.4. RADIOLYSIS SIMULATION

N.M. Schneider et al. [5] have numerically quantified the radiolysis process that was dis-
cussed in Chapter 2. Although the explicit value of species generation may not be exact
from simulation, they are good to get a qualitative idea for species generation. Here, sim-
ilar simulations are done for water to see how species are diffusing in current nanocell
design, and what species can affect most.
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To setup simulation, COMSOL multi-physics is used. The model is setup in chem-
istry and transport of diluted species module. In the chemistry module, 73 reactions are
defined for 16 species. In the transport of diluted species, diffusion coefficients for these
species are defined. Data for reaction rates, species generation, and diffusion coeffi-
cient is taken from N.M. Schneider et al. [5]. This COMSOL simulation is compared with
MATLAB code available from N.M. Schneider et al. [5] and found species concentration
is matching from both. Results from the simulations are used for the reasoning of exper-
imental data of potential measurement under the electron beam. Mesh in simulations
are used auto generated Normal mesh size. Simulations are done in time domain, and
all simulation results are obtained at 2000 seconds. Reason for this is, mostly simulation
reaches steady states within few minutes but to make sure it stabilizes data is obtained
at 2000 seconds.

3.4.1. OPTIMIZATION

An optimization code is written to define the dimensions of two potential measuring
electrodes. The objective of this code is 1. Maximum H* ion difference on both elec-
trodes 2. Minimum other species difference on both electrodes. This objective en-
sures given design measures maximum possible pH change while shielding the effect
of other species. Constraints for electrode geometry comes from micro-manufacturing
techniques. To ensure a defect-free manufacturing minimum feature size is decided 2
pm. The optimization code is given in the appendix C.2. This optimization is done for
1D geometry. Since the electron beam would be circular and radiolytic products diffuses
radially, electrode geometry should be circular. So for optimization thickness of two cir-
cular electrodes and the position of these two electrodes with the center of the beam is
determined.
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RESULTS AND DISCUSSION

4.1. CHARACTERIZATION FOR PLATINUM ELECTRODE

pH sensing properties of the Platinum electrode are analyzed in this section. Platinum
gets equilibrium with H* ion, the equilibrium reaction is as follows.

2H " +2¢e” =2 H, 4.1)

Figure 4.1, shows the Platinum electrode used for characterization of sensitivity, linear-
ity, drift, and hysteresis.

WE

Figure 4.1: Platinum electrode that used for characterization (WE)

4.1.1. SENSITIVITY AND LINEARITY

Ideally at 25 °C, slope from the Nernst equation defines sensitivity -0.059 pLH (equation
2.5). Asit can be observed from figure 4.2, for the Platinum electrode slope is near to that
value. For two days this slop is measured, and it is changing over time. For the first day
linearity (R?) of 1 is observed and on the second day, it is dropped to 0.995. Results for
sensitivity and linearity are calculated after 500 seconds when a new solution is inserted.

39
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Figure 4.2: Calibration of Platinum electrode showing change in sensitivity and linearity for two days

4.1.2. DRIFT AND HYSTERESIS

Compared to commercial pH meters, a large drift is found for the current Platinum elec-
trode. Also, the drift value is changing for different pH solutions and over time also
change in drift is observed. A normal TEM experiment can be several hours long. Drift
that is measured here, makes a potential shift of 12-48 mV in one hour. This potential
correlates to a pH change of 0.2-0.86 per hour. This magnitude error due to drift is gen-
erally undesirable. Drift and Hysteresis are calculated after 500 seconds when a new
solution is inserted.

Drift (mV/min)
pH | Dayl | Day2
4.01 0.4 -0.2

6.86 | -0.4 0.2
9.18 | -04 0.8

Table 4.1: Drift for Platinum electrode for three pH buffer solution on day 1 and day 2

To measure hysteresis, pH solutions from 4 to 9.1 are inserted in the nanocell (fig-
ure 4.3). Maximum hysteresis of 28 mV is found for pH buffer 6.86 solution. From the
sensitivity graph (figure 4.2) it can be seen that the potential of the reference electrode is
shifted by 12 mV, so compensating that hysteresis for pH 4.01, 6.86, and 9.18 is -2 mV, 16
mV and 0 mV respectively.
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Figure 4.3: Hysteresis for Platinum electrode from measured potential on day 1 and day 2

4.1.3. IMPEDANCE ANALYSIS

Impedance analysis can give information about solution resistance and charge transfer
resistance. For this frequency spectrum from 1K to 0.1 Hz is scanned for 5 mV signal.
Nyquist plot (figure 4.4) shows measured spectrum. A basic impedance electrical circuit
(figure 2.16) is fitted for these results to obtain solution resistance and charge transfer
resistance (table 4.2). Solution resistance for pH 6.86 is highest, which is in line with
the concentration of H* and OH~ ions present. Charge transfer resistance for the given
configuration is in the GOhm range.

5.00E+08
4.00E+08

3.00E+08
——pH 9.18

——pH 6.86
pH 4.01

2.00E+08

-ZIm (Ohm)

1.00E+08

0.00E+00 f
0.00E+00 1.00E+08 2.00E+08
Zre (Ohm)

Figure 4.4: Impedance analysis for 1K to 0.1 Hz spectrum, with 5mV signal
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Rct Cdl Rs
pH | Charge Transfer resistance | Double layer capacitance | Solution resistance
(Ohm cm?) (uE/cm?) (Ohm)
4.01 2.77E4 86.8 5.10E+04
6.86 5.54E4 94.8 4.60E+06
9.18 7.83E4 88.3 3.80E+05

Table 4.2: Fitted circuit components for impedance measured for 1K to 0.1 Hz spectrum, with 5mV signal

4.1.4. TEM ANALYSIS FOR SPECIES INTERFERENCE

Radiolysis of water generates 15 species. Out of which, within the beam area all species
are present in varying concentrations. But just outside the beam area, many unstable
species concentration decreases drastically. Radiolysis simulation is done for water to
determine what species has comparatively more concentration with H* ions outside
the beam area. It is found that H,, H>O, Oz, and O; have comparatively more concen-
tration just outside the beam area. Other species are present in concentration around 10
times or less compared to H* (appendix D.2).

Measurement of potential is done between two electrodes WE and RE (figure 4.5).
The solution is flown through nanocell passing over electrodes and the electron beam
of size around 3.5 um is positioned nearby WE. Then keeping beam position and size
constant, beam current changed. For this arrangement, change in potential is recorded.
Beam current changes dose rate, which changes species generation. Change in species
generation with dose rate is shown in appendix D.3. H, and H,O; is generated more in
acidic pH solutions. O, and O; are generated more in basic pH solution. The pH of the
basic solutions changes to acidic and for solutions with pH 4 or less pH does not change
much due to the electron beam (figure 2.5).

WE

Electron beam

\RE

Figure 4.5: Schematic and SEM image of chip with electron beam spot. Electron beam size is 3.5 pm.

In TEM to change the current, finite numbers of steps (from 1 to 10) are available
named as spot size. As spot size changes, current changes and that makes a change in
dose rate. Current is calculated with equation 4.2 [1]. Where exposure time is measured
from the screen with each spot size. From current the dose rate is calculated from equa-
tion 2.1. To calculate the dose rate thickness of nano cell is not available, so the dose
rate is calculated for nano cell thickness of 200-500 nm. The value of the dose rate varies
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from 10° to 10® Gy/s (appendix D.4). Potential change is observed for Ultra pure water
(pH 7.2), pH buffer 4, and H>SO, solution with pH 2.45.
(1.875%10712) % 2% 1.3

Current(A) = - 4.2)
Exposuretime(s)

Ultrapure Water (pH 7.2) is flown into the nanocell, and then the electron beam is
turned on. Spot size is changed from 7-6-5-4-5-6-7, and potential is measured for that.
Initially, when the electron beam is turned on, a big jump (around 80 mV) is observed
in a positive direction. With time this has drifted to the negative potential region. After
that, as the dose rate is increased the potential goes towards more negative. And when
the dose rate is decreased the potential jumps towards positive. These potential jumps
are around 10 mV (figure 4.6). At the end of this measurement, a bubble is observed
inside the nanocell.
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Figure 4.6: Potential between WE and RE, for ultra pure water with changing electron beam spot size. A, B, C,
D corresponds to spot size 7, 6, 5, 4 respectively. Dose rate calculation for a given spot size is given in appendix
D.4. Theoretical potential is relevant for only jump in potential when the electron beam is turned on. Before
that, the drift in potential is superimposed with the experimental result.

pH buffer 4.01 is flown into the nanocell, and then the electron beam is turned on.
Spot size is changed from 7-6-5-4-5-6-7, and potential is measured for that. Initially,
when the electron beam is turned on, a big jump (around 200 mV) is observed in the
positive direction. Unlike ultra pure water, this did not drift to the negative potential
region. After that, as the dose rate is increased the potential goes towards more posi-
tive. And when the dose rate is decreased the potential jumps towards negative. These
potential jumps are around 10 mV (figure 4.7).
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Figure 4.7: Potential between WE and RE, for pH buffer 4.01 with changing electron beam spot size. A, B, C, D
corresponds to spot size 7, 6, 5, 4 respectively. Dose rate calculation for a given spot size is given in appendix
D.4. Theoretical potential is relevant for only jump in potential when the electron beam is turned on. Before
that, the drift in potential is superimposed with the experimental result.

In both experiments (figure 4.6 and 4.7), potential jumps are in the opposite way
with the dose rate change. From the spot size, current is calculated and from the cur-
rent, dose rate is obtained (appendix D.4). This dose rate ranges from 10° to 108 %
COMSOL simulation (appendix C.1) is done to see species concentration at two elec-
trodes (WE and RE) (appendix D.2). From simulations, potential change due to Ho&H™
and O,&H™* generation is calculated. The orange line (figure 4.6 and 4.7) in both figures
represents theoretical potential change due to the generation of Hy, O, and H*. Theo-
retical potential is relevant for the jump in potential when the electron beam is turned
on. Before that, the drift in potential is superimposed with the experimental result. For
Ultra pure water potential change is a few mV positive and for pH buffer 4.01 potential
change is less than 1 mV (appendix D.5). Theoretical potential change is not matching
with experimental potential change. The reason can be other species that are generated
in comparable concentrations (mostly H>O, and O;). A similar experiment is done for
H,S0; solution(figure D.5) of pH 2.45. The potential for that varies in similar trends to
the pH buffer 4.01 solution.

The experiments discussed above are potential measurements between WE and RE.
Those both electrodes are 20 um apart from each other. Other experiments are done
to see the species diffusion effect in far away areas. For this, potential measurement is
done between WE and CE. WE and CE electrodes are around 400 pym apart from each
other. So this can give information about less diffusing species. Ultra pure water + KCl
(40 g/L) solution (pH 7.2) is prepared. This solution is illuminated with an electron beam
similar to previous experiments, and with different spot size potential between WE and
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CE is measured. Figure 4.8 shows the potential change between WE and CE electrodes.
Here, potential increases with dose rate increase and decrease with dose rate decrease.
For this solution potential between WE and RE (figure D.6) follows a similar trend with
potential from Ultra pure water.
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Figure 4.8: Potential between WE and CE, for Ultra pure water + (40 g/L) solution (pH 7.2) with changing
electron beam spot size. A, B, C, D, E corresponds to spot size 7, 6, 5, 4, 3 respectively. Dose rate calculation for
a given spot size is given in appendix D.4.

4.2. CHARACTERIZATION FOR IRIDIUM OXIDE
pH sensing properties of the Iridium oxide electrode are analyzed in this section. Iridium
oxide gets equilibrium with H* ion, the equilibrium reaction is as follows.

IrO+(OH) p—x + xH* + xe” = Ir(OH),, 4.3)

4.2.1. SENSITIVITY AND LINEARITY

Ideally at 25 °C, slope from the Nernst equation defines sensitivity -0.059 pLH (equation
2.5). For the Iridium oxide electrode slope is varying between -0.63 to -0.7 pLH (figure
4.10). For four days this slop is measured, and it is changing over time. For first the day
linearity (R?%) of 0.942 is observed and for the third day, it increased to 0.997. Results for
sensitivity and linearity are calculated after 500 seconds when a new solution is inserted.
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Figure 4.9: Calibration of Iridium oxide electrode showing change in sensitivity and linearity for two days

Slope
(mV/pH)

il -63.9 0.942
2 -66.1 0.958
3 -71.5 0.997
4 -70.6 0.994

Figure 4.10: Sensitivity and linearity of Iridium oxide over four days

4.2.2. DRIFT AND HYSTERESIS

Compared to the commercial pH meters, a large drift is found. Also drift is changing
for different pH solutions and over time also change in drift is observed. A normal TEM
experiment can be several hours long. Drift that is measured here, makes a potential
shift of 4 to 53 mV in one hour. This potential correlates to the pH change of 0.05-0.75
per hour. This magnitude error due to drift is generally undesirable. Drift and Hysteresis
are calculated after 500 seconds when a new solution is inserted.
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Drift (mV/min)
pH | Day3 | Day4
4.01 | 0.13 -1.38
51 | -0.07 | -0.32
5.7 0.70 -0.59
6.86 | -0.23 -2.77
8.6 | -0.68 -
9.18 | -0.89 0.45

Table 4.3: Drift for Platinum electrode over two days

To measure hysteresis, pH solutions from 4-9.18 are inserted in the nanocell (figure
4.11). Maximum hysteresis of 12 mV is found for pH buffer 8.6 solution. From the sen-
sitivity graph (figure 4.9) it can be seen that the potential of the reference electrode is
shifted by -6 mV, so compensating that hysteresis for pH 4.01, 5.1, 6.86, and 8.6 is 7 mV, 2
mYV, -5, and 18 mV respectively.
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Figure 4.11: Hysteresis for Iridium oxide electrode

4.3. DISCUSSION FROM EXPERIMENTS
PLATINUM ELECTRODE
Sensitivity changes from -0.056 to -0.055 ’;7—5 over one day. So ifit is calibrated, after one

day this calibration can give an error of 1 ’;1—}{/. This translates to an error per pH change
of 0.02. Due to linearity on day 1 error is zero, but on day 2 linearity is 0.995, this gives a
maximum error of 0.1 pH. As discussed in section 4.1.2, because of drift pH error can be
0.86 per hour. Due to hysteresis pH error can be 0.3. Analyzing data, it can be said that
due to drift absolute pH measurement is not possible with the Platinum electrode with
current design and manufacturing. Only if pH change is to be measured, the error can
be the sum of errors due to sensitivity, hysteresis, and linearity. This gives a maximum
error of 0.4 pH.
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Impedance analysis suggests that charge transfer resistance is in order of GOhm. Po-
tentiostat measuring potential has a resistance of 1 TOhm. This gives an error in a poten-
tial measurement of 0.1 %. Generally, as the surface area of electrode decrease, charge
transfer resistance increase. So if charge transfer resistance increases to 10 GOhm error
in potential measurement can be 1 %.

PLATINUM ELECTRODE TEM EXPERIMENT

As discussed in section 4.1.4, the potential measurement can not be explained by only
considering the effect of H,, O,, and H*. So here an attempt is made to describe this po-
tential change with other species that are present in relatively high concentration (H> O,
and O;). For H»O; potential change is given in figure 4.12. As concentration of H>O>
increases potential increases. For O; effect of potential is unknown.
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Figure 4.12: Potential change due to H O over Platinum electrode [2]

Generation of H,O, is higher for acidic solutions and for basic solutions generation
of O; is higher (appendix D.3). For pH buffer 4.01 and H>SO;, solutions, the potential
jump is positive with the dose rate increase. And from simulation (appendix D.2), these
solutions has almost twice concentration of H,0O, and 10 times less concentration of
O; compared to water(pH 7). So positive potential shift can be due to H>O, in acidic
solutions. For ultra pure water (figure 4.6), a negative potential shift can be due to O;
ions. When potential is measured between WE and CE for Ultra pure water + KCl solution
(figure 4.8), potential increases. From simulation (figure 4.13), concentration decrease
for H>O, is more than twice compared to O, over distance between WE and CE. This
implies potential difference can be affected more by H>O,. The overall conclusion from
this experiment is the position of electrodes can affect the potential measurement and
two Major potential affecting species for a Platinum electrode are H, O, and O; . Another
takeaway point from these experiments is, simulation for radiolysis species generation
may not be accurate but qualitatively it is useful to reason out potential change.
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Figure 4.13: Concentration difference over WE & RE and WE & CE for (a) H2 0z (b) O; at dose rate of 108 Gy/s
with numerical simulation

IRIDIUM OXIDE ELECTRODE

As equation 4.3 suggests, Iridium oxide gets hydrated and then gets equilibrium with H*
ions. Literature suggests hydration of Iridium oxide may take several hours. A major
change in sensitivity is observed for day 1 and day 2, so it is assumed that this is due to
the time it took for hydration of film. Apart from that, oxide composition may change to a
more stable composition over time. So here error is calculated from results for day 3 and
day 4. Sensitivity changes from -0.071 to -0.07 ’Z]—g from day 3 to 4. So if it is calibrated,

after one day this calibration can give an error of 1 ’;1—;1/. This translates to an error per
pH change of 0.015. Due to linearity on day 3 maximum error is 0.13 pH, but on day 4
linearity is 0.994, this gives a maximum error of 0.16 pH. As discussed in section 4.2.2,
because of the drift pH error can be 0.75 pH per hour. Due to the hysteresis pH error
can be 0.25 pH. Analyzing data, it can be said that due to drift absolute pH measurement
is not possible with the Iridium oxide electrode with current design and manufacturing.
Only if pH change is to be measured, the error can be sum of errors due to sensitivity,
hysteresis, and linearity. This gives a maximum error of 0.4 pH.

4.4, DESIGN OF PH MEASURING ELECTRODE

Here, an attempt is made to design electrodes to measure pH with minimum interfer-
ence from other species due to radiolysis. From experiments with the Platinum, it is clear
that pH measurement with potential measurement technique is not possible because of
interference of H,O, and O, . From the literature review, it is found that Iridium oxide is
the best choice to reduce species interference. It has selectivity of around 10~ for H, 0,
[3]. For H, and O, it’s potential changes negligible [4]. So selectivity for H, and O, is
taken as zero. For O; selectivity of Iridium oxide is not known. So optimization code is
written (appendix C.2) to find the optimum positions and dimensions of two potential
measuring electrodes. The Geometry of these two electrodes would be circular because
of the radial diffusion of radiolytic products. One of the constrain for the optimization
is WE and RE should have the same area. This constraint is placed to reduce drift in the
sensor. If both electrodes are made of the same material with the same area, drift due
to some unknown slow processes occurring at surface would be reduced up to a certain
extent. Optimized dimensions for WE and RE are also found without considering same
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surface area constraint.
One of the important things here is that Since selectivity of O; is unknown, the design
is made for two selectivities, 1 and 0.1.

* Selectivity H,O,=10"* ans O, =1

For these parameters, the optimization code gives the position of both electrodes
should be as far away as possible from the center of the beam. If both electrodes
are allowed to be placed up to 100 um radius far from the electron beam, then WE
would be at radius 95 um and RE would be at 99um radius with the center of the
beam (figure 4.14). With this design 1, measurable pH change is shown in figure
4.16. Practically this arrangement is too far to measure noticeable pH change.

Electron u
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Figure 4.14: Design 1: Optimized design of electrodes for selectivity H» Oo= 104 ans 0, =1. Green color: WE,
and Blue color: RE

* Selectivity HyO,= 10~ and 0;=0.1

With the constraint of similar area for WE and RE optimized position and size of
electrodes is: 2.4 um (r1) to 6.78 um (r2) and for RE: 9um (r3) to 11 um (r4) (figure
4.15a). Without the constraint of similar area for WE and RE optimized position
and size of electrodes is: 2.4 um (rl) to 4.4 um (r2) and for RE: 47um (r3) to 50 um
(r4) (figure 4.15b). For both designs, pH change from radiolysis simulation is given
in figure 4.16. It is obvious that within beam region pH change is maximum and
for design 1, pH change is almost negligible to detect. With design 2 measurable
pH change is 0.12 to 0.44 pH, and for design 3 it is 0.44 to 1.34 pH with the dose
rate of 107 to 10'° Gy/s.
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Figure 4.15: Electrode dimensions and position (a) Optimized with constraint of similar area of WE and RE (b)
Optimized without constraint of similar area for WE and RE, Green color: WE and Blue color: RE
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Figure 4.16: Simulation result showing measurable pH change for different placement of electrodes (Design 1,
Design 2 and Design 3) for solution with initial pH 7

PROPOSED DESIGN FOR PH SENSOR

Measurable pH change due to H+ ions outside the beam area with three discussed de-
signs is 1.34 pH at maximum. From the Iridium oxide pH characteristics measurements,
the maximum pH error is 0.4. So it is possible to measure pH at dose rate in the range
of 108 to 10'° Gy/s. For pH measurement, one requires two electrodes on-chip, and the
current chip configuration offers space to place four electrodes on-chip. So a combina-
tion of design 2 and design 3 can be made on a chip that measures pH with different
accuracy and magnitude. Placing two WE from design 2 and design 3 is not possible be-
cause they overlap. To assess that same area for WE and RE results in reduced drift, WE
and RE from design 2 are considered. To measure large voltage differences RE from de-
sign 3 is considered so that large pH change can be observed. The final design with three
electrodes is shown in figure 4.17. Overall chip design (figure 4.18) and layer by layer
design (appendix D.7) of pH sensing electrode shows visualization of the final design.
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Figure 4.17: Electrode configuration for pH measurement with three different layer on chip, Average distance
from center r1=4.5 ym, r2=10.2 ym, r3=48.4 um. Two pH measurement configurations, Configuration A: Elec-
trode 1 and Electrode 2, Configuration B: Electrode 1 and Electrode 3
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Figure 4.18: Overall chip design representing pH sensing electrodes and other features

From this design, two configurations can be used to measure pH change. Electrode 1
and Electrode 2 can be used to measure pH (configuration A), where Electrode 1 should
be connected to the working electrode probe and Electrode 2 to the reference electrode
probe of the potentiostat. Configuration B can be using Electrode 1 and Electrode 3,
where Electrode 1 should be connected to the working electrode probe and Electrode 3
to the reference electrode probe of the potentiostat. COMSOL 2D simulation for this de-
sign is done with dose rate ranging from 107 to 10'° Gy/s, for pH solution 4, 7, and 9. This
simulation gives species distribution because of radiolysis over three electrodes. Exam-
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ple is given in figure 4.19 for H* distribution over three electrodes. From experiments,
the sensitivity of the Iridium oxide is taken as 70 ’;—}I/. Using the Nearest equation, the

potential is calculated based on simulation. For this selectivity of H,O,=10"% and O; =
0.1, is considered. Calculated potential change and error are shown in appendix 4.17.
For pH 7 solution, error ranges from 0-12 % in configuration A, and 1-22 % in configura-
tion B. But the configuration B measures the potential change almost 2 to 3 times than
configuration A. For the pH 4 solution, error in measurement is big. It is because due to
radiolysis there is no pH change and all potential change that is measured is because of
interference from H> O, and O; . Similarly, for the pH 9 solution, error in measurement
is big. This is because for basic solutions generation of O, is more that makes a shift in
potential. So this design can only be used for the solutions that are near neutral pH to
reliably measure pH.
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Figure 4.19: Distribution of H* ions over area of three electrodes with electron beam of 1 um radius and 108
Gy/s dose rate for initial pH of solution 7

Figure 4.20 shows pH measurement region considering the maximum error for the
Iridium oxide pH measurement 0.4 pH and species interference error from simulation
(table 4.4 and 4.5). Up to the dose rate of 5 * 10’ Gy/s, pH measurement is not possible
for any solution with the current design. The typical dose rate in in-situ studies ranges
from 10° to 10'° Gy/s. Within this region pH measurement is possible for solutions with
initial pH from 6 to 8. Solutions below pH 6 have very little pH change outside the beam
region, which makes potential shift mainly due to other species interference. For basic
solutions above pH 8, change in pH is large but due to more generation of O, potential
change is getting influenced and makes pH measurement error greater than pH change.
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Configuration A
Doserate | Initial Potential change Potential change
L . S Error (%)
(Gyls) pH considering all species (mV) | considering only H+
1.00E+07 7 9 8 4
5.00E+07 7 13 13 0
1.00E+08 7 16 16 1
1E+09 7 23 25 5
1E+10 7 28 32 12
1.00E+07 4 9 0 79216
5.00E+07 4 11 0 41949
1.00E+08 4 11 0 32775
1E+09 4 12 0 15218
1E+10 4 12 0 6632
1.00E+07 9 4 1 419
5.00E+07 9 5 2 164
1.00E+08 9 5 3 52
1E+09 9 12 120 90
1E+10 9 24 122 81

Table 4.4: Potential change and Error estimation from simulation for configuration A with change in initial pH
and dose rate. This error is only due to species interference of H2 Oz and O, .

Configuration B
Doserate | Initial Potential change Potential change Error (%)
(Gy/s) pH considering all species (mV) | considering only H+
1.00E+07 7 29 27 8
5.00E+07 7 42 42 1
1.00E+08 7 48 48 1
1E+09 7 60 66 9
1E+10 7 60 7 22
1.00E+07 4 -221 0 1087879
5.00E+07 4 -202 0 513104
1.00E+08 4 -194 0 388561
1E+09 4 -171 0 166021
1E+10 4 -146 0 66549
1.00E+07 9 13 2 727
5.00E+07 9 17 5 253
1.00E+08 9 19 9 115
1E+09 9 30 156 81
1E+10 9 40 189 79

Table 4.5: Potential change and Error estimation from simulation for configuration B with change in initial pH
and dose rate. This error is only due to species interference of H2Oz and O; .
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Figure 4.20: pH change with dose rate for configuration B. With Configuration B, pH measurement is possible
within the blue region considering error in pH measurement from experiment and species interference error

from the simulation.
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CONCLUSION AND
RECOMMENDATION

5.1. CONCLUSION

In liquid cell transmission electron microscopy, the interaction of electron beam with
liquid generates many species. One of the species that is getting generated is H* ions.
This changes the pH of the liquid. The goal of this project was to measure this pH change
due to the electron beam. This problem is mainly divided into two challenges. The first
challenge is to design a pH sensor for nanocell. The second challenge is to estimate
radiolysis products and measure only H* ions out of that.

Measuring pH due to radiolysis is a challenging task due to other species present.
Just under the beam area, 15 species are present, and evaluating the effect of each one of
them on potential is difficult to characterize. So here, an approach is taken to measure
pH just outside the beam area, which reduces species from 15 to 5.

Literature review is done to study micro pH sensor characteristics and parameters
that affect those characteristics. From the literature review, it is found that the selection
of pH sensing material is important for species interference characteristics. As a result
Ir O, is selected as the best material to overcome species interference. Other charac-
teristics like drift, sensitivity, hysteresis depend mainly on the manufacturing technique
and post-processing technique used for sensing layer. A limited amount of drift can be
controlled by choosing the same area for WR and RE electrodes. Another literature sur-
vey is done to estimate radiolysis products. Only numerical studies are available for the
estimation of radiolysis. COMSOL simulation is set up for a given chip design to reason
out the experimental potential measurement.

Potential measurement while applying electron beam over liquid, verifies relative
generation of H>0> and O, . H> O, is generated less in pH 7 solutions compared to acidic
solutions, here potential is affected mainly by O, ions. For acidic solutions, O, is gener-
ated approximately 10 times less, and H»>O; is generated almost two times compared to
pH 7 solution. So potential in acidic solution is mostly affected by H,O,. Also, species

56



5.2. RECOMMENDATION 57

diffusion is observed with water + KCL solution. For electrodes placed approximately
400 pm far from each other, potential change is mainly due to H,O,. Because H>O;
does not diffuse to very long distance compared to O, . These observations confirm the
qualitative validity of radiolysis simulation. Another takeaway from this experiment is
the placement of electrodes compared to the electron beam is very important to shield
the effect of radiolysis generated species.

pH sensing properties of Platinum reveals a maximum error of 0.4 pH in measure-
ment. Manufacturing of the Iridium oxide membrane is done to see pH sensing prop-
erties. Error estimation concludes that due to Iridium oxide with the current manufac-
turing technique maximum error is 0.4 pH. Now according to simulations outside the
beam area, maximum pH change is 1.34 pH. So there is a possibility of pH measurement
within a limited range of dose rate and initial solution of pH.

The proposed optimization code indicated that just by optimizing geometry O, ef-
fect can not be shielded. So material should be chosen in such a way that it has selec-
tivity to O; = 0.1 or less to measure meaningful pH change outside the beam area. From
literature selectivity of Iridium oxide for H,O, is 10~*. From the optimization code di-
mensions of two pH sensing electrodes are decided. Considering maximum error from
pH measurement experiments and error from species interference from simulations for
configuration B, pH measurement is possible for dose rate 5 * 10’ Gy/s and above for
initial pH of solution ranging from 6 to 8. Improvement in pH sensing layer hysteresis
and linearity can further extend this range for pH measurement.

5.2. RECOMMENDATION

The pH measurement process for radiolytic pH change is not straightforward. Stepwise
attempts should be made to achieve this target. There is plenty of room to characterize
the effect of each radiolytic product on the sensing electrode.

* Radiolysis simulations are several orders of magnitude extrapolation for species
generation. No experimental results are available that quantify species generation
for a given dose rate. From experiments done to measure potential with neutral
and acidic solutions with the change in dose rate shows quantification of H, O, is
possible with the Platinum electrode. The Objective function in optimization code
can be modified to maximize the effect of H,O, on an electrode and a new design
can be proposed for this measurement. The Platinum electrode can be calibrated
for H,0, in a similar way as pH sensing properties are measured. For measure-
ment of H,O,, acidic solutions are recommended because simulation shows the
generation of H,O» is higher at those pH. Other than that dose rate to measure
H, 0, is recommended to be higher than 5 * 107 Gy/s, so that solution is near sat-
uration with H, dissolved gas. This makes interference from H, less and makes
measurement of H, O, more accurate. For acidic solutions generation of O; is less,
so making solution saturated with O, can help reducing potential change due to
0.

* pH sensing membrane should have good selectivity for H* ions compared to Ha,
02, H0; and O; . For Iridium oxide selectivity with respect to Hz, Oz and H»O; is
known. So it is extremely important to check selectivity for O, and calibration for
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that is a challenge. Because for calibration with O, a known amount of species
should be inserted, and a change in potential should be measured. O; is not gen-
erally stable species that known amount can be inserted. So another approach for
approximate calibration can be made with O, generated with the electron beam.
For that optimization code can be used for the objective to maximize the effect of
O, ions on an electrode. For measurement of O}, basic pH solutions are recom-
mended because simulation shows generation of O is higher at those pH. Other
than that dose rate to measure O, is recommended to be higher than 10® Gy/s,
so that solution is near saturation with O, dissolved gas. This makes interference
from O less and measurement of O, more accurate. For basic solutions genera-
tion of H, is less, so making solution saturated with H» can help reducing potential
change due to Hj.

* The current pH sensing layer has a maximum error of 0.4 pH for pH measure-
ment. Error due to linearity and hysteresis is the main contributing factor. The
reason for hysteresis can be a permanent change in the oxidation state of Irid-
ium oxide. So making stable state oxide can improve this property. Now each
manufacturing technique and post-processing on the pH sensing layer generates
different surface property of oxide, that ultimately changes chemical and physi-
cal property. Generally, micro layer Iridium oxide deposition techniques generate
polycrystalline layer. So modeling that is a highly complex task and one needs to
improve hysteresis property by empirical data and trial and error method. Here no
post-processing technique is used for the Iridium oxide layer, from the literature
it is found that conditioning with acid solution may help improve hysteresis. So
further investigation can be done on this.



APPENDIX: LITERATURE REVIEW

A.1.PH ERROR DUE TO TEMPERATURE

Sensitivity of pH sensor is defined as, 5:; R: Universal gas constant, T: Temperature of

solution, F: Faraday constant, n: Number of charge transfer by molecule

If pH sensor is calibrated at 25 °C, but solution temperature is 5 K more than error is
given by: Here pH range of 3-10 is considered, which is within required range of pH for
current application. As pH range increases this error increases.

Potential at
pH 25°C 30°C Error in pH
236.5053 | 240.4736 | -0.067114094
177.379 | 180.3552 | -0.05033557
118.2527 | 120.2368 | -0.033557047
59.12634 | 60.11839 | -0.016778523
0 0 0
-59.1263 | -60.1184 | 0.016778523
-118.253 | -120.237 | 0.033557047
10 | -177.379 | -180.355 0.05033557

O[N] O | W
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A.2. REVIEW TABLE FOR PH SENSING

No. | Material | Surfacestrueture / -y o | Sensingarea | Thickness | Range | Sensitivity | , 50/ prify | 1ste | Time Interfering Ref.
Preparation method Accuracy resis (Sec) ions
Affected by
2 ” -] -51.. 5 5 I o 1
1| 050 ocp 211 51.2 15mv 25mv Oxidizing and reducing agents 0
Sensitive to CT-
. i 5 5mv
2 Ir0y ocp 2-10 59.8 2mvV 25mV and Br- and I~ (1]
Electro deposited | _OCP S5 mm2” 212 | 788 | 10999 Affected by redox solution 1
Anodic ROF ocP 0.28 cm2, 02um | 212 75 ]
Sputtered IROF ocp 0.28 cm2, 0.15 um 2-12 -60.5 [El]
- 0.68
Sputtered ISFET 0.0075 mm2 100 nm 2-10 -59.4 mV/Hr (4]
I 6910 ) N
Monocrystalline | OCP o Affected by redox solution, O 151
Not affected by common ligands
o | 6200 except bicarbonate, slightely affected
Anodic IROF oce 2585 ) gy by Oxalate. Affected by redox bl
solution, 0
ocp -58to 0.36 Oxidant interference:1-1.5 pH, €
m -59 mV/Hr int: 1.7-3.4 o
+Taz05 resisvity: | oo o | B 0.24 Oxidant interferance:03-06pH, | |
5e12 ohm_cm ’ - -59 mV/Hr Reductant int.: 0.02-0.05 pH )
Ta;05 film on 77nm, 5940 | <01 Selectivity : K+, Nar, Li+: N
1r0, Sputtered ocp <0.8 mm2 6iam | B 595 =099 | ke 15 Max. 124 %
ensitive “l-, 02,N2: M; .S
Anodic IROF ocp 0.196 mm2 312 -69 1=0.999 Sensitive to Cl-, 0 09 g
mV change
. N — <0.004 -
Sputtered ocp 0.01 mm2 410 | 659 | r=09083 | ~LH <3 9
3 | Ruo, oCP 712|618 Zmv 9mv Sensitive (0 I- 0]
Sito 275
ively - v 0
Reactively sputtered |  OCP dum | 212 "o wy/ph | <10mY 1101
Screen printing 247 mm2 10um | 2-12 [i]
+ 102 (30%), 221 mm2 10um | 411 Li+, Ni+, K+ affects <15 mV [12)
screen printed
+Ti02 (30%), 100 mm2 oum | 212 | 5611 | r=0999 | 3% | smyv 15 Lit, Nit, K+ affects <15 mV 12)
Screen printed initially
" . ~ 0.41 - .
Ptdoped, sintering | OCP 60 mm2 213 -58 T 12 Sensitive to 02- 13]
4 RhO, ocp 2-12 -68.2 1mv 20 mV Sensitive to Br- il
and I
5 | Ta05 Thermally ocp 3-10 493 30mv 50 mV Sensitive to I 1
prepared oxide and F-
Screen printing | 7™ 234 mm2 8um 3-12 - (141
resistor
Screen printing ocp 10 mm2 8um 2-10 -45.92 r=0.972 (14]
on Si02, Electron 53nm | 2:9 593 | 1=0999 5)
beam evaporation
o Cu+2, Ter2, T3 (pH change: )
REsputtering | EIS(CV) 1550m | 1-10 5my 025 Tor 0.1 i) 16
Atomic Layer . 51
Deposition ocp 33nm | 4-9 -53.6 - 1]
Vapour deposited 5610 01-02 K .
Thin e 0.03mm2 1000m | 1-13 o e | 02mv | <01 Nas: <1 mV, Ks:<l mV 18]
Sputtered resistivity: N
lel4 ohm_cm OCP large 1
6 | _sno; oCP <166 G mv Hmv 0]
on Al/ Coming N
- . o
Glass, Sputiering | BXCFET 300nm | 4-10 16 |
on Al Micro side omm | a0 - .
glass,Sputtering
onTTO glass, ] 05 )
Sputtering EXGFET >4 mm2 -57 mV/Hr [19]
) 188
on glass, Sputtering | EXGFET -55 mV/Hr 191
onTIo glass, ocp 4mm2 200nm | 2-12 | -59.17 0,1 120
Sputtering
With 30% Ru02, | Chemi Several Ti+, Ni+, K+ no significant
i ge N , 3-11 -
Screen printing resistor | hundred mm2 * effect
With 30% Ru02, 00P | Several mma * o v | oo Li+, Ni+, K+ no significant o
Screen printing effect
Si02, thermal 23
on $i02, therma ISFET 0.05 mm2 150nm | 2-10 -58 0 27mv | <0.1 122]
evaporation mV/Hr
) Chemi
Screen printed M Severalmm2* | 10um 2.7 Large 23]
resistor
7| S Powdered 0CP | sseveral mm2* 1-10 ouamy | 9% Large Oxygen affects its potential [24)
Shy0s : © - mV/Hr -arg X8 Sits p
- several ) Sensitive to complexing agents. N
Monocrystalline | OCP | 1 dord mma+ x1o 52 03 mv Affected by redox solution, 02 -
Ir/ Thermally - <0.041
. 5 - - ax: 24
5| Lo, prepared ande ocp >15mm2 29 67 Viday Max: 30 1241
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. Surface structure: o " | . Sensitivity SD/ . Hyste | Time oo .
No. | Material method | Method | Sensing area | Thickness | Range | *VU Y | O | o | LSS | O Interfering ions Ref.
Not affected by common ligands
Thermally 41 )
9 | Pd/PdO repared oxd ocp 59.6 . <10 except for bicarbonate. 151
prepared oxide Affected by redox solution, 02
10 PtOy ocp 5-10 -46.7 4mV :’?3 Sensitive to I- and H202 (1]
- 91 >250
; X E o
Reactively sputtered ocp 06um | 510 50 wVipH | o 1101
Namo morous. Small shift: NaCl, LiCl, KCI.
porous, ocp 531 mm2* 212 -55 small | <60 Some shift: NH4CI, Affected by )
Electro deposited Y
redox
Nano porous +
Polyphenol, ocp 3.1 mm2* 212 44 £=0.997 Film reduces affect of Redox 2]
Electrodeposited
100 Severely affected b
ocp 510 467 | r=0976 55000 everey atecladby 2]
mv redox couple
- - I 30 Non reproducible effects
11 TiOy ocp 2-12 -55 15mV mv with H202 11
Alumina., hemi
onAumina Chemi 221mm2 | 10um* | 4-10 Error: 3% 1251
Screen printing resistor
5.5 nm dia TI02 + Chemi o 0
multiwall CNT resistor -
Sputtered S %nm | 113 2]
RF sputtering ISFET <036cm2 | 256nm | 1-13 28]
Electrochemical N . | Nar, K+, CI-, NO3- F-)in range le-11, | __
anodization ocp 2 59 <30 (504-, Din range of e-10 1291
57410 0038 | 27 o )
MOCVD EIS(CV) 80nm | 311 Yoo e |y Light interferance: 20-200mV | [30]
" N Sp—— 3.64
sol-gel spin coating ExGFET 4 mm2 1-11 -58.73 r=0.991 mV/Hr 40 ]
Rudoped, EXGFET 025cm2 | 483nm | 1-13 552 1=0.999 0.745 1321
Co sputtering mV/Hr
nano particles , . - Several
Layer by layer 410 57 =099 | viHr
GdzTiz07: . ] 0.38 29 -
Reactive co sputtring | S0V 40nm | 2-12 5831 mV/HE | mv 1341
Er2TiO5: 0.29 2
SV X 5 3
Reactive co sputtering | 2OV 40nm 212 56.6 mV/Hr mv 1341
Lu2Ti207: — 055 52 -
Reactive co sputtering | OV 40nm 212 -59.32 mV/Hr | mv 184
: 1025 | <20
- - o , o
12 | PdO | Reactivelysputtered ocp 05um | 29 16 wVipH | mv 110l
Reactive electron p— . - 3 79 -
boam ) EXGEET | 025em2 | 130nm | 212 | 6287 | r=0999 | ol | 0 1351
13 Pt Physical vapor potentio <1 mm2 100nm | 4-10 - =0.952 361
deposition metric
-49 to N
cv 7276 ¢ 187]
on Silicon nano rod, 07
14 ZnO Atomic layer ExGFET 4 mm2 50 nm 1-13 -46.25 r=0.990 ";V
deposition
h
nanorod with 80 nm ocp 411 | 5188 139]
diameter
nano particles SAW. 27 - [20]
RF sputtering 3 o » - 264 3.1 Na+: 5.74 mV/pNa,
and annealing EISCV) S0nm | 2-12 42 Max97% | e | mv K+: 7.33mV/pK 1
amorphous, sol gel EXGFET 212 38 2]
: Chemi , 85
Single nano rod resistor 212 | ooy 143)
120-160 - ; ;
15 | 1O on glass EXGFET | 20mm2* Do | s0s | 231 | =099 Corrosion of ITO in acids 1441
on touch panel film, EXGFET 121 mm2 25nm 3-13 -59.2 =0.994 <2% 1.80% | 1 Slightely Sensitive to Na+ 1451
sputtering
) , ; o N 132 ;
on PET, RF sputtering ExGFET 12.5 mm2 2-12 -50.1 r=0.998 mV/Hr (46
lass, Sputteri EXGFET 08mm2 | 23 212 58 N 98 19
on glass, Sputtering X( >0.8 mm nm - -5 mV/Hr mv 191
on glass — ] - 300 ;
(70-100 ohm/sq) Impedance 50 mm2 3-8 olpH 47
N Several
2,
16 | SisNg on$iz, ISFET 0.05 mm2 49 [22]
thermal evaporation .
Plasma Treated - 60-110 . -
on Si02 ISFET nm 4-10 -45.3 48]
Vapour deposited 160 10 30 . - " N
Thin i ISFET 0.03mm2 | 100nm | 1-13 "o v | omy | <01 Nas: 5-20-50 mV, K+:5-25 mV 18]
17 | 5i0; | Flowerlike nano wires | _Soln. R 212 5]
1334 | 5449
26 210 P 50
ISFET 29 nm 3-12 258 98.80% mV/Hr mv 50]
\ site 25
apour deposited ISFET 0.03mm2 | 100nm | 4-10 St un 1 Nas: 30-50 mV; K+:20-30 mV 18]
Thin film -35 stable
RF Sputtered and - a5 375 ,
18 Al O3 Anodic oxidation ExGFET 9 mm2 1um 4-10 -56 mV/Hr mv (511
Atomic Layer ocp 250m | 49 -36.4 43 mV/Hr 17
Deposition
Vapour deposited — 02 0 P )
Thin ISFET 0.03mm2 | 100nm | 1-13 v | my | <01 Nas: 2mV, Ke: 2mV 18]
1 [ TN Sputtered ExGFET 50nm_|_4-10 B2
Molecular
20 | N oecurar ISFET 100nm | 4-12 Selectivity Na: -7.62, 153]
beam epitaxy
) N - - g T
21 NiO Sputtered ocCP 355 nm 1-13 -63.37 r=0.989 mV/Hr mv (54)
Nano porous OCP 212 |_-43.74 <10 551
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No. | Material Surface structure/ Method | Sensingarea | "NK | Range | SCNSIVIY [ SD/ prife | ¥ste | Time Interfering ions Ref.
Preparation method ness mV/pH | Accuracy resis | (Sec)
2 | 7zro, Thin flm of ZO2 on Zy, ocp 201 5822 | r=0997 1561
chemically prepared um
, R — 56710 0.831 Sensitivity Slightely
23 70, DC Sputtering ISFET rig | R Y ected by acl 1571
Taz05: . o 5510 oot } .
2 o, 105:312% oce IREI o Negligible effect of Cl- (561
15:15.1% ocp L1z | Negligible effect of CI- 1561
8.6:262% ocp iz | e Negligible effect of Cl- (561
. (resistivity: 5-10ohm_cm) | [ , - 06 -
| 60 | poiyerystaline, RE sputtering | EISCV) N I i Bl R o
26 AN nanocrystalline, sputtered | ISFET 200 a0 | s 225 1601
nanocrystalline , sputtered ISFET ::1 4-10 -45 225 (60
nanocrystalline , sputtered ISFET :31 4-10 -54.5 300 [60]
. ] ] 150 .
27 Cuo Nanoflowers ocp 2-11 -28 25 [611
mV/Hr
P ‘nanostructures grown by .
28 Co304 hydrothermal method ocp 3-13 58.45 53 [62]
29| wo, Blectrodeposited nano oce ' 95 | 567 | r=09% 28 1631
particles Wax printing mm2
Sputtring deposition
e Cepo > 0.0019 . 6 50
(Resistivity: 13-33 oce - 212 55 A 1641
mu_ohm_cm)
30 | Diamond Boron doped HFCVD ocp ne 212 | 508 | r=0997 < (651
chrono -
Boron doped MPCVD potentio | 2% 01 Influnced by active 1661
! cm2 um electrochemical couple
metric
Boron doped MPGYD ocp 0.283 [l A R, Na, K has no effect, Influcnced by ool
cm2 um active electrochemical couple
Poly On1TO , N ; No significant effectNa+ K,Clor -
31 | bisphenol | electrochemically synthesized | °°F 15 567 ) 0.02pH <20 50420f2.0 mol L1 1671
Redox
onrto ! No significant N
electrochemically synthesized | _Pe2X Az 586 ) 0.18pH effectNa+,K+,Clor $0420f 2.0 mol L1 1671
potential
polyethyl - Sensitivity decreases considerably with time,
32 | eneimine | ElectropolymerizationonPt | OCP o 211 46 | r-09967 15 | notstable over 1 month, cannotbeused | [42]
(PEI) for several
polypropyl - S
33 | eneimine | ElectropolymerizationonPt | OCP 0.785 211 43 1=0.9937 15 Sensitivity doesnot decreases too much | ),
s mm2 over one month
pole 0785 Sensitivity decreases considerably with time,
34 | POWPYIMOIE | gy tropolymerizationon Pt | OCP > 2-11 48 1=0.9966 120 | notstable over 1 month, can not be used | [42]
(Ppy) mm2
for several
(p-phenyl . —
35 | enediamine) | ElectropolymerizationonPt | OCP 0785 211 34 r=0.9950 60 Sensitivity doesnot decreases too much | ),
mm2 over one month
(PPPD)
yaniline 0785 Sensitivity decreases considerably with time,
36 | POV Electropolymerizationon Pt |  OCP 765 2.9 52 1=0.9573 60 not stable over 1 month, can not be used | [42]
(PANI) mm2 for several

“Area estimated by setup/description
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C.1. COMSOL 2D MODEL SETUP

APPENDIX: RADIOLYSIS

SIMULATION

COMSOL radiolysis model is setup in chemistry and transport of diluted species module.
In the chemistry module, 73 reactions are defined for 16 species. In the transport of
diluted species, diffusion coefficients and generation of species are defined.
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C.2. MATLAB OPTIMIZATION

Files Hi.txt, O2i.txt, H202.txt and OH.txt is input from 1D axis symmetry COMSOL sim-
ulation. These files represents concentration of respective species with distance from
center of beam.

cles
clear;
close;

$Fmincon function for optimization

xg=[1 3 5 10]; %Coordinates in Micron

options = optimoptions('fmincon', 'OptimalityTolerance',le-7, 'MaxFunctionEvaluations', ¥
50000, 'ConstraintTolerance',le-7, 'FunctionTolerance',le-7, 'OptimalityTolerance', le-7);
[x,fval,exitflag, output, lambdal = fmincon('Objectivefunction‘,xq,[],[],[],[],[],K
[1,'Constraints’',options)

function f=Objectivefunction (xq)
x1=xq(1);

x2=xq (2}

¥3=%q(3);

x4=xq(4) ;

$Concentration in Molar
Hi=load('Hi.txt');
P=griddedInterpolant (Hi(:,1) ,Hi(:,2));
CHi=@(t) P(t);

02i=load('02i.txt’') ;
Q=griddedInterpolant (02i(:,1),02i(:,2));
cozi=@(t) Q(t);

H202=1oad ('H202.txt"') ;
R=griddedInterpolant (H202(:,1) ,H202(:,2));
CH202=@(t) R(t);

OH=load('OH.txt') ;

S=griddedInterpolant (OH(:,1),0H(:,2));
COH=@(t) S(t);

we:((integral(CHi,xl,xZ))—(integral(COZi,xl,x2))A(le—4*integral(CH202,x1,x2))~(integral¢
(COH,x1,x2)))/(x2-x1) ;
re=((integral (CHi,x3,x4)) - (integral (CO21i,x3,x4)) - (le-4*integral (CH202,x3,x4)) - (integral¥
(COH,x3,x4)))/ (x4-x3) ;

f=(-we+re) *leé6;
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%Constraints

function [gc,geq] = Constraints(xq)
x1=xq(1) ;

x2=xq(2) ;

x3=xq(3) ;

x4=xq(4) ;

gc(1l)=2-x3+x2; %2um distance because of feature size
gc(2)=%x3-x4+2; %2um distance because of feature size
gc(3)=x4-100;

gc(4)=2-x2+x1; %2um distance because of feature size
gc(5)=1-x1; %lum distance from center of beam

geq(1l)=(x2"2-x1"2) - (x4"2-x3"2) ; %Both electrode should have same area to reduce drift

end



APPENDIX: RESULTS

D.1. IMPEDANCE ANALYSIS CIRCUIT FITTING
Software from potentiostat (Palmsens 4), is used to estimate fitting parameters for equiv-
alent electric circuit.
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D.2. SPECIES SELECTION TABLE
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D.2. SPECIES SELECTION TABLE

Concentration of radiolysis product average over WE from 3.5 ym beam near electrode
(WE). Highlighted cells are concentration greater than 0.1 times concentration of H*

10ns.
Concentr
Concentr |Concentr |ation Concentr |Concentr |Concentr |Concentr |Concentr [Concentr [Concentr |Concentr |Concentr |Concentr |Concentr |Concentr
ation ation (M), ation ation ation ation ation ation ation ation ation ation ation ation
D (W/kg)|pH |(M),Hi |(M),H2 |H202 (M), CO2 |(M),eaq |(M),H (M), HO2 |(M), HO2i|(M), HO3 |(M), O2i |(M),03 |(M), 03i |(M),OH |[(M), OHi |(M), Oi
1.E+07 7| 2.23E-07| 0.00024| 0.000201| 2.04E-05| 1.82E-14| 1.1E-12| 5.01E-09| 2.13E-09| 9.86E-17| 5.23E-07| 6.74E-14| 5.68E-15| 3.71E-11| 4.76E-08| 4.43E-16
S5.E+07 7| 2.73E-07| 0.00054| 0.000425| 5.92E-05| 6.67E-14| 2.32E-13| 1.02E-08| 3.84E-09| 5.22E-16| 7.82E-07| 1.25E-13| 1.18E-14| 9.88E-12| 4.05E-08| 8.02E-16
1.E+08 7| 2.92E-07| 0.000764| 0.000577| 9.61E-05| 1.09E-13| 1.24E-13| 1.34E-08| 4.98E-09| 1.18E-15| 9.01E-07| 1.47E-13| 1.46E-14| 4.87E-12| 3.87E-08| 1.67E-15
1.E+07 4| 0.0001| 0.000426| 0.000422| 4.18E-06| 1.24E-14| 1.35E-11| 1.12E-07| 9.47E-12| 1.04E-19| 3.01E-08| 9.06E-18| 6.98E-21 4.31E-11 1E-10| 5.77E-18
5.E+07 4| 0.0001) 0.000784| 0.000763| 1.44E-05| 4.59E-14| 2.14E-12| 1.61E-07| 1.71E-11| 5.46E-18| 4.33E-08| 2.36E-16| 1.31E-19| 1.23E-11 1E-10| 6.74E-17
1.E+08 4| 0.0001| 0.001028| 0.000988| 2.51E-05| 7.79E-14| 8.19E-13| 1.85E-07| 2.22E-11| 2.92E-17| 4.99E-08| 8.71E-16| 2.21E-18| 6.48E-12 1E-10| 1.92E-16)
1.E+07| 2.45| 0.003548| 0.001095| 0.001101| 2.88E-06| 1.5E-15| 1.46E-11| 4.53E-07| 6.95E-13| 1.51E-24| 3.44E-09| 6.91E-23| 2.57E-25| 2.64E-11| 2.83E-12| 1.37E-20
5.E+07| 2.45| 0.003548| 0.002169| 0.002182| 6.74E-06| 6.66E-15| 4.48E-12| 7.01E-07| 1.38E-12| 6.41E-23| 5.32E-09| 1.02E-21| 5.31E-24| 8.45E-12| 2.83E-12| 1.19E-19
1.E+08| 2.45| 0.003548| 0.00287| 0.002874| 9.48E-06| 1.24E-14| 2.61E-12| 8.27E-07| 1.82E-12| 3.63E-22| 6.27E-09| 3.34E-21| 3.7E-23| 5.07E-12| 2.83E-12| 5.78E-19

Concentration of radiolysis product average over RE from 3.5 ym beam near elec-
trode (WE). Highlighted cells are concentration greater than 0.1 times concentration of

H* ions.
Concentr
Concentr |Concentr |ation Concentr |Concentr |Concentr |Concentr |Concentr [Concentr [Concentr |Concentr |Concentr |Concentr |Concentr |Concentr
ation ation (M), ation ation ation ation ation ation ation ation ation ation ation ation
D (W/kg)|pH [(M),Hi |(M),H2 |H202  |(M), CO2 [(M),eaq |(M),H |(M), HO2 |(M), HO2i|(M), HO3 |(M), O2i [(M),03 |(M),03i |(M),OH (M), OHi [(M),Oi
1.E+07 7| 1.94E-07 2.40E-04 2.00E-04 2.06E-05 6.61E-15 4.44E-15 2.68E-09 2.36E-09 1.53E-19 3.50E-07 5.67E-17 1.47E-17 1.08E-13 5.29E-08 5.20E-17
5.E+07 7| 2.37E-07 5.40E-04 4.23E-04 5.97E-05 1.52E-14 8.21E-15 4.61E-09 4.18E-09 5.00E-18 4.70E-07 7.34E-17 1.26E-16 2.25E-13 4.42E-08 2.15E-16
1.E+08 7| 2.57E-07 7.63E-04 5.74E-04 9.68E-05 2.13E-14 1.58E-14 5.53E-09 5.31E-09 2.48E-17 5.08E-07 7.66E-17 2.75E-16 3.23E-13 4.14E-08 3.71E-16
1.E+07 4| 1.00E-04 4.25E-04 4.21E-04 4.26E-06 2.53E-15 9.77E-15 4.55E-08 9.43E-12 8.24E-22 1.22E-08 1.28E-20 7.16E-22 4.54E-14 1.00E-10 4.39E-19
5.E+07 4| 1.00E-04 7.83E-04 7.61E-04 1.46E-05 7.85E-15 3.29E-14 5.61E-08 1.70E-11 7.98E-21 1.51E-08 5.26E-19 1.77E-20 2.14E-13 1.00E-10 3.52E-18
1.E+08 4| 1.00E-04 1.03E-03 9.85E-04 2.53E-05 1.25E-14 4.27E-14 6.07E-08 2.21E-11 5.51E-20 1.63E-08 1.18E-18 6.59E-20 3.20E-13 1.00E-10 8.08E-18
1.E+07| 2.45| 3.55E-03 1.09E-03 1.10E-03 2.99E-06 1.78E-16 2.78E-14 2.63E-07 6.93E-13 2.97E-26 1.99E-09 4.16E-26 -1.75E-26 5.34E-14 2.82E-12 -6.27E-22
S.E+07| 2.45| 3.55E-03 2.17E-03 2.18E-03 6.95E-06 7.88E-16 8.01E-14 3.67E-07 1.37E-12 2.91E-24 2.79E-09 -2.24E-25 -1.03E-25 5.99E-14 2.83E-12 3.42E-22
1.E+08| 2.45| 3.55E-03 2.87E-03 2.87E-03 9.76E-06 1.47E-15 1.41E-13 4.14E-07 1.81E-12 2.09E-23 3.14E-09 -4.06E-24 -1.08E-24 1.50E-13 2.83E-12 -3.26E-21

Concentration of radiolysis product average over CE from 3.5 ym beam near elec-
trode (WE). Highlighted cells are concentration greater than 0.1 times concentration of

H* ions.
Concentr
Concentr |Concentr |ation Concentr [Concentr |Concentr |Concentr |Concentr |Concentr (Concentr |Concentr |Concentr |Concentr (Concentr |Concentr
ation ation (M), ation ation ation ation ation ation ation ation ation ation ation ation
D (W/kg)|pH |(M),Hi |(M),H2 |H202 (M), CO2 |(M),eaq |(M),H (M), HO2 |(M), HO2i|(M), HO3 |(M), 02i |(M),03 |(M), 03i |(M),OH |[(M), OHi [(M), Oi
1.E+07 7| 1.35E-07 2.40E-04 1.98E-04 2.11E-05 1.08E-23 2.13E-18 2.89E-10 3.28E-09 2.34E-28 5.74E-08 5.79E-28 4.36E-21 9.56E-17 7.42E-08 8.88E-22
5.E+07 7| 1.44E-07 5.39E-04 4.18E-04 6.09E-05 1.57E-23 1.76E-18 3.33E-10 6.51E-09 2.76E-27 6.22E-08 2.02E-27 1.18E-20 1.00E-16 6.98E-08 8.75E-22
1.E+08 7| 1.48E-07 7.62E-04 5.66E-04 9.86E-05 2.06E-23 1.53E-18 3.48E-10 8.57E-09 2.10E-26 6.31E-08 2.91E-27 1.79E-20 9.91E-17 6.78E-08 8.38E-22
1.E+07 4| 1.00E-04 4.24E-04 4.16E-04 4.42E-06 4.06E-24 3.08E-18 2.41E-09 9.31E-12 7.56E-31 6.48E-10 1.42E-28 4.93E-28 2.22E-17 1.00E-10 2.79E-25
5.E+07 4| 1.00E-04 7.81E-04 7.52E-04 1.51E-05 7.86E-24 1.84E-18 2.53E-09 1.68E-11 1.24E-29 6.80E-10 3.76E-27 1.62E-27 2.12E-17 1.00E-10 2.69E-25
1.E+08 4| 1.00E-04 1.02E-03 9.74E-04 2.63E-05 1.19E-23 1.43E-18 2.57E-09 2.18E-11 8.27E-29 6.91E-10 7.73E-27 2.80E-27 2.08E-17 1.00E-10 2.67E-25
1.E+07| 2.45| 3.55E-03 1.09E-03 1.09E-03 3.16E-06 3.51E-24 8.03E-17 2.52E-08 6.86E-13 2.72E-35 1.91E-10 2.06E-37 3.53E-30 2.83E-16 2.82E-12 1.00E-25
S5.E+07| 2.45| 3.55E-03 2.16E-03 2.15E-03 7.28E-06 3.73E-24 8.14E-17 2.80E-08 1.36E-12 2.68E-33 2.13E-10 4.66E-37 8.73E-30 3.04E-16 2.82E-12 1.08E-25
1.E+08| 2.45| 3.55E-03 2.86E-03 2.85E-03 1.02E-05 4.15E-24 8.14E-17 2.90E-08 1.80E-12 1.92E-32 2.20E-10 2.41E-38 1.27E-29 3.11E-16 2.82E-12 1.10E-25
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D.3. SPECIES CONCENTRATION WITHIN BEAM REGION WITH DOSE

RATE AND INITIAL PH

Generation of species from numerical simulation with different electron beam dose rate
and initial pH of solution.

H,
__0.008
=0006 O\
- \
'E 0.004 \\ —a— 167 [Gy/s]
£ 0.002 i Kol
g —_ —s—1e9 [Gy/s]
5] 0 = B
o
2 4 6 8 10
pH

Figure D.1: Concentration of H» with different dose rate and initial pH of solution
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Figure D.2: Concentration of H» O with different dose rate and initial pH of solution
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Figure D.3: Concentration of O, with different dose rate and initial pH of solution
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Figure D.4: Concentration of O, with different dose rate and initial pH of solution

D.4. DOSE RATE CALCU

LATION

Dose rate and electron beam current calculation for different spot size with nano cell

thickness of 200 and 500 nm.

Nano cell thickness: 500 nm | 200 nm
Spot | Exposure | Current Dose Dose
size | time (s) @A) rate rate

(Gyls) (Gyls)
3 1.3 3.8E-09 | 1.5E+08 | 8.6E+07
4 2.9 1.7E-09 | 7.0E+07 | 3.8E+07
5 5.8 8.4E-10 | 3.4E+07 | 1.8E+07
6 11 4.4E-10 | 1.8E+07 | 9.8E+06
7 19 2.6E-10 | 1.0E+07 | 5.8E+06
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D.5. POTENTIAL FOR HYDROGEN, OXYGEN AND HYDROGEN ION

2H" +2¢” = H, (D.1)
According to Nernst potential,
0 RT +
E=E +—F * (In(H")—0.5* In(pHy)) (D.2)
n
O +4H" +4e” 2 2H,0 (D.3)
According to Nernst potential,
o, RT +
E=E +—F*(ln(H )+0.25 % In(p0y)) (D.4)
n

D.6. POTENTIAL CHANGE FOR TEM EXPERIMENT
Potential measurement for H, SO, (pH 2.45) between WE and RE.

Beam
off

o

-0.05 A B C

S
»
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Figure D.5: Potential for H» SO, (pH 2.45) between WE and RE, with changing electron beam spot size. A, B,
C, D, E corresponds to spot size 7, 6, 5, 4, 3 respectively. Dose rate calculation for given spot size is given in
appendix D.4.

Potential measurement for Ultra pure water + KCI (40 g/L) solution (pH 7.2) between
WE and RE.
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Figure D.6: Potential for Ultra pure water + KCI (40 g/L) solution (pH 7.2) between WE and RE, with changing

electron beam spot size. A, B, C, D, E corresponds to spot size 7, 6, 5, 4, 3 respectively. Dose rate calculation for

given spot size is given in appendix D.4.

D.7. PH SENSOR CHIP DESIGN

All layers stacked together

Platinum

Figure D.7: Layer by layer design of pH sensing electrodes



