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The study of ion detection and interference on ZrQ, gate

pH-ISFETs

Student: Cho-Ching Lin Advisor: Dr. Kow-Ming Chang
Dr. Cheng-May Kwei

Department of Electronics Engineering & Institute of Electronics

National Chiao Tung University

ABSTRACT

This article deals with an inverse problem of ion mixture composition estimation
using electronic sensors based on,conventional:reference electrode (RE) and MOS
transistors; this topic exactly is ion detection and interference of ISFET. As a result of
higher sensitivity as well as selectivity of the sensing layer ZrO, for some ion and the
importance of H', K* and Na" ions to human body mechanism, it reports the
technological fabrication and the electrical characterization of ZrO; ion sensitive field
effect transistors (ISFET) for the detection of H', K' and Na" ions. The device
sensitivity to various ions is obtained by replacing the traditional transistor metal gate
electrode with the series combination of the reference electrode, electrolyte and
specific sensing layers, the first one is immersed the aqueous solution to detect the pH
value and sensitive to the other ions in an electrolyte flowing over the gate.

So far as we know, ZrO, ISFET chemical sensors show quasi-nernstian pH

response with sensitivities around 58 mV/pH. Its detection yield is 98% compared to

il



the Nernst equation. However, it is not our main goal for pH response as well as
selectivity of the membrane (i.e. sensing layer) ZrO, is limited and ions other than the
main one also influence the measurement in complex solutions. Therefore, in this
study, we will first investigate K™ and Na™ ions measurement in acid or base solution,
that is, pK and pNa measurement. By way of evidencing, sensitivities of K" and Na"
ions is lower than 20 mV/pH and non-nernstian pH-dependent phenomena for highest
K" or Na' ions concentrations (pK and pNa lower than about 3). It is shown that the
detection properties of H', K' and Na' ions are dependent on each other, being

responsible for saturation effects for the highest concentrations.
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Chapter 1

Introduction

1.1 The cognition of ISFET

Ion-sensitive-field-effect-transistor (ISFET), the most importance of lots of
biomedical sensors, was first pretended by P.Bergveld in the early 1970s [1]. Its
numerous properties are very like to metal-oxide-semiconductor-field-effect-transistor
(MOSFET) and its basic wafer is in Table 1-1 because it just uses silica as gate and
integrate MOSFET with the peculiarity of traditional ion-sensitive-electrode (ISE).
Thus the obvious distinction of ISFET and MOSFET is that the MOSFET metal/poly
gate is replaced by sensing (silica) layer exposed to the solution directly. It will make
that ISFET can sense diverse pH solutions and detect @ number of various ions by
means of H' or other ions accumulating on the top of sensing material. Furthermore, it
also can be calculated by the current transformation caused by H" ions difference on

sensing layer..

1.2 The characteristics of pH-ISFETs

The development of ISFET has been on going for more than 35 years from the
1970s as an alternative to the fragile glass electrode for the measurement of pH or
concentrations of ions (Na', K*, CI', NH4", Ca,’, etc.), and the first ISFET sensing
layer exploited was silicon dioxide (Si0O,), which showed an unstable sensitivity and a
large drift. Recently, there are many materials have been investigated and applied for

the ion sensing layer. Table 1-2 shows the sensitivity and test ranges of different



sensing layers. It is found that pH sensitivity is one of the important characteristic
parameters of the ISFET device and the response of the ISFET is mainly determined
with the type of the sensing layer, thus its material plays a significant role in ISFET
field. So in this study, we will use zirconium oxide (ZrO,) as the ion sensing layer.

The structure of ISFET is similar to the MOSFET except for metal gate electrode
removed and deposited a sensing film on the gate oxide, as shown in Fig. 1-1. The
upmost sensing layer will have chemical reactions with the test or buffer solutions and
build up charges at the surface so that the surface charges will induce surface potential
as well as change the threshold voltage of the ISFET, hence the operation current I
will also change.

Comparing with the traditional® pH-meter using glass electrode, ISFET has
following features:

(1) Small sample requirement

(2) Short response time

(3) Small size and weight

(4) Potential of mass production at low cost

(5) Compatible with the standard CMOS process

Nevertheless, it is possible to generate a variety of chemical sensors with small
size down to micrometer scale so that only a small amount of the test solution should
be necessary, but this is useless owing to the lack of a miniaturized reference

electrode [2].

1.3 The introduction of reference electrode

An ideal reference electrode for use as the ISFET gate terminal should provide

[3]:



(1) An electrical contact to the solution from which to define the solution
potential;

(2) An electrode/solution potential difference that does not vary with solution
composition.

The conventional silver chloride or calomel electrode provides both of these
functions by maintaining an electrochemical equilibrium with the solution. Novel
techniques are to fabricate electrodes in miniaturized dimensions [4] [5]. The on-chip
fabrication of a reference of a reference electrode with IC-compatible techniques
would make ISFET suitable for biomedical sensing because of the low cost, small size

and rigidity.

1.4 Motivation of this work

Although we previously come at that ion-sensitive-field-effect-transistors
(ISFETs) could be developed as an alternative to the fragile glass electrode for the
measurement of pH and concentrations of ions such as Na", K*, CI, NH,", Ca,", etc
from many famous studies, however, we rarely focus on the ion interference for
above-mentioned ions. Certainly, we also find some sensing layers for ISFETs with
good hydrogen ion sensitivity, but we also did not concentrate on the sensing layers
with good selectivity or not. It will be very essential for the simultaneous
measurement or detection.

On the bases of upward description, in this article, we will show that ZrO, can
provide a solution for the pH, pK or pNa simultaneous measurements since it is
sensitive to H', K" and Na' ions. And it also reports the technological fabrication and
the electrical characterization of ZrO, ISFET chemical sensors, investigating more

precisely the detection properties of the H', K' and Na" ions and their mutual

3



influences for simultaneous pH, pK and pNa measurement.
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Chapter 2

Theory Description

2.1 Introduction to pH

The word, pH, was form by two letters p and H, and the first means ‘Power’ as
well as the second means ‘Hydrogen’ [1]. As implied in the name, pH is a basic
measurement of how many H™ ions in a unknown solution is. In general, aqueous
solutions with a pH value less than 7.0 are treated as acid solutions, greater than 7.0
are treated as basic solution. And equal to 7.0 are treated as neutral solution at room
temperature 25 ‘C because the:concentration of HsO™ equals the concentration of
OH™ in pure water [2]. Detecting pH is.essential in finding the chemical
characteristics of material “because it is one of the” most common biomedical

measurements.

2.1.1 Basic definition of pH

Generally speaking, there are acid (H') and alkali (OH ) ions in any complex
solution, and they are in equilibrium all the time.
H,0 <« H + OH" (2-1)

The basic definition of pH is expressed as
pH =—loga,, = —logh[H"] (2-2)
where a, . is the hydrogen ion activity, 7 is the activity coefficient which equals to

1 when diluted solution, and [H "] is the molar concentration of solvated protons in



units of moles per liter. Actually, pH depends on a lot of factors, such as the

concentration of the added acid and its dissociation constant [3].

2.1.2 How to detect pH

Previously, there are many methods measuring the pH value, including:

(1) Indicator reagent

(2) pH test strips

(3) Metal electrode

(4) Glass electrode

There are critical drawbacks on above methods, except for glass electrode. For
example, the first and second methods are differentiated from colors and both are
impossible to reach high accurate pH value, and the third method is difficult for daily
use due to the inconvenience of reproducing hydrogen gas [4]. The fourth method
glass electrode modernly becomes. the most extensively used method for the pH
measurement on account of some limitations in practical applications of the first three
methods. Therefore, we need to illustrate this topic glass electrode conscientiously.

The first pH glass electrode was improved by M. Cremer wih Fritz Haber. It
composed of an electrode membrane that determines the pH value, and a stationary
concentration of HCI or a buffered chloride solution inside in contact with an internal
reference electrode, which use of Ag/AgCl, as shown in Fig. 2-1.

When the glass electrode is immersed in pH buffer solution, the outer bulb
surface will be hydrated and exchange sodium ions for hydrogen ions to build up a
surface layer of hydrogen ions [2], the build up of charges on the inside of the
membrane is proportional to the amount of hydrogen ions in the outside solution. The

potential difference between inside and outside can be derived by nernst equation:

6



RT
E=E, + —Ina_. 2-3
© pF W 2-3)

where E = electrode potential, E, = standard potential of the electrode, R = gas
constant (8.31441JK 'mol™), T = temperature (in Kelvin), n = valance (n = 1 for

hydrogen ions), F = Faraday constant and a,. = activity of hydrogen ions.

According to the equation, providing that side of the interface the activity of the
ion of interest is kept constant, the electrode potential is direct logarithmic function of
the ion activity on the other side [5]. As a result of ideal Nernstian response
independent of redox interferences, short balancing time of electrical potential, high
reproducibility, high selectivity, reliability, wide pH range, and long lifetime. It is
most universal used for pH measurement. Nevertheless, glass electrode has some
drawbacks for many industrial applications:

(1) Unstable in alkaline or HF solutions or at high temperature

(2) Exhibiting a sluggish response and Difficult to miniaturize

(3) Cannot be used in food due to their brittle nature

(4) Must be used at the vertical position for chemical reproducibility
Consequently, there is an increasing need for alternative pH sensor, the ISFET-based

pH sensor is a new and appropriate technique for pH detection.

2.2 The realization of ISFET

Since the first ion-sensitive-field-effect transistors (ISFETS) study by P.
Bergveld [6], ISFET had gone into a new potential type of chemical sensing device.
This device is very similar to metal-oxide-semiconductor-field-effect transistor
(MOSFET) except for the metal gate electrode replaced with a reference electrode

inserted in a buffer solution which is in touched with the sensing layer above gate



oxide. Deserving to be mentioned, The ISFET used to measure or sense ion
concentration in unknown solution. The brief construction of MOSFET and ISFET

are shown in Fig. 1-1 once again.
2.2.1 Comparison between MOSFET and ISFET

Because there are numerous similarities between with ISFET and MOSFET and
the main difference between ISFET and MOSFET is that MOSFET metal/poly gate
electrode is replaced with sensing layers, the series combination of the reference
electrode, electrolyte, and chemically sensitive insulator or membrane. The best
method to interpret this ISFET device is to review the operation of the MOSFET
device firstly.

While MOSFET is operated in the so-called non-saturated region, the general

expression for the drain current Ip, is given by:

C, W 1
1, =Sy, ) Dl (2-4)

where Coy is the gate insulator capacitance per unit area, W and L are the channel
width and the channel length respectively such that W/L is the width-to-length ratio of
the channel, u is the electron mobility in the channel, Vg is gate to source voltage,
Vps 1s drain to source voltage and Vr is the threshold voltage. By the way, if the

fabrication process is controlled and biased well in designed applied electronic circuit,

. : e w .
we will hold the geometric sensitivity parameter 3=uC, 7 Vps, and V7, the drain

Ip will be a unique function of the only variable Vs .

The so-called threshold voltage V7 of the MOSFET is:

Ve =V — (?B +2¢, (2-3)

ox

where Vg is the flat-band voltage, Op is the depletion charge in the silicon substrate,

8



¢ 1s the potential difference between the Fermi level and intrinsic Fermi level and it
is dependent on the doped concentration. V3 also can be illustrated by the following

expression:

VFB — ®M _®Sl' _ QOX + QSS (2'6)
q Cox

where the first term describes the difference between the gate metal work function ©,,

and the silicon work function ®g;, the second term is caused by the charge

accumulated in the oxide Qox and at the oxide-silicon interface surface Q.
Then we Substitute Eq. (2-5) in Eq (2-6), the common form of the threshold

voltage of the MOSFET can be described by the following expression:

(I)M _CI)Si _QOX +QSS +QB +2¢

V. —
! q COX f

2-7)

The threshold voltage of ISFET contains_ terms_that the interface between the
liquid and oxide, the others between liquid-and reference electrode when ISFET is
immersed in a liquid. So that, The surface potential must take in into account. In a

word, the threshold voltage becomes the following expression:

W _&_ Oox + 05+ 0; )
’ Cox

VT — Eref +Xsol . (DF (2_8)

where E,.r is the constant potential of the reference electrode, XSOI is the surface
dipole potential of the solution which also has a constant value. The surface dipole
potential is different from aqueous solution, even though a little variation of surface
dipole potential at disparity aqueous solution. The value compare to other term is too
small to take as a constant. All terms are constant except ¥, it is the kernel of ISFET
sensitivity to the electrolyte pH which is controlling the dissociation of the oxide
surface [7]. In order to obtain an accuracy pH value, to investigate a high pH
sensitivity ISFET on the electrode-electrolyte interface is necessary.

In brief, the ISFET is very similar to the MOSFET structurally and electronically,

but with one more property: the possibility to chemically modify the threshold voltage

9



via the interfacial potential at the oxide-electrolyte interface. And we will focus on the

key point of the ISFET, the oxide-electrolyte interface.

2.2.2 The Oxide-Electrolyte Interface pH response

Based on the site-binding model introduced by Yate et al [8], the
oxide/electrolyte interface will build up charges and generate an extra electrostatic
potential while we are immersing the ISFET in the pH buffer solution. That is, the
properties of the ISFET are exactly controlled by the performance of the
oxide-electrolyte interface, protonation/deprotonation of the gate material is
influenced by the pH solution which dominate the surface potential.

The charging mechanism at the surface is the most well-known Site-Binding
model introduced by Yate et al [8]. It describes the charging mechanism at the
oxide/electrolyte interface in Fig. 2-2-and Fig. 2-3. The surface of any metal oxide
always contains hydroxyl groups, for example, in-the case of silicon dioxide is SiOH
groups [9]. These groups consist of donate and accept a proton from the solution.
Therefore, as ISFET sensing layer like SiO; contact an aqueous solution, the change

of pH will change the SiO, surface potential. These reactions can be expressed by:

H + SiOH «*— SiOH (2-9)
SiOH «*— SiO" + H (2-10)

where H, represents the protons at the surface of the oxide, x, and «, are

chemical equilibrium constants. the equilibrium constants «, and «, are given by:

10



OH* Vion @,
K = [SiOH; ] op S0, 211)
[SiIOH|[H "] %

s SiOH3

[SIO"H"], Vsio u
K, = - or :
[SiOH ] Vion

(2-12)

where S denotes the surface.
The potential between the gate insulator surface and the electrolyte solution
causes a proton concentration difference between bulk and surface that is according to

Boltzmann [10].

_qlpo
A, =da,. exp T
(2-13)
or
q¥,
pH; = pHy +2 3T (2-14)

where a . is the activity of the oxide.surface and a . is the activity of the

S B

solution bulk individually, q is the elementary charge, k is the Boltzmann constant, T

is the absolute temperature, pHg is the pH value at the oxide surface and pH, is

the pH value in the solution bulk, W, is surface potential. By the way, the subscripts

B and S refer to the bulk and the surface, respectively.

Now we can start with the fixed number of surface site per unit area N:

Ng = Vson T V5o TV

Sio~ SiOH Y

(2-15)
Based on some electrochemical knowledge and math derivation, the surface

charge density o,[C/m’] can be available:

Gy = q(VSiOHz‘ + Vsio )=—4B (2-16)

11



where B is the number of negatively charged groups minus the number of
positively charged groups in mole per unit area. It can show that when the number of
positively and negatively charged groups on the surface is equal and consequently,
there will be no net charge on the surface. In this situation, we can say the pH value at
the point of zero charge is pHy,.. One more thing we have to know is that different
operations of ISFETs (flat band condition and linear region) will yield different value
of pHy,c [11]. Then:

alz-[ L KaKb
s (2-17)

o, =gN
0 = 4%s KaKb+KbaH“ +af14

where K, and K, are dissociation constant. And a detailed derivation can see the
Ref. [2] [7]. After getting the surface charge density, then we can look for the
intrinsic buffer capacity [, ,the capability of the surface to store charge as result of

a small change in the H' concentration, defined as

do, 0B
ap HS q ap HS qﬁ nt ( )

Now we can obtain the equation. for-intrinsic buffer capacity from above
equation (2-17) and (2-18):
K,a . +4K Ka . +KK,’

B =N 23, (2-19)
(KK, +K,a,, +a, ]

Possibly owing to buffering small changes in surface pH (pHs) and not in the
bulk pH (pHg), so that it is called “intrinsic” buffer capacity. We also can see that the
value of Ny, K , and K, are oxide dependent. More surface sites will have
greater 3, . In accordance with [7], Hydrolysis of the surface will create more surface
sites and thus a rise in the intrinsic buffer capacity and the sensitivity.

The surface charge density will affected by the surface reaction and the

background electrolyte that result from variations in the double layer capacitance.

12



Because of charge neutrality, an equal but opposite charge is built up in the electrolyte
solution side of the double layer opr , shown in Figure 2-2. This charge can be
described as a function of the integral double layer capacitance, C; and the
electrostatic potential:

opL=-C;¥¢=-0¢ (2-20)

The integral capacitance will be used later to calculate the total response of the
ISFET on changes in pH. The ability of the electrolyte solution to adjust the amount
the of stored charge as result of a small change in the electrostatic potential is the

differential capacitance, Cj:

Aoy, _ Ao, =—C, (2-21)
AU, AV,

As a result, combination of (2-18), (2-20),.and (2-21) lead to an expression for the

sensitivity of the the electrostatic potential change in _a e

AV, :AWO Ao, :—qﬁs 9 AV,
ApH, Ao, ApH, Cy

(2-22)

‘]\IIO
A(pH. +
PH; o2

Rearrange Eq. 2-15 gives a general expression for the sensitivity of the electrostatic

potential to changes in the bulk pH [9]:

AU, =230 A, (2-23)
q
with
1
T 23kTIC, 2-29)
q° By

The parameter a is a dimensionless sensitivity parameter that varies between 0 and 1,
depending on the intrinsic buffer capacity, (3, of the oxide surface and the

differential capacitance C,. We can get the maximum value a so that the
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sensitivity become -59.2 mV/pH at 298K which is called Nernstian sensitivity.
Therefore, the intrinsic buffer capacity 3; need to be the more higher or the double
layer capacity C, to be the more lower. In ideal, the intrinsic buffer capacity (¢=c0
or the double layer capacity
C,=0 would be the best. It appears that the usual SiO, from MOSFET does not fulfil
the requirements of a high vale of ;. The pH sensitivity is low depending also on
the electrolyte concentration through C. Therefore other films such as ZrO, were
introduced to increase the values of (3. The higher the intrinsic buffer capacity so
that the less important of the value of C¢ which means that independent of the
electrolyte concentration a Nernstian sensitivity can be achieved over a pH range from
1 to 13.

In sum, to use SiO, from.the MOSFET process does not obtain the requirements
of a high value of (3 _ . The pH sensitivity is only-about 30mV/pH, so the research
nowadays is to find high ‘sensitivity sensing film. The material found by high

sensitivity is Si3N4, Al,O3, and SnO, [13-17].

2.3 The phenomenon of membrane selectivity

The most important problem encountered during measurements of the ion
concentration with CHEMFETs is related to the limited membrane selectivity. As a
result, the membrane potential varies not only with the concentration of the main ion
to be detected, but also it is dependent on the concentration of some other ions, called
interfering ions. The most commonly employed model of the phenomena occurring in
the sensor membrane is based on the semi-empirical Nikolski-Eisenman equation,
derived from the Nernst equation [18]. The main advantage of this approach is that it

is time efficient, quite accurate and it can be easily implemented in any simulation
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environment. Moreover, the model parameters, such as the selectivity coefficients ki,
can be found analytically without any difficulties. According to this model, the
membrane potential changes AV, in presence of various ions in the analyzed
solution can be expressed by the following equation [19]:

AV, =R o+ k(1) ) (2-25)

zF por

where F is the Faraday constant, R is the gas constant, T is the absolute temperature, a
is the ion activity, 1, j are the main and interfering ion indices respectively and z is the
ion electrovalence. The issue, which has to be commented on, is the difference
between the ion concentration and its activity. These two quantities are related
through the so-called ionic strength of the solution. However, except for very strong
solutions, they are equal to each other and thus these terms will be used
interchangeably although all the simulations the ion activity is always taken into

account.

2.4 References

[1] Sfrenson SPL. Enzyme studies II: the measurement and meaning of hydrogen ion
concentration in enzymatic processes. Biochem Z 1909;21:131-200.

[2] P. Bergveld, “ISFET, Theory and Practice”, in IEEE Sensor Conference, Toronto,
Oct. 2003

[3] D.A. Skoog, D.M. West, and F.J. Holler, Fundamentals of Analytical Chemistry,
7™ ed., Philadelphia, PA: Saunders College Publishing, 1996.

[4] Y. Q. Miao, J. R. Chen and K. M. Fang, New technology for the detection of pH, J.
Biochem. Biophys. Methods 63 (2005) 1-9.

[5] P. Bergveld, “Thirty years of ISFETOLOGY What happened in the past 30 years

15



and what may happen in the next 30 years” Sensors and Actautors B 88 (2003)1-20
[6] P. Bergveld, “Development of an ion sensitive solid-state device for
neurophysiological measurements” IEEE Trans.Biomed. Eng.,vol. BME-17, p.70,
1970.

[7] R.E.G. van Hal, J.C.T. Eijkel and P. Bergveld, A general model to describe the
electrostatic potential at electrolyte oxide interfaces, Adv. Coll. Interf. Sci. 69 (1996)
31-62.

[8] D.E. Yates, S. Levine and T.W. Healy, Site-binding model of the electrical double
layer at the oxide/water interface, J. Chem. Soc., Faraday Trans. 70 (1974)
1807-1818.

[9] Dr. Ir. P.Bergveld Em University of Twente, ISFET, Theory and Practice, IEEE
senor conference Toronto,October 2003.1-26.

[10] W. M. Siu and R. S. C. Cobbold. “Basic Properties of the Electrolyte-SiO,-Si
System: Physical and Theoretical Aspects, "IEEE Trans. Electron Device, ED vol. 26,
pp. 1805-1815, 1979.

[11] H.K. Liao, et al. “Study on and surface potential of tin oxide gate ISFET”,
Materials Chemistry and Physics, vol. 59, pp.6-11, 1999.

[12] Dr. Ir. P.Bergveld Em University of Twente, ISFET, Theory and Practice, IEEE
sensor conference Toronto, October 2003 1-26.

[13] 245, 8, “F 0 E&4 87, AL 27,2000 &2

[14] Tadayuki Matsuo and Masayoshi Esashi, Methods of ISFET fabrication, Sens.
Actuators 1 (1981) 77-96.

[15] Imants R. Lauks, Jay N. Zemel, “The Si3N4/Si Ion-Sensitive Semiconductor
Electrode”, IEEE Transaction on Electron Devices, vol. ED-26, no. 12, pp. 1959-1964,
Dec., 1979.

[16] J.C. Chou, C.Y. Weng, “Sensitivity and hysteresis effect in ALO; gate

16



pH-ISFET”, Materials Chemistry and Physics, vol. 71, pp. 120-124, 2001.

[17] HK. Liao, et al. “Study of amorphous tin oxide thin films for ISFET
applications”, Sensors and Actuators B, vol.50, pp. 104-109, 1998.

[18] G.Eisenman, D.Rudin and J. Casby, Glass electrode for measuring sodium ion.
Science (1957), 61, 831-834.

[19] M. JANICKI and A. NAPIERALSKI, Department of Microelectronics and
Computer Science, Technical University of Lodz, Al. Politechniki 11, 93-590 Lodz,

Poland.

17



Chapter 3

Experiment and Measurement

3.1 The fabrication process of ISFET

All procedures of experiment are done in NDL (National Nano Device
Laboratory) and NFC (Nano Facility center), similar to the manufacturing process of
MOSFET [1]. The process flow of ISFET is illustrated in Figure 3-1. The sensing
layers ZrO, is deposited onto the SiO, gate ISFET which prepared by Sputter in Nano
Facility center. Before every step, besides after sensing membrane deposited onto
Si0, gate, the initial clean immersed in H,SO4+H;05 about 5 minutes and dipped in
HF solution were done. The fabrication and- its parameters are listed in Fig. 3-1 and

the fabrication procedures are listed as follows:

1) RCA clean
2) Wet-oxidation of silicon dioxide(6000A, 1050°C, 65 mins)
3) Defining of Source/Drain (Mask 1)
4) BOE wet-etching of SiO,
5) Dry-oxidation of SiO; as screen oxide (300A, 1000°C, 12 mins)
6) S/D ion implantation
(Dose=5el5 [1/cm?], energy=25Kev [Phosphorus] for p-type ISFET)
7) S/D annealing ( 950°C, 60min)
8) PECVD SiO; for passivation (1xm)
9) Defining contact hole and gate region (Mask 2)

10) BOE wet-etching of SiO,
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11) Dry growth of gate oxide (100A, 850°C, 60mins)
12) Defining the sensing layer region ( mask3)

13) Sputtering ZrO, as sensing layer, 300A (mask 3)
14) ZrO; sintering (600°C, 60min)

15) Define the contact hole region (mask4)

16) Contact hole and reference electrode Al deposition
17) Backside Al evaporation, 5000 A

18) Al sintering (400°C, 30min)

3.2 The key steps of the experiment

3.2.1 Na' and K ion solutions allocation

For a start, we need to attificially allocate Na' and K ions solution with different
pH buffer solutions because of ne precise machine for titration, so that we can

proceed ion detection.

1) Preparing 3M NaCl and KClI solution and pH=3,5,7,9,11 buffer solutions
2) Diluting NaCl and KCI with pH buffer solutions as following:
a) Taking 3M NaCl or KCI 1ml into pH=3,5,7,9,11 bufter solutions 30ml
such that the concentration of the new solution is 0.1M Na’ or K' ion
solutions.
b) Taking just allocating solution 0.1M Na" or K" ion solutions Iml into
pH=3,5,7,9,11 buffer solution 100ml such that the concentration of the new
solution is 000.1M Na" or K ion solutions.

c) Repeating step2) until pNa and pK are equal to 10.
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3) Beginning to measuring and detecting ion interference.

3.2.2 Gate region formation

RCA clean is usually performed at wafer starting to reduce the possible pollution
such as particles, organics, diffusion ions and native oxide. Careful RCA clean will
ensure the integrity of device electricity. The next step 600nm thickness wet oxide is
deposited as barrier layer for S/D implant. The density and the energy of S/D implant
is 5E15 (1/cm”) and 25Kev with phosphorous dopant for n-type ISFET. After S/D
implanting, in order to activate the dopants, a 950°C 30 min N anneal for n-type
ISFET.

The extra 1 1 m thickness PECVD oxide deposition is essential, which protect
the other pH-ISFET from aqueous solution overflowing pH-ISFET [2]. During a long
period of electrolyte immersing, ions ‘may diffuse and affect the ISFET’s electrical
characterization [3]. It is a significant difference compare with standard MOSFET
processes. A thick PECVD oxide deposition can eliminate the effect. Following the
PECVD oxide deposition, 100A thickness dry oxide was grown in a dry oven as gate

oxide formed.

3.2.3 Sensing layer deposition

This procedure is the kernel of the pH-ISFET in our important part in our
experiment. The ZrO, sensing film 300A is growth by the sputter which appear a
good sensitivity nearly Nernstian sensitivity [4]. The detailed parameters of sputter

are listed in Table 3.1.
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3.3 Measurement system

3.3.1 Preparation of measurement

To investigate the characteristics of the ZrO, as sensing layers, we measured the
I-V curves for the pH-ISFETs by using HP4156 as measurement tool and the system
is shown in Fig. 3-2. For getting correct result of measurement, the entire
measurement procedures were executed in a dark box to prevent light influence and
the electromagnetic wave.

In order to make the sensing film immersed in the aqueous solution, some extra
works on works on wafers must be done before:measurement with HP4156. At first,
we glued a container on the wafer. This step is very important for following complex
and frequently solution change activities which also can protect the other ISFET from
immersed aqueous solution. The container, to load the test electrolyte, was open at its
bottom and covered the whole<sensing region on wafer to keep electrolyte contact
with sensing layers exactly.

The pH-standard solution is purchased by Riedel-deHaen corp. and the
pH-values are 1, 3, 5, 7, 9, 11, 13. The electric potential of the pH-solution will be
floating [5] during open-loop circuit. The disturbance from the environment would
induce the electric potential variance of the solution. By eliminating this variance, a

reference electrode is needed to immersion in the pH-solution to close the circuit loop.

3.3.2 Current-Voltage measurement set-up

A HP-4156 semiconductor parameter analyzer system were set up to measure the

current-voltage (I-V) characteristics curves, in which included Ids-Vgs and Ids-Vds
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curves at controlled temperature. All measurements were arranged in a dark box to
minimize the effects of photoelectric and temperature.

In the I-V measurements, due to the sensing areas were so small, prevention of
air bubbles from being generated between the sensing membrane and the buffer
solution during the testing is needed to take care.

In the setup of HP-4156, substrate voltage is ground to avoid the body effect and
the reference electrode is sweeping to different voltage. In the measurement of
sensitivity, the response of the pH-ISFET is the function of time. According to P.
Woias, the first equilibrium will achieves in a minute.

In order to obtain the sensitivity, at first we measure the I4-Vys to observed the
linear area. Secondly, we make the V4 as constant to measure I4-Vys from pH 13 to
pH 1 in turn. As changing the pH buffer solution, we diluted next butter solution
which under test twice, and.stay 1min to avoid the effect of the buffet solution that
measured before. This step can make our the measurement of pH-ISFET more easily.
The variation of the gate voltage exhibits the pH sensitivity of the sensing oxide. Fig.

3-3 illustrates the detection principle of pH
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Chapter 4

Results and Discussions

4.1 Introduction

We exactly know that ion sensitive field effect transistors (ISFETs) have shown
good properties for the detection of numerous ions in solution from the above article,
and it is an inevitable phenomenon of pH-ISFETs from other studies for the second
time [1]. In spite of ISFET with many ions detecting, however, their use in the case of
complex chemical solutions and simultaneous detection of different ions is
characterized by different drawbacks:

(1) Few ionosensitive layers are-able to detect several ions with a good and

distinct sensitivity for each of them

(2) The measurement technique based on charge detection is unable to separate

the influences of similarions and is therefore responsible for poor selectivity.

All in all, multi-ion detection in complex solutions of ISFET requires generally
adapted characterization, multi-ISFET sensors and information processing [1].

In the following article, we will find out that the original sensitivity of
pH-ISFETs compared with the later sensitivity after adding Na" or K" ions into
solutions should be smaller because of the ion interference. And we will soon discuss

and show this peculiar phenomenon with some powerful experience data.

4.2 The glass reference electrode for pH measurements

In chapter 1, we have mentioned the potential of glass electrode is very stable
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and accurate. Thus we will first discuss the sensitivity of ZrO,-pH-ISFET by glass
reference electrode. The good functioning of the ZrO, ISFET chemical sensor has
been demonstrated by studying the H' ion detection (see Fig. 4-1). And its sensitivity
is in Fig. 4-2 [2]. A quasi-nernstian pH response has been obtained on a 1-13 pH range
and pH sensitivity has been finally estimated to 58.73 mV/pH (detection yield of

99.2% compared to the Nernst law).

4.3 pK and pNa measurements

The pK and pNa responses of the ZrO, ISFET chemical sensor have been studied
for buffered solutions of KCI or NaCl salts (pH 9), respectively (see Fig. 4-3 and Fig.
4-4). We can conclude that similar results have been obtained for both ions (i.e. K
and Na"). For the lowest concentrations (pK >5 or pNa> 3), no detection properties
have almost been obtained. And fot the highest concentrations (pK < 5 or pNa < 3),
linear responses are evidenced and sensitivities to K* and Na' ions have been
estimated to 12 mV/pX (X = Na or K ion"and detection yield of 20.3% compared to

the Nernst law).

4.4 Simultaneous pH, pK and pNa measurements

The simultaneous detection of the H' ion with the K* or the Na" ion has been
accomplished. This purpose has been performed by researching the ZrO, ISFET
responses to pK or pNa for different solution pH (see Fig. 4-5 to 4-12). These may be
not clear, so we show normalized pK and pNa response of ZrO, ISFET in Fig. 13 and
14. As already shown in Section 4.3, K" and Na" ions are only detected for the highest

concentrations. Nevertheless, as the solution pH decreases gradually, detection limits
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also decrease by degrees and no detection properties are ultimately obtained for the
lowest pH.

In order to clarify these phenomena, let us study the different sensitivities of the
ZrO;, ISFET chemical sensor and more precisely the pK and pNa sensitivities as a
function of pH (see Fig. 4-29) and the pH sensitivity as a function of pK and pNa (see
Fig. 4-15 to 4-28).

As a result, it shows that the sensitivity to the K or Na™ ion increases almost
linearly with the solution pH. Maximal values around 12 mV/pX can be estimated for
the more basic solutions (pH 11) while no detection properties (s < 3.5 mV/pX) are
obtained for the more acidic solution (pH 3). By turns, when K or Na" ions are
present in solution, the sensitivity tothe H  ion is lowered around 45 mV/pH as well
as 40 mV/pH and decreases further for the lowest pK or pNa values, reaching 40
mV/pH as well as 35 mV/pH when pK or pNa is equal to.1.

At least, the simultancous detection of the K™ and Na' ions have been
studied for buffered solutions of mixed KCIl and NaCl salts (pH 9). Thus, for the
lowest pK and pNa values, electrical characterisation has effectively evidenced the
detection of ions. However, it has been impossible to indicate any comprehensive
results, to separate clearly the influences of the K' and Na' ions and to define
precisely the different ionic selectivity and sensitivity.

All these results demonstrate that the use of ZrO; as an ionosensitive layer for
the simultaneous detection of H', K" and Na' ions is characterized by complex
phenomena, saturation effects and mutual influences. In order to clarify the
simultaneous detection mechanisms, the modeling of the EIS structure must be further

improved. (EIS = electrolyte/insulator/semiconductor)

4.5 Simultaneous detection explanation of the H', K" and Na' ions
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Until now, the theory of this phenomenon has considered two types of surface
sites (silanol SiOH and silylamine SiNH,) and has neglected the sensitivity to others
ions like K" or Na" [6] [7]. This last assumption cannot be in agreement with the
complex phenomena, saturation effects and mutual influences of the pH, pK and pNa
simultaneous measurements described previously. For high pK or pNa values, even if
the K™ or Na" ions do not react directly with the ZrO, ionosensitive layer, their
presence in the solution, and more precisely in the inner and outer Helmotz planes [8],
should be responsible for electrostatic or/and chemical influences. These phenomena
should lead to shifts of the equivalent capacitor or/and of the reactivity of the insulator
interface. The presence of chloride ions CI in solution (from the KCI or/and NaCl
salts) should also be taken into.account in a similar way.

For low pK or pNa values, the K or Na” ion binding with the silanol SiOH or
silylamine SiNH, sites of the ZtO; ionosensitive layer occurs. These reactions should
be responsible for a decrease of the effective surface density of sites as well as for
electrostatic repulsion of other cations such as H' ions. In return, the same effect
holds good for the detection of K™ or Na" ions in the case of low pH values.

Therefore, by theoretically developing them and by improving the site-binding
model, the pH, pK or pNa simultaneous measurement of the ZrO, ISFET sensor will

be precisely described.

4.6 Conclusion

According to above results, we can find that ZrO, ISFET chemical sensors have
been studied for the detection of H', K™ and Na" ions in aqueous solution, evidencing

maximal sensitivities of 57.2 mV/pH, 12.22 mV/pK and 11.55 mV/pNa, respectively
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(ranges available: 1 < pH < 13,1 < pK < 4,1 < pNa < 3). The study of
the simultaneous detection evidence complex phenomena, saturation effects and
mutual influences of the H', K" or Na" ion detection properties for the highest ionic
concentrations in solution.

Results finally demonstrate that ZrO, ISFETs are well adapted to the H' ion
detection, are usable for the K" or Na" ion detection separately in the case of buffered
basic solutions, and are not suitable for the H", K™ and Na" ion simultaneous detection

in the case of complex solutions or medical analysis [3] [4].
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Chapter 5

Future Work

5.1 Future Work

In our experiment of this study, we find the truth that ZrO, will be sensitive to H,
Na" and K" ions. Based on this peculiar phenomenon, we can know that
characteristics of some ion detection are researched. For these last applications of this
study, multi-ions detection will only be possible by developing new characterization
techniques or by realizing multi-ISFETs chemical sensors with specific ionosensitive

layers for the different ions.

29



Gate
Source I Drain electrolyte

G ate

Source

(a) (b)
Fig. 1-1 Schematic representation of (a) MOSFET (b) ISFET

Internal
" Conducting Line

Internal
Reference Electrode

4

Internal

Buffer SolutioP

,Glass Membrane

N\

Fig. 2-1 Conventional pH glass electrode

30



oLter

— } Helmbhohltz

si=oH | @) | o T~

Glwd OH | -
L) —
\ i v F,
Siw= OH", | ! 4‘ | .
| - ! __
Sjmd O~ . ~
|'- o 4
P ) |
Ay N ’
SE-I'DH;H
diffuse layer
> electrolyte %
H*zensitive
memikrane

Fig. 2-2 Electrode and electrolyte interface

Insulator : Solution
| |
— _— OH neutral site
| I
O |
| |
—_—8 - O proton donor
| |
') |
| |
- g - |;'_‘J|—£ proton acceptor
I |
O |
1
oxide surface

Fig. 2-3 Schematic representation of the side-binding model

31



(©)



33



’I//I’

(h)



®

’I//I’

0



(k)

Fig. 3-1 Fabrication process flow

Gate

Fig. 3-2 Measurement setup

36



| (MA)

1.2—-
1.1—-
1.0—-
0.9—-

0.8

---- pH3

.-+ pHo
- - pH11
—pH13

0.7 4
0.6 -

0.5

—-—pH7
.'-.f"
e
r -'/'
4} -,
R
Sl ,/"I
.“ .",
’ ./

0.0 0.5

I
1.0 1.5

v, (V)

2.0

25

Fig..3-3 Detection principle of pH

37

3.0



Va(V)

60
40
20

Fig.

23
2.2

21

2.0.-
1.9 !
1.8 !
1.7 !
1.6 !

1.5

) v L) v ] v T T T T T T T
ZrO2 300Angstrom ]
—— pH13- - - pH11 .
pHY ----- pH7 .
pH5 ------ pH3 ]
pH1 |
Ib=71.7uA ]
Ve=1V 1

:/' -.

7 -

1 1 1 1 1 1 1 ]

00 05 10 15 20 25 30
Vg(V)

4-1 Ip-V¢ curve of ZrO; to n-type ISFET before drift

Ip=71.7uA
V=1V

Sensitivity=58.73mV/pH

2 4 6 8 10 12 14
pH value

Fig. 4-2 Sensitivity characteristic of ZrQO, to n-type ISFET

38



2.03

2.02 1

2.01

2.00

- -
© ©
© ©
| |

s ~ 8.672 mV/pK
1.97—-

1.96

voltage (V)

1.95

1.94

165 .] pK measurement (pH=9)
. L - 71 + 1T+ T r T + T - T * T
0 1 2 3 4 5 6 7 8 9 10

pK unit

Fig. 4-3 pK response of ZrO, ISFET for pH=9 buffer solution

1.86
1.85
4 u - - n . u
1847 u . [
?, ] s ~ 7.503 mV/pNa
QO 1.834
o
©
wid
B 1.82 4
>
1.81
80 | = pNa measurement (pH=9)
0 2 4 6 g 10

pNa unit

Fig. 4-4 pNa response of ZrO, ISFET for pH=9 buffer solution

39



1.704 —
1.702 —

1.700

1.698 u

1.696 —

s S~3141 mV/pK

1.694 —

voltage (V)

1.690 —

1.688 —

1.686 -} ] pK measurement (pH=3)
T

pK unit

Fig. 4-5 pK response of ZrO, ISFET for pH=3 buffer solution

s ~ 3.552 mV/pNa

1,590 . pNa measurement (pH=3)
o 1 2 3 a4 & & 7T T8 s 10

pNa unit

Fig. 4-6 pNa response of ZrO; ISFET for pH=3 buffer solution

40



1.820

1.815

1.810 4 .

1.805 n n

s ~ 4.964 mV/pK

voltage (V)

1.790

1.785

1.780- N B PK n]elaslurerpelntl(lesz)

0 1 2 3 4 5 6 7 8 9 10

pK unit

Fig. 4-7 pK response of ZrO, ISFET for pH=5 buffer solution

1.705
1.700
S : .
% 1.695 - _/ .
S s ~ 3.758 mV/pNa
=
o
> 1690
1.685 = pNa measurement (pH=5)
: 5 ; : : "

pNa unit

Fig. 4-8 pNa response of ZrO; ISFET for pH=5 buffer solution

41



1.885

1.880

1.875 [ ]

1.870 u

- -
[o] [o]
[ o]
o o
1 1

s S~6.747 mVIpK

1.855

1.850

voltage (V)

1.845

1.840

1835 = pK measurement pH=7)
’ 2 : é ; p

pK unit

Fig. 4-9 pNa response of ZrO; ISFET for pH=7 buffer solution

1.780
1.778
1.776
1.774
1.772 u .
1.770 4
1.768 -
1.766
1.764 -] s ~4.544 mVIpNa
1.762
1.760
1.758
1.756
1.754
1.752 _
1750 ] | o pINa mealsurelmenlt (pH—?)
0 2 4 6 8 10

pNa unit

voltage (V)

Fig. 4-10 pNa response of ZrO, ISFET for pH=7 buffer solution

42



2.07

2.06

2.05
2.04

] ]
2.03 1

202 s ~ 11.534 mV/pK
QD 2014

2.00

(V)

1.99

voltag

1.98 4
1.97 4

1.96

1 65.] =  pK measurement (pH=11)
. —r T+~ 1Tr T 1t - 1 1 1 1 1T °
0 1 2 3 4 5 6 7 8 9 10 11

pK unit

Fig. 4-11 pNa response of ZrO; ISFET for pH=11 buffer solution
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Fig. 4-12 pNa response of ZrO, ISFET for pH=11 buffer solution
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Fig. 4-14 pNa response of ZrO, ISFET
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Fig. 4-15 normalized pK response of ZrO; ISFET
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Fig. 4-16 normalized pNa response of ZrO, ISFET
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Fig. 4-17 pH response of ZrO, ISFET in pK=1 solution
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Fig. 4-18 pH response of ZrO; ISFET in pK=3 solution
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Fig. 4-19 pH response of ZrO, ISFET in pK=5 solution

2.10

2.05

2.00

1,954 45.42 mVI/pH

voltage (V)

1.75 1

170 = pH measuement
1 fixed in pK=7
1.65 . : : : : . , . .
2 4 6 8 10 12
pH unit

Fig. 4-20 pH response of ZrO; ISFET in pK=7 solution
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Fig. 4-21 pH response of ZrO, ISFET in pK=9 solution
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Fig. 4-22 pH response of ZrO; ISFET in pNa=1 solution
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Fig. 4-23 pH response of ZrO; ISFET in pNa=3 solution
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Fig. 4-24 pH response of ZrO; ISFET in pNa=5 solution
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Fig. 4-25 pH response of ZrO; ISFET in pNa=7 solution
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Fig. 4-26 pH response of ZrO; ISFET in pNa=9 solution
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Fig. 4-27 pH sensitivity of ZrO; ISFET in different pK solutions
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Fig. 4-28 pH sensitivity of ZrQ, ISFET in different pNa solutions
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Fig. 4-29 pH sensitivity and pK or pNa sensitivities

Table 1-1 Specifications of wafers

Diameter (mm): 100+/-0.5

Type / Dopant : P/ Boron

Orientation : <100>

Resistivity (ohm-cm):1-10
Thickness (¢ m) : 505-545

Grade : Prime
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Table 1-2 Sensitivity for different sensing layers

7rO2 1-13 57.5 5
Si02 4-10 25-48 6
Si3N4 1-13 46-56 6
Al203 1-13 53-57 6
Ta205 1-13 56-57 6
SnO2 2-10 58 7

Table 3-1 Specifications of wafers
Parameters of sensing layers deposition with Sputter

parameters of ZrQ, sputter

power : 200 W

Ar/ Oy :24/8 (sccm)

Density : 6.51

Acoustic impendance : 14.72

Tooling factor : 0.533
Rate : 0.01 A /s

pre sputter 60W for 10 min

Pressure : 7.6x10
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