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Abstract

This dissertation proposes to use zirconium oxide as a membrane of ion-sensitive
field effective transistor (ISFET), and to‘control the effects of temperature and process
deviation. When a stable sensitivity and intrinsic drift of SiO, gate ISFET can be
found, the thickness of hydration layer that is introduced by the drift effect will be
found, too. After we understand the drift effect, we also propose two methods to solve
the unwanted effect.

In Chapter 2, theories and models of ISFET are described, including
site-dissociation model, Gouy-Chapman theory, Gouy-Chapman-Stern theory, and
drift model.

Chapter 3 describes the application of the zirconium oxide (ZrO,) membrane as a
pH-sensitive layer for ISFETs. It exhibited an excellent response range of 56.7~58.3

mV/pH from the fixed current measurement using HP4156A. The ZrO, membrane
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prepared by direct current (DC) sputtering was used as a pH-sensitive film that
showed good surface adsorption with oxide and silicon. The pH sensitivities slightly
decreased in 1 M NaCl solution; however, the device showed a perfect linear response
of 52.5 mV/pH.

In Chapter 4, a reference field effective transistor (REFET) is used to control the
effects of temperature and process deviation. After the calibration of REFET, a very
stable sensitivity and intrinsic drift of Si0, gate ISFET can be obtained. It can be used
to define the thickness of hydration layer that is introduced by the drift effect. Results
of this study will show that the thickness of hydration is about 50 nm in SiO,
membrane ISFET. It exhibits a stable response of 28~32 mV/pH from the fixed
current measurement by HP4156A. This method is a really simple way to find the
thickness of hydration layer, and it:will be useful in the study of the real mechanism in
drift effect.

When we understand the phenomeénon-of-drift, we try to design two methods to
reduce this effect. One is in Chapter:5. A simple and cheap way to solve the drift
problem is presented which describes the relation of drift and gate voltage. Constant
various gate voltages are biased in sensing layers with reference electrode. It
obviously shows a strong relation of gate drifts and gate stress voltages. When the
gate voltage is controlled as 0.5 V, the drift voltage of SiO, gate ISFET will decrease
from 56.12 to 2.94 mV in ten hours measurement. The improvement of drift voltage
reaches 94.8%. When the gate voltage is controlled as -1 V, the drift voltage of ZrO,
gate ISFET will also decrease from -57.94 to 0.76 mV. The improvement of drift
voltage reaches 98.7%.

Another one in Chapter 6 of the thesis is using REFET to reduce the drift effect.
A simple CMOS compatible REFET for pH detection by post NHj3 plasma surface

treatment of a ZrO, membrane ISFET has been developed. It is a novel study that has
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latent capacity to integrate the ISFET devices into a chemical micro system for in
vivo analysis or become a part of lab-on-a-chip. With the fixed current measurement
by HP4156, we can get not only the individual sensitivities of ISFET and REFET, but
also the differential sensitivities of ISFET/REFET pair. The ZrO2 membrane ISFET
exhibits an excellent response of 56.7~58.3mV/pH with deviation of 3% and the
REFET shows a small response of 27.6~29 mV/pH with a deviation of 5%. Using this
ISFET/REFET differential pair, we can get a very stable differential sensitivities of
29.1~29.3 mV/pH with a small deviation of 0.7%. This result indicates that the
research not only makes the ISFET integrate into a micro system in a simple way

possible, but also increases the stability of sensitivity.
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Chapter 1

Introduction

1.1 ISFETs

In the literature relating to ion-selective field-effective Transistors (ISFETs), the
1970’s paper of Bergveld is cited as the first paper [1]. The ISFET is introduced as a
new device that combines the chemical-sensitive properties of glass membranes with
the characteristics of the metal-oxide-semiconductor field-effect transistors (MOSFET)
device. ISFET is a special type of MOSFET without a metal gate, in which the gate is
directly exposed to the buffer solution. When there is a change in the surface potential
between the gate insulator and the electrolyte, the electric field at the insulator
semiconductor interface will be changed-and the.channel conductance that affects the
drain current will also be modulated. Since the channel conductance and drain current
can be modulated, we may measure the.changes by applying a fixed source to drain
voltage or a constant source to drain voltage curreént and different output gate voltages.
By these methods, we can plot a standard linear line between gate voltages and
various pH values, and a standard linear line can be taken to measure an unknown
acid or an alkaline solution. Compared with the conventional method, ISFET has
some advantages such as small size, short-response time, low cost, and
complementary metal-oxide-semiconductor (CMOS) compatible processes.

The development of ISFET has been on going for more than 35 years, and the
first sensitive membrane used is silicon dioxide (SiO;), which showed an unstable
sensitivity and a large drift. Subsequently, AL,Os, Ta;Os, SnO,, TiN, a-WOs3, indium
tin oxide (ITO), and ZrO, were used as pH-sensitive membranes to achieve a higher
pH response and a more stable drift voltage [2~9]. Also some explanations of the

mechanisms of operation of the ISFETs [10-16] are appearing. The physical-chemical



models to be used with semiconductor-based devices simulation problems are
developed [17-22]. Initially developed for pH detection, ISFETs were also proposed
for biomedical, agriculture, environmental, general analytical applications, and food
industry [23-34]. However, further improvements and investigations of ISFET
performances are needed to promote their use in microsystems for specific
applications. Difficulties arise not only from technological issues, but also from the
lack of considering first-order mechanisms such as the effects of drift, hysteresis, and
temperature. These limiting operating conditions are particularly relevant in respect of
possible applications of ISFET-based microsystems in industrial control and
monitoring of processes (e.g. biofermenters for biotechnological applications) or
where temperature cannot be a controlled parameter.

In this study, a simple and cheap way to solve the drift problem is presented
which describes the relation ofdrift and gate.voltage. Constant various gate voltages
are biased in the sensing layer with reference-electrode. It obviously shows a strong
relation of gate drift and gate stress voltages. A great improvement of drift voltage can

be achieved by using gate voltage controlling method.

1.2 ChemFETs and ENFETs

The classes of chemical sensors that use the FET as an underlying amplification
method are called ChemFETs. A variety of ChemFET structures have been proposed
and demonstrated. However, the most common class of ChemFETs in both
commercial and research uses is the ISFET. The ISFET is characterized by the
absence of an explicit gate material; the insulating layer in the FET structure is used
as the chemically sensitive layer instead. When the insulator layer is sensitive to
enzymes and the gate layer is missing from the FET structure, the resulting ChemFET

structure is typically called an enzyme selective FET (ENFET). All ChemFET based
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structures work on the basic principle of measuring surface charge changes at the
interface between the insulator layer and the overlying layer. Changes in surface
charges result in changes in the work function that are in turn, measured as a change

in transistor threshold voltage.

1.3 REFETs

A conventional reference electrode (e. g. Ag/AgCl electrode) is always used in
the measurement system. If we want to integrate the ISFET devices into a chemical
micro system for in vivo analysis or become a part of lab-on-a-chip, the huge
conventional reference electrode will be the biggest challenge. For this reason, there
are several approaches that have been investigated to solve this problem.

One method to solve this problem is co-fabricated an Ag/AgCl electrode with
ISFET, including a gel filled cavity. and a'porous,silicon plug [35]. But this solution
has a leakage path from reference électrode.to, solution that will reduce the device
lifetime.

Another method is applying a differential measurement between an ISFET and
an identical FET, which does not react on the ion concentration to be measured, called
REFET. This method is deposition on top of the ISFET’s surface one layer, which is
an ion-unblocking membrane that is an insulating polymeric layer exhibiting
independence on ionic strength. A commonly used material for ion-unblocking layer
in REFET is polyvinylchloride (PVC) [36-37]. The REFET with PVC sensitive
membrane has a smaller sensitivity of about 20mV/pH, but it will add some processes
to fabricate a REFET and is not compatible with integrated circuit (IC) technology.

The ZrO, prepared by dc sputtering process as a pH-sensitive membrane for
ISFET is first developed in our laboratory. In this work, we report a simple CMOS

compatible REFET by post NH3 plasma surface treatment on ZrO, gate ISFET. The
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electrical characteristics and pH response of the ZrO, gate ISFET is studied by the
standard MOSFET measurement with HP 4156A. Without any unblocking layer to be
deposited, the REFET also shows a very low sensitivity of about 28.3 mV/pH. With
such ISFET/REFET differential pair, the conventional reference electrode can be
replaced by a solid platinum electrode, which can fabricate in the same chip. By this

way, a high integration of ISFET with IC fabricating can be realized in the future.

1.4 Applications

There are a wide range of applications for sensors requiring the detection of
concentration gradients of metabolites such as oxygen, carbon dioxide, and glucose.
Some of the biological applications for sensing the extra cellular gradient of metabolic
products include the study of diséase, such as diabetes, cancer, and mitochondrial
diseases, such as age-dependent infertility 1n- women and Alzheimer’s disease, cell
and tissue differentiation, cell and tissue-storage, cell life cycle and processes, and

developmental biology [38-62].

1.5 Outline of the Thesis

In Chapter 1, the ISFET, REFET, ChemFET, and ENFET are briefly described as
new ion sensors which represent the combination of the technologies of a MOSFET. It
represents a new approach to obtain the chemical characteristics using electrical
devices.

In Chapter 2, theories and models of ISFET are described. Such as
site-dissociation model, Gouy-Chapman theory, Gouy-Chapman-Stern theory, and
drift model are all described here.

In Chapter 3, the zirconium oxide (ZrO;) membrane has been successfully

applied as a pH-sensitive layer for ion-sensitive field-effect transistors (ISFETs). It
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exhibited an excellent response range of 56.7~58.3 mV/pH from the fixed current
measurement using HP4156A. The ZrO, membrane prepared by direct current (DC)
sputtering was used as a pH-sensitive film that showed good surface adsorption with
oxide and silicon. The pH sensitivities slightly decreased in 1 M NaCl solution;
however, the device showed a perfect linear response of 52.5 mV/pH.

In Chapter 4, we used a reference field effective transistor (REFET) to control
the effects of temperature and process deviation. After the correction of REFET, we
can get a very stable sensitivity and intrinsic drift of SiO, gate ISFET and define the
thickness of hydration layer that is introduced by the drift effect. According to the
result of this study, the thickness of hydration is about 50 nm in SiO, membrane
ISFET. It exhibits a stable response of 28~32 mV/pH from the fixed current
measurement by HP4156A. This method is a really simple way to find the thickness
of hydration layer, and it will be useful in the study of the real mechanism in drift
effect.

In Chapter 5, a simple and cheap. way-t0 solve the drift problem is presented
which describes the relation of drift and gate voltage. Constant various gate voltages
are biased in sensing layers with reference electrode. It obviously shows a strong
relation of gate drifts and gate stress voltages. When the gate voltage is controlled as
0.5V, the drift voltage of SiO, gate ISFET will decrease from 56.12 to 2.94 mV in ten
hours measurement. The improvement of drift voltage reaches 94.8%. When the gate
voltage is controlled as -1 V, the drift voltage of ZrO, gate ISFET will also decrease
from -57.94 to 0.76 mV. The improvement of drift voltage reaches 98.7%. This may
result from the gate electric field affecting the ions to diffusive into the gate insulator.
By this way, we can commercialize the ISFET with a very low drift rate in a simple
way.

In Chapter 6, a simple CMOS compatible REFET for pH detection by post NH3
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plasma surface treatment of a ZrO, membrane ISFET has been developed. It is a
novel study that has latent capacity to integrate the ISFET devices into a chemical
micro system for in vivo analysis or become a part of lab-on-a-chip. With the fixed
current measurement by HP4156, we can get not only the individual sensitivities of
ISFET and REFET, but also the differential sensitivities of ISFET/REFET pair. The
ZrO2 membrane ISFET exhibits an excellent response of 56.7~58.3mV/pH with
deviation of 3% and the REFET shows a small response of 27.6~29 mV/pH with a
deviation of 5%. Using this ISFET/REFET differential pair, we can get a very stable
differential sensitivities of 29.1~29.3 mV/pH with a small deviation of 0.7%. This
result indicates that the research not only makes the ISFET integrate into a micro
system in a simple way possible, but also increases the stability of sensitivity.

In chapter 7 of the thesis, some conclusions and recommendations of future

works are described.
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Chapter 2
Theory

2.1 ISFET’s Model

It is not difficult to find out the similarities between ISFET and MOSFET. The
most obvious characteristics are the similarity between their structures. Therefore, the
best way to comprehend the ISFET is to understand the operating principle of a
MOSFET first. When MOSFET is operated in the so-called linear region, the drain

current Ip is given by

Cox W 1
I, :OXT{(VGS _VT)_EVDS}VDS (1)

where Coy is the gate insulator capacitance per unit area, x the electron mobility in the
channel and W/L the width-to-length ratio of the channel.

The threshold voltage V7 of Eg. (1) is described by the following expression:

Vi=Vig— CQB +2¢F (2)

ox

where Vg is the flat-band voltage, Qg 1sithe depletion charge in the substrate, and @
is the potential difference between the Fermi levels of doped and intrinsic silicon. For
a MOSFET with charges presence in the oxide and at the oxide-semiconductor

interface, the flat-band voltage can be given by

Vip = D, -Dg _ QOX +QSS (3)
q Cox

where @), is the work function of the gate metal, ®g; is the work function of silicon,
Qox 1s the charge in the oxide and Qss is the surface state density at the oxide-silicon
interface. Substitution of Eq. (3) into Eq. (2), the general form of the threshold voltage

of a MOSFET becomes

v _(DM _(DSI‘ _QOX+QSS+QB
T =

q ox

+24, 4)

This equation holds for the MOSFET. But in case of the ISFET, the metal gate is
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no longer present, so that the term ®,/g must be revised. Figure 2-1 illustrates the
similarities and differences between these two devices. It can be seen that the
reference electrode, the aqueous solution and the phenomena occurring at the
oxide-solution interface must be accounted for instead of ®,,/4q. Bergved and Sibbald
[1] showed that the threshold voltage for the ISFET becomes

D + Qg +
VT — Eref + Xsol _QPO TS QOX QSS QB
q

+2¢; )

ox

where E,.s represents the constant potential of the reference electrode, ¥ is the
surface dipole potential of the solution which also has a constant value. The term ¥
representing the surface potential at the oxide-electrolyte interface is the key element
that makes ISFET pH-sensitive.

The surface of any metal oxide always.contains hydroxyl groups, in the case of
silicon dioxide SiOH groups. Thése,groups can be protonated and deprotonated, and
thus, when the gate oxide contacts an aqueous selution, a change of pH will change

the Si0O, surface potential. Thes¢-reactions-ean-be expressed by [2]

H{ + SiOH <% SiOH; (6)
SiOH <% Si0" + H (7)

where H represents the protons at the surface of the oxide, K; and K, are the

dissociation constants of these two chemical equations.
The potential between electrolyte solution and insulator surface causes a proton
concentration difference between the bulk and surface (Fig. 2-2) that is according to

Boltzmann [3]

Cng = aHE CXPTO (8)

where £ is the Boltzmann constant, 7 is the absolute temperature, a e and a L. are
N B

the activities of Hs" at the oxide surface and in the solution bulk, respectively.
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According to the definition of pH, Eq. (8) can be expressed by

q90
H.=pH, + 9
PHs = P55 Sr ©)

where pHs is the pH value at the oxide surface, pHp is the pH value in the solution
bulk.
The pH response, which is generally called the sensitivity, is defined as the

surface potential change over a pH unit change. This response is given by [4]

Mo _ 53k, (10)
opH , q
with
1
“=23ktC,, (D
g, tl
q ﬂim

where Cyis the differential capacitance, and Bj.is the intrinsic buffer capacity. a is a
dimensionless sensitivity parameéter. The value of « varies between 0 and 1 depending
on the intrinsic buffer capacity and the-differential’capacitance. If a equals 1, the
theoretical maximum sensitivity 6f =59.2 mV/pH at room temperature can be obtained.
Eq. (10) and eq. 11) show that the parameter of a plays an important role of the
sensitivity. And the value of a is depend on the relation of Cgir and PBin. There are
several approaches in colloid chemistry to describe Cgir and Bin. Some models will

describe as follows.

2.2 The Site-Dissociation Model

There are a lot of inorganic insulators [5-12] which are used for ISFET process
technology. The site-dissociation model introduced by Yate et al. [2] is used to drive
the intrinsic buffer capacity for these inorganic membranes. This model describes the
charges between oxide and electrolyte. The basic assumed is that the surface sites act

as discrete sites for chemical reactions at the surface when it is brought in contact
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with an electrolyte solution. General speaking, there is only a single type of site to be
present with an amphoteric character for the inorganic oxides. That means that each
surface site can be neutral, act as a proton donor or act as a proton acceptor. Figure
2-3 shows the surface property of site-dissociation model, where A represents the
central atom of oxide molecular. Fundamentally, this can describe the appropriate
acidic and basic reactions between the A-OH sites at the surface and the H" ions in the
bulk solution. From the corresponding thermodynamic equilibrium equations, one can
calculate the relationship between the interfacial equilibrium potential y, and the H"
ion concentration in the bulk of the solution, [H'],, or , in other words, the
relationship between y, and pH.

The most commonly used description, however, is based on the equilibrium
between the surface OH groups and the H' ions. located directly near the surface,
denoted as Hs'. The acidic and. basic characters-of the neutral site A-OH are
characterized by the equilibrium constants Kq-and Kg, respectively. The equations can

be written as follows:

AOH <%+ AO + H} (12)
H{ + AOH <~ AOH; (13)
with:
k, =AONH ) (14)
[AOH]
[40H, ] (15)

* " AOHT[H ],

where s means the surface.

From above reactions, we can get the following thermodynamic equations:

Wy +kTnv,,, :,uflo, +kTlnv, +u2{+ +kTlne,, (16)
and

17



+kT Inv =1y +kTnv,,, +y2{+ +kTlne,, (17)

0
H AOH? AOH}
where v; is the surface activity and p°; is the standard chemical potential of species i.

Equations (3) and (4) can be rewritten as follows:

0 0 0
Vo G Hion = My = My,
Ao K with K, =exp— 4o " (18)
Vion kT
0 0 0
VoionGy. Mo = Hiion = My
ST K, with K, =exptot 100 T (19)
VAOH; kT

where the K values are dimension less intrinsic dissociation constants. The K values
are real constants independent of the ionization state of the oxide surface. When the

Boltzmann equation is applied, the surface charge density, 6y, can be given as follows:

Gy =4V 1o~V 1) = AN, (O ~O") (20)

where Ns is the density of the available sites; @' and © are the fractions AOH, and
AO’ of Ns, respectively. The fractions @ and © canbe calculated by Eqgs (1) and (2),
and substituted in (20) to give:

a.-K K,

Hi
2
KK, +K,a, +a,.

Ty = gqN( ) =—4q[B] 1)

Taking the pH variations in the interface of oxide and electrolyte into account, the
surface charge density versus the Bin: pH variation on the surface can be calculated as

following definition:

oo, o[B
% B _yp, (22)
pH g opH g

where iy 1s called the intrinsic buffer capacity, depending on the activity of surface
H'-ions .
And thus we can finally find the expression for the intrinsic buffer capacity:

K,a’ +4K K,a . +K K.
B =N 1 T "3, (23)
(KK, +K,a, +a.) 5
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2.3 The Gouy-Chapman Theory

According to the charge neutrality, an equal but opposite charge is built up, opr . in
the electrolyte solution side of the double layer. Thus there will be, something like
capacitor (Figure 2-2), built up in the oxide/electrolyte system. We can obtain the

following Eq. by such equilibrium in Boltzmann equation:

¢(x)=¢] GXP(%;@) (24)

where @y is the potential at any distance x with respect to the bulk of the solution; ci(x)
and ¢;’ are the molar concentrations of species i at a distance x and in the bulk of the
solution respectively and z is the magnitude of the charge on the ions. The
combination of the Boltzmann and the Poisson equation, which relates the charge

density with the potential, is obtained as follows:

o, = —(8kT&90n0)% sinh( qul;//To) R Bl §= 5% (23)

where g is the permittivity of free space and ¢ is the relative permittivity; n0 is the
number concentration of each ionin the bulk. Differentiation of Eq.(25) with respect
Vo and rearrangement gives the following expression for the differential capacitance:

2ee,2°q’n’ )% cosh( zqy, )
kT 2kT

Cdif =(
(26)
The Gouy-Chapman theory has one drawback. The ions are considered as point
charges that can approach the surface arbitrarily close. The assumption causes
unrealistic high concentrations of ions near the surface at high values of y. an

adjustment to solve this problem was first suggested by stern and is described in the

next section.

2.4 The Gouy-Chapman-Stern Theory

The Gouy-Chapman-Stern model involves a diffuse layer of charge in the solution
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starting at a distance x; from the surface. The charge in the diffuse layer is [13]:
1, Z
o = —(8kTegyn")? smh(%) =-Cyy, =—0, (27)
where ¢, is the potential at any distance x, Differentiating and rearranging (27)
gives the following expression for the differential capacitance:
2e5,22¢°n° \ & zq¢;
7 ) cosh(—2 )

25502 n’ 28
1+(2)(C42 ) cosh(: 29

To simplify the above equation as follows

1 x, 1
C

=t (29)

o €& (25"’"02 g’n’ )2 cosh( fo;

There will be seen easily, the differential capacitance can be distinguish into two parts,
the first term is the contribution of'the called diffuse layer, and the second term is the

contribution of the Stern layer. Fhen. the following.equation will be obtained:

o o (8kTes no)% sinh(-4%
W, =—" b — =g + 0 24T
C., C C.

i,st 1,8t

(30)

2.5 Site-Dissociation and Gouy-Chapman-Stern Model

The combination of the site-dissociation model with Gouy-Chapman-Stern model
is probably the most widely used combination to describe the oxide/electrolyte
solution interface. Dzombak and Morel used the site-dissociation model in

combination with the Gury-Chapman model to describe the surface complication of

hydrous ferric oxide [14]. The relation between the parameters a,.and yo can be

derived by solving (21) and (25) to obtain:

K CWO +\/(Kb z ) _4KaKh(q2N€2 _Cizlrlloz)

b™~i

# 2(gN, = Cy,)

(1)
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This relation is necessary to link the calculated intrinsic buffer capacity and the

differential capacitance.

2.6 Physical Model for Drift

Jamasb firstly proposed the physical model for drift in 1997 [13]. The key point
of this model was employing the dispersive transport theory to express the gate
voltage drift, which is caused by the hydration effect at the insulator-electrolyte
interface. Dispersive transport was briefly reviewed in [15] and it could be
characterized by a power-law time decay of the mobility or diffusivity of the form /',
0<p<1. This time dependence is based on a model that interprets transport in terms of
a “random walk”. The origin of random walk is either a) hopping motion through
localized states giving rise to hopping transport, or b) multiple trapping from a band
of extended states or localized. states leading to multiple-trap transport. The
multiple-trap transport is generally associated - with the motion of electrons or holes in
disordered materials.

Regardless of the specific dispersive mechanism involved, dispersive transport
leads to a characteristic power-law time decay of diffusivity, which can be described
by

D(t) = Dy ()" (32)

where Dy is a temperature-dependent diffusion coefficient which obeys an Arrhenius
relationship, wy is the hopping attempt frequency, and f is the dispersion parameter
satisfying 0<f<l. Dispersive transport leads to decay in the density of sites/traps
occupied by the species undergoing transport. This decay is described by the

stretched-exponential time dependence given by

AN, (t) = AN, (0) exp[(—t / 7)"] (33)
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where ANy (¢) is the area density (units of cm™) of sites/traps occupied, 7 is the time
constant associated with structural relaxation, and f is the dispersion parameter.

Since hydration leads to a change of the chemical composition of the sensing
oxide surface, it is reasonable to assume that the dielectric constant of the hydrated
surface layer differs from that of the sensing oxide bulk. The overall insulator
capacitance, which is determined by the series combination of the surface hydration
layer and the underlying oxide, will exhibit a slow, temporal change. When drift
phenomenon occurs at the surface of an actively biased ISFET, the gate voltage will
simultaneously exhibit a change to keep a constant drain current. The change of the
gate voltage can be written as
AV (1) =V () =V5(0) (34)
Since the voltage drop inside the semiconductoris:kept constant, AV (¢) becomes
AV () = [V () = Vs (0)]+ [V, 8) = V3,5 (0)] (35)
where Vg is the flat band voltage and ¥i,s-is-the, voltage drop across the insulator. Vg

and Vs are given by

Vig = Eref +Zml -, - s - Qox +Lss (36)
' q Cox
= B (QB + Qinv) (37)
ms COX

where Q;,, is the inversion charge. If the temperature, pH, and the ionic strength of the
solution are held constant, E,. )(S"l, ¥, and @y can be neglected so the drift can be

rewritten as

AV, (1) =~(Qpy + Oy + 0, +va){c%m— - 1(0)} (38)

In this study, the gate oxide of the fabricated ISFET was composed of two layers, a
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lower layer of thermally-grown SiO, of thickness, x;, and upper layer of PECVD SiO,
of thickness, xy. C(0) is the effective insulator capacitance given by the series
combination of the thermally-grown SiO, capacitance, ¢;/x;, and the PECVD SiO,
capacitance, ey/xy. Ci(f) is analogous to Ci(0), but an additional hydrated layer of
capacitance, ey /xp1, at the oxide-electrolyte interface must be took into consideration,
and the PECVD SiO, capacitance is now given by e&u/[xy — xmz]. The series
combinations of the capacitances are illustrated in Figure 2-4. Therefore, the drift is

given by

AV () ==(Qpx +Oss + 05 + 0, )[ ijL 0] (39)

U 8HL

From this equation, we observed that drift is directly proportional to the thickness of

the hydrated layer. By applying-dispersive'transport theory, an expression for x;(¢) is

given by [16]
Xy () = x, (@) = expl- (/)" | (40)
with

Dooa)o IANS/T (0)
DﬁNhydr

(41)

Xy (0) =

where Ap represents the cross-sectional area, and Ny 1s the average density of the
hydrating species per unit volume of hydration layer. Thus, the overall expression for

the gate voltage drift is

AV, () = <Q0X+QSS+QB+QW>( —Em ]xmoo){l expl-(t/0) ] @)

U gHL

From this equation, we can expect that if the time of gate oxide immersing in the
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test-solution is long enough that is in a stable state (determined by the constantz ), the
gate voltage drift will approach a constant value which is greatly dependent on the
hydration depth.

A V() =xpr(t) =xp(o) (43)

Then we can determinate the hydration depth of the oxide layer.
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Table 2- I . Sensitivities and test range for different sensing membranes.

Sensing membrane Testrange (pH) Sensitivity (mV/pH) Reference

ZrO, 1-13 57.5 12
Sio, 4-10 25-48 10
Si,N, 1-13 46-56 6
AlLO, 1-13 53-57 4
Ta,0, 1-13 56-57 8
SnO, 2-10 58 6

ITO 2-12 54-58 7
a-WO, 1-7 50 9
a-Si-H 1-7 50.62 11
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Chapter 3
Characteristics of Zirconium Oxide (ZrQO,) Gate

Ion-Sensitive Field-Effect Transistors

3.1 Backgrounds and Motivation

Because many chemical and biological processes are dependent on pH, it is one
of the most common parameters measured in laboratories. In the past, a glass
electrode was usually used for measuring pH until a brainchild technique based on
MOSFET called ISFET was demonstrated by Bergveld in 1970 [1]. ISFET is a special
type of MOSFET without a metal gate, in which the gate is directly exposed to the
buffer solution. When there is a change in the surface potential between the gate
insulator and the electrolyte, the electric field atthe insulator semiconductor interface
will be changed and the channel-conductance that affects the drain current will also be
modulated. Since the channel conductance-and drain current can be modulated, we
may measure the changes by applying.a fixed source to drain voltage or a constant
source to drain voltage current and different output gate voltages. By these methods,
we can plot a standard linear line between gate voltages and various pH values, and a
standard linear line can be taken to measure an unknown acid or an alkaline solution.
Compared with the conventional method, ISFET has some advantages such as small
size, short-response time, low cost, and complementary metal-oxide-semiconductor
(CMOS) compatible processes. The development of ISFET has been on going for
more than 35 years, and the first sensitive membrane used is silicon dioxide (SiO,),
which showed an unstable sensitivity and a large drift. Subsequently, Al,O3, Ta,Os,
SnO,, TiN, a-WOs3, indium tin oxide (ITO), and ZrO, were used as pH-sensitive
membranes to achieve a higher pH response and a more stable drift voltage [2~9].

Although ZrO, prepared using an electron beam has been used as a sensing film [9],
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there are still many characteristics of the ZrO, gate ISFET that should be studied, e.g.,
drift effect or sensitivity in an alkali solution. Table 2-I shows the sensitivities and test
ranges of different sensing membranes. We can easily observe that the sensitivity of
ZrO; prepared by direct current (DC) sputtering is the strongest and has a very wide
test range. Thus, a ZrO; thin film is very suitable for applications in ISFETs.

In this study, ZrO, prepared by DC sputtering as a pH-sensitive membrane for
ISFET was first developed in our laboratory. The electrical characteristics and pH
response of the ZrO, gate ISFET were studied by standard MOSFET measurement
using HP4156A. Drift voltage was also calculated by drain current-to-gate voltage

(In-V) measurement.

3.2 Experimental Procedure

3.2.1 Device Fabrication

Figure 3-1 shows a schematic diagram-ofthe ZrO, gate ISFET that is fabricated

by the MOSFET technique. A 30-nm-thickness sensitive layer of the ZrO, membrane
was deposited onto the SiO, gate ISFET by DC sputtering with 4 in. diameter and
99.99% purity of Zr in oxygen atmosphere. The total sputtering pressure was 20
mTorr in the mixed gases Ar and O, for 200 minutes while the base pressure was
3x10° Torr, and the RF power was 200 W and the operating frequency was
13.56MHz. Table II shows the detailed growth conditions for film deposition using
the sputtering system. After post annealing at 600°C, the ZrO, membrane is defined
using photoresist and etched by buffer oxide etch (BOE). The ISFETs were fabricated
on a p-type silicon wafer with (100) orientation and the manufacturing processes are
as follows:
(1) RCA cleaning of 4 in. p-type silicon wafer

(2) Wet oxidation of silicon dioxide (600 nm)
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(3) Defining of S/D area with mask I and wet etching of silicon dioxide by BOE
(4) Thermal growth of silicon dioxide as screen oxide (30 nm)
(5) Phosphorus ion implantation and post annealing at 950°C
(6) PECVD of silicon dioxide for passivation layer
(7) Defining of contact hole and gate region with mask I and wet etching of silicon

dioxide by BOE
(8) Dry oxidation of gate oxide (30 nm)
(9) DC sputtering of ZrO, and post annealing at 600°C
(10) Defining of gate region with mask III and wet etching of oxide by BOE
(11) Aluminum sputtering with hard contact mask IV (500 nm)

3.2.2 Packaging and Measurement

A container is bonded to the.gate region of ISFET using epoxy resin. Figure 3-2

shows the measurement setup and.a HP4156A semiconductor parameter analyzer is
used for measuring the Ips-Vggcharacteristics-of the ZrO, gate ISFETs in the buffer
solutions. All the measurements aré-carried out'at-a room temperature of 25°C using a
temperature control system, and what was placed in a dark box. After the buffer
solution is injected into the container, measurements are not carried on until the
ISFETs are immersed in the buffer solution for 60 s to make sure that the devices are

under a steady state.

3.3 Results and Discussion
3.3.1 Ip-Vps Characteristics of ZrO, Gate ISFETs
As in the discussion of the previous section, the operation of ISFET is very
similar to that of conventional MOSFET, except that a reference electrode and an
electrolyte are used instead of a metal gate. In the Ips-Vps measurement, a reference

electrode is placed in buffer solutions with pHs =1, 3,5, 7, 9, 11, and 13, and Ips-Vps
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curves are obtained by applying a series of step voltages at the reference electrode.
Figure 3-3 shows the Ips-Vps curves of the ZrO, gate ISFETs. The devices exhibit
Ips-Vps curves similar to those of conventional MOSFET, and the nonsaturation
region is about 0.5to 3 VatpH=7.
3.3.2 pH Sensitivity of ZrO, Gate ISFET
The pH sensitivity of the ZrO, gate ISFET in buffer solutions with pHs =1, 3, 5,
7,9, 11 and 13 at room temperature is obtained using a HP4156A semiconductor
parameter analyzer. Figure 3-4 shows that the Ips-Vgs curves are shifted parallel with
the pH concentration of the buffer solutions, and in the nonsaturation region with Vpg
=2 V. The Ips-Vgs curves represent the threshold voltage shift towards positive values
with increasing pH values. After 20 times measurements, a median linear pH response
of 57.5 mV/pH is obtained by calculating the shifts in the Vg of the ISFET using a
constant drain current at 527 pA for different pH values. Figure 3-5 shows the Vs
and pH values for obtaining a-pH tesponse.of 57.5 mV/pH from the slope of the
linear-fitted line. A 99.74% root-mean-square.(R?) value can be obtained, which
represents the perfect response of the ZrO, gate ISFET.
3.3.3 Ratio of Width to Length in Channel Affecting ZrO, Gate ISFETs
To understand if the ratio of width to length in the channel affects the pH
response, we measure three devices with different sizes. Figure 3-6 shows the
sensitivities of the three devices that have different ratios of width oven length. It
seems that the sensitivity of the ISFETs is not affected by their different sizes.
3.3.4 Drift of ZrO, Gate ISFET
To make sure that the device is under a stable state, the ISFET must be
immersed in the buffer solution for 5 h before drift measurement. The drift of the
ZrO, gate ISFET is also calculated by Ips-Vgs measurement for 7 h. Figure 3-7 shows

a drift of 5.82 mV during the 7 h measurement in which a drift of 0.831 mV/h is
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obtained. Compared with the sensitivity of the ZrO, gate ISFET, we can neglect the
drift effect because of the small drift velocity. Figure 3-8 shows a long-term drift of
the ZrO, membrane ISFET at 0.425 mV/h after 200 h operation. Most of the drift is
observed during the first 10 h, and the result shows that the ZrO, film has a very
stable quality.
3.3.5 pH Sensitivity of ZrO, Membrane ISFET in 1 M NaCl Solution

To make sure that the ZrO, membrane ISFET can be used in a mixed solution,
we measure the pH sensitivity in 1 M NaCl buffer solution. Figure 3-9 shows the pH
sensitivity of ZrO, membrane devices in 1 M NaCl solution. The pH sensitivities
slightly decreased; however, the device has a perfect linear response of 52.5 mV/pH.
The slight decrease in sensitivity may have resulted from the Na" ions reacting with

the sensing film.

3.4 Conclusions

In this study, the ZrO, gate ISFET.is proposed as a pH-sensitive membrane. The
sensing properties of the device such as sensitivity and drift are obtained by Ips-Vgs
measurement in a series of buffer solutions. A pH response of about 57.5 mV/pH and
a drift of 0.831 mV/h were obtained. Different sensitivities of various ratios of width
to length in the channel were not observed. Thus, the ZrO, gate ISFET can be used in
the pH range of 1 to 13 with a perfect linear-fitted line that will enable the application

of ISFETs to many fields.
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Table 3- I. Growth conditions for film deposition using sputtering system.

Parameter Conditions
Deposition rate (nm/min) 0.15
Deposition pressure (Torr) 20x103
Background pressure (Torr) 3x10-6
Ar/O, ratio (cm3/min) 24/8

150

Substrate temperature (C)

39



Al
<+«—— PE-SiO,

%////%I E = I%%//////%/QZ Thermab-S10,

P-type-silicon

Figure 3-1 Schematic diagram fabricated by the MOSFET

technique.

40



Reference
Electrode

Buffer
Solution

[N .

P-type-silicon

war e P

. '.3"" i ::'_""'. m}; .
Figure 3-2 Setup of measurement siqg; Q&QSA %mlconductor parameter analyzer
3 2 " -\".-{;Jl' L

.

%

- | . ..,,r*‘ ___I.-': ll
and temperature confroller., == [=
A '3

- |
-

41



| (mA)

3.0

2.5-
2.0-
1.5-
1.0-

0.0

0.5

e V_=5V
_ ,
L /‘
PRI - V_=av
2z °
- ”,}'
N V =3V
o e--- vV =2V
/,,//",, V_=1V
2 4 6 8 10 12
V_ (V)

Figure 3-3 Ips-Vps'curves of ZrQ; gate ISFETs.

42



1.0

| —pH13 ---- pH5
0'9_ - --pH11 ----- pH3
0.8+ SN 1 J— pH1

0.7
0.6 - il
0.5-—-—-__———;':'-'.:-
0.4F |Vos™2V s
0.3+ |D=527]JA
0.2f ———==<T

0.0 05 1.0 15 2.0 25 3.0

VGS (V)

| (mA)

Figure 3-4 Ips-Vgs curves that are shifted parallel with pH concentration of buffer

solutions, and in nonsaturation region with Vpg =2 V.

43



2.2) Sensitivity=57.5mV/pH

(

2.0|
1.9}
1.8}
1.7|
1.6 V_=2V

1.5 | =527pA

140 e
0 2 4 6 8 10 12 14

Ves (V)

Figure 3-5 Vs and pH values for obtaining pH-response of 57.5 mV/pH from slope of

linear-fitted line.

44



60

50

40
30

20

Sensitivity (mV/pH)

10

0 . 1 . | . 1 .
5 10 15 20 25
Dimension (Width/Length)

Figure 3-6 Sensitivities of threc:devices having differént ratios of width to length.

45



o 1 2 3 4 5 6 71

Time (h)

Figure 3-7 Drift of 5.82 mV during 7 h measutement in which a drift of 0.831 mV/h is

obtained.

46



50 | ",

-100

S
E

o
>
<

-150

0 30 60 90 120 150 180 210
Time (h)

Figure 3-8 Long-term drift of about 85 mV during 200 h measurement in which a drift

0of 0.425 mV/h is obtdined.

47



21
Sensitivity=52.5mV/pH

2.0

19|

18]
S 171
8 16_
> "

1.5
1.4
1.3

V=2V
| =1356pA

0 2 4 6 8 10 12 14

Figure 3-9 Vgs and pH values inn 1M NaClsolution for obtaining pH response of 52.5
mV/pH from slope of lincat-fitted-line.

48



Chapter 4

Drift Characteristics with Sensing Oxide Thickness

Modulation by Co-fabricating ISFET and REFET

4.1 Backgrounds and Motivation

Because so many chemical and biological processes are dependent on pH, it is
one of the most common measurements in the laboratories. In the past, the glass
electrode was usually used to detect pH until a brainchild technique based on
MOSFET called ISFET that had demonstrated by Bergveld in 1970 [1]. The ISFET is
a special type of the MOSFET without a metal gate, by which, the gate is directly
exposed to the buffer solution. When a change of the surface potential between the
gate insulator and electrolyte, the eleetric.«field at the insulator semiconductor
interface will be changed and the channel conductance that influences the drain
current will be modulated, too. Since the channel conductance and drain current can
be modulated, we may measure the'changes by applying a fixed source to drain
voltage or constant source to drain voltage current and different output gate voltages.
By these ways, we can plot a standard linear line between gate voltages and various
pH values, and the standard linear line can be taken to measure unknown acid or
alkaline solution. Comparing to the conventional method, the ISFET device owns
some advantages that are small size, short response time, cheap and CMOS
compatible processes. The development of ISFET has been over 35 years, and the first
sensitive membrane is silicon dioxide (SiO,) which appeared instable sensitivity and
large drift. Subsequently, Al,O3, Ta,O3, SnO,, TiN, a-WO3;, ZrO,, and ITO were used
as pH-sensitive membranes for the higher pH response and much stable drift voltage

[2~9]. Table 2-I shows the sensitivities and test range of the different sensing
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membranes. We can easily find that the sensitivity of SiO, is not the largest one and
owns a large drift voltage. But in the view of CMOS compatible and bio-compatible,
the SiO; is the most famous one. The most disadvantage of SiO, gate ISFET is its
unstable effect that is introduced by hydration. In order to understand the relation
between thickness and drift, we overcome the difficulty in measuring the unstable
effect of Si0, gate ISFET by using the Ta,Os gate REFET.

In this study, the SiO, membrane was used as a pH sensitive layer for ISFET.
Ta,Os was prepared by dc sputtering process as a pH-sensitive membrane for REFET
that could estimate the effect of temperature and processing difference. The electrical
characteristics and pH responses of the ISFET and REFET are studied by the standard
MOSFET measurement with HP 4156A. The drift voltages are also calculated by the

drain current to gate voltage (Ip-V¢g) measurements.

4.2 Experimental
4.2.1 Device Fabrication

Figure 4-1 shows the schematic diagram of the SiO, gate ISFET which is
fabricated by the MOSFET technique. A 30nm thickness sensitive layer of SiO,
membrane was deposited onto the SiO, gate ISFET by PECVD. And a 30 nm
thickness sensitive layer of Ta,Os membrane was also sputtering onto the SiO, gate
ISFET by sputtering system as a REFET. The SiO, membrane is defined by photo
resist and etched by BOE. The ISFETs were fabricated on the p-type silicon wafer
with (100) orientation, and the manufacture processes were listed as follows:

(1) RCA cleaning of 4-inch, p-type silicon wafer

(2) Wet oxidation of silicon dioxide (600 nm, Figure 4-1(a))

(3) Defining of S/D areas with mask I and wet-etching of silicon dioxide by

BOE

50



(4) Thermal growth of silicon dioxide as screen oxide (30 nm, Figure 4-1 (b))

(5) Phosphorus ion implantation and post annealing at 950°C (Figure 4-1 (¢))

(6) PECVD silicon dioxide for passivation layer (Figure 4-1 (d))

(7) Defining of contact hole and gate region with mask II and wet-etching of

silicon dioxide by BOE

(8) Dry oxidation of gate oxide (30 nm)

(9) PECVD silicon dioxide for sensitive layer (30 nm, Figure 4-1 (e))

(10) Defining of gate region with mask Il and wet-etching of oxide by BOE

(11) DC sputtering a 30 nm thickness of Ta;Os film with hard contact mask IV

(12) Aluminum sputtering with hard contact mask V (600 nm, Figure 4-1 (f))

4.2.2 Packaging and Measurement

A container is bonded on the'gate region of the ISFET/REFET by epoxy resin.
Figure 4-2 shows the set up-of.measurement and the HP4156A Semiconductor
Parameter Analyzer is used to-measure-the-Ips-Vgs characteristics of the ZrO, gate
ISFET/REFET devices in the buffer solutions. ‘All the measurement processes are
carried out at the room temperature of 25 ‘C by a temperature control system, and
placed in the dark box. After the buffer solution is injected into the container, we will
not measured until the ISFET/REFET is immersed in the buffer solution for 60

seconds to make sure that the devices are under steady situation.

4.3 Results and Discussion
4.3.1 pH Sensitivities of the ISFET/REFET
The pH sensitivities of the ISFET and REFET inpH =1, 3,5, 7,9, 11 and 13
buffer solutions at room temperature are obtained by a HP4156A Semiconductor
Parameter Analyzer. Figure 4-3 shows that the Ips-Vgs curves are shifted in parallel

with the pH concentration of the buffer solutions, and in the non-saturation region
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with Vps = 2 V. The Ips-Vgs curves represent the threshold voltage shift towards
positive values with increasing pH values. After several times of measurements, a
median linear pH response of 31.15 mV/pH and 55.66 mV/pH are obtained by
calculating the shifts in the Vs of the ISFET and REFET, respectively, by a constant
drain current measurement for different pH values. Figure 4-4 shows the Vgs to pH
values that can obtain the pH response of 31.15 mV/pH and 55.66 mV/pH by the
slope of the linear fitted lines.
4.3.2 Drift of the SiO, Gate ISFET

The drifts of the ISFET and REFET are also calculated by Ips-Vgs
measurements for 7 hours. Figure 4-5 shows the drift during 7 hours measurement
time that can be obtained a drift of 37 to 81 mV in ISFET and 8mV in REFET at the
slow response region. The drift is‘saturation aftet.6 hours that implies the hydration
will be stable too. In order to estimate the unwanted effect (e.g. temperature, light,
process), a delta drift is defined as the.differential drift of ISFET and REFET. The
first hours always defined as surface seaction(fast response region) which shows a
high value of drift, so we determined the last six hours as the effective times of
hydration (slow response region). Figure 4-6 shows the delta drift that increases with
increasing the thickness of SiO, film, and the curve is saturation at about 50 nm.
According to the equation 43 in chapter 2, the thickness of hydration layer is about 50

nm.

4.4 Conclusion

The much stable sensing properties of sensitivity and drift are obtained by the
correction of REFET. The pH response of about 28 to 32 mV/pH can be obtained. A
depth of hydration layer in SiO, gate ISFET is presented by modulating the oxide

thickness. The predicted thickness of hydration layer is 50 nm of PECVD SiO; during
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7 hours immersing in a buffer solution. This study not only provide a simple way to
determine the thickness of hydration layer without simulating, but also make the

measurement of much stable drift in SiO, gate ISFET possible.

53



4.5 References

[1] P. Bergveld, “Development of an ion sensitive solid-state device for
neurophysiological measurements,” IEEE Trans. Biomed. Eng. vol. 17, pp. 70-71,
1970.

[2] S. D. Moss, C. C. Johnson, and J. Janata, “Hydrogen calcium and potassium ion
sensitive FET transducers,” A preliminary report, IEEE Trans. Biomed. Eng. vol.
25 pp. 49-54, 1978.

[3] H. K. Liao, J. C. Chou, W. Y. Chung, T. P., and S. K. Hsiung, “Study on the
interface trap density of the Si3N4/SiO, gate ISFET,” Proceedings of the Third
East Asian Conference on Chemical Sensors, Seoul, South Korea, pp. 394400,
November 1997.

[4] L. T. Yin, J. C. Chou, W. Y. Chung, T. P., and.S. K. Hsiung, “Study of indium tin
oxide thin film for separative extended gate ISFET,” Mater. Chem. Phys. vol.70
pp. 12-16, 2001.

[5] P. Gimmel, B. Gompf, D. Schmeiosser,-H.*D. Weimhofer, W. Gopel, and M.
Klein, “Ta,Os gates of pH sensitive device comparative spectroscopic and
electrical studies,” Sensors and Actuators B vol. 17 pp. 195-202, 1989.

[6] J. C. Chou and J. L. Chiang, “Study on the amorphous tungsten trioxide
ion-sensitive field effect transistor,” Sensors and Actuators B vol. 66 pp. 106-108,
1998.

[7] T. matsuo and M. Esashi, “Methods of ISFET fabrication” Sens and Actuators vol.
1 pp. 77-96, 1981.

[8] J. C. Chou and J. L. Chiang,”lon sensitive field effect transistor with amorphous
tungsten trioxide gate for pH sensing ” Sens and Actuators B vol. 62 pp. 81-87,
2000.

[9] K. M. Chang, K. Y. Chao, T. W. Chou, and C. T. Chang,”Characteristics of

54



Zirconium Oxide Gate lon-sensitive Field-Effect Transistors” Japanese Journal of

Applied Physics Vol. 46 No. 7A pp. 4334-4338, 2007.

55



silicon 7| Thermal sio, Screen SiO,

VVVVVV Aluminum
~ PECVD SiO, Sensitive Si0, -

| SIS

lisnms 2/

(d)
30nm S10, mtive §i02 z@nm m
m ==W &; = Smrmnnhinl

(b) (d)
lon Implantation BRRRRES 600nm Al
v i3l

(c) (f)
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CHAPTER S
Ultra-Low Drift Voltage by Using Gate Voltage control

in Oxide-Based Gate ISFET

5.1 Backgrounds and Motivation

There are a lot of chemical and biological processes dependent on pH, and thus
the pH detection device is one of the most common measurements in laboratories. In
the past, a glass electrode was usually used for detecting pH until a brainchild
technique based on metal-oxide-semiconductor field-effect transistor (MOSFET)
called ion-sensitive field-effect transistor (ISFET) that was demonstrated by Bergveld
in 1970 [1]. The first sensing membrane used is silicon dioxide (Si0O,), which showed
an unstable sensitivity due to a large drift. Subsequently Al,Os, Ta,0Os, SnO,, TiN, «
-WO;, ITO, and ZrO; [2-4] have been tried te use as the pH-sensitive membranes to
achieve a higher pH response and a more stable drift voltage. Although drift voltage is
much smaller than sensitivity, the drawback-is.continuously affecting the ISFET to
commercialize. There are some proposed explanations for drift including electric field
enhanced ion migration within the gate insulator [5], some electrons creating space
change inside the insulator films, and some surface effects [6]. There are also some
methods to solve the drift problem, such as manufacturing with a reference
field-effect transistor (REFET) or disposing a correct integrated circuit device to
reduce the drift rate. However, these methods are always either having a difficult
process or costing too expensive.

In this study, a simple and cheap way to solve the drift problem is presented which
describes the relation of drift and gate voltage. Constant various gate voltages are
biased in the sensing layer with reference electrode. It obviously shows a strong

relation of gate drift and gate stress voltages. There are two sensing films of ZrO, and

62



Si0, to be considered in this study. A great improvement of drift voltage in these two
materials as ISFETs can be achieved by using gate voltage controlling method.

From equation 39 in chapter 2, we observed that drift is directly proportional to
the thickness of the hydrated layer which may contain both H" and OH" ions. The
series combinations of the capacitances are illustrated in Figure 5-1 (a). Figure 5-1 (b)
shows series combinations of capacitances after ISFETs immersing in the buffer
solution. It is proposed that ions will penetrate into sensitive layer and form a
hydrated layer which will distribute either positive or negative charges.

According to Bousse and Bergveld [6], there are two responses of inorganic-gate
ISFETs. One is fast response which is called sensitivity and another is slow response
which is called drift. The slow response of drift has several models to explain. One
model based on the reactivity ofithe insulator in the electrical double layer in the
electrolyte at the interface with the.insulator [7]. Another model based on the presence
of H' ions in the insulating layer [8]./The-last.one model based on the modification of
the interface of Si and SiO, through+a pH. controlled charge in the surface state density
via transport of a hydrogen-bearing species [9]. All of these models point out that the
drift voltages are affected by the charges either in insulator or on interface of insulator.
Thus, this study considered to apply a gate-to-silicon substrate voltage to create an
electrical field to erase the drift effect caused by trapping charges. Figure 5-1(c)
shows the schematic diagram of the electrical force will enhance or reduce the
penetration of ions into sensitive film forming a hydrated layer. Thus, if we properly
control the electrical force by gate voltage, then the drift effect by charges migrating
will be solved. In this study, we try to control the gate voltages during measuring drift

voltage to achieve a zero drift voltage measurement.

5.2 Experimental Procedure
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5.2.1 Device Fabrication
Figure 5-2 shows a fabricating process of ISFET which is a CMOS compatible
technique. A 30-nm-thick sensitive layer of the SiO, membrane was deposited onto
the SiO, gate ISFET by PECVD. And a 30-nm-thick sensitive layer of the ZrO,
membrane was also sputtering onto the SiO; gate ISFET using DC sputtering system.
The sensing membrane is defined by photoresist and etched by buffer oxide etch
(BOE). The ISFETs were fabricated on the p-type silicon wafer with (100) orientation
and the manufacturing processes are listed as follows:
(1) RCA cleaning of 4-inch p-type silicon wafer
(2) Wet oxidation of silicon dioxide (600 nm, Figure 5-2(a))
(3) Defining of S/D area with mask I and wet-etching of silicon dioxide by
BOE
(4) Thermal growth of silicon.dioxide as.screen oxide (30 nm, Figure5-2 (b))
(5) Phosphorus ion implantation.and post-annealing at 950°C (Figure 5-2 (¢))
(6) PECVD of silicon dioxide fotrpassivation layer (Figure 5-2 (d))
(7) Defining of contact hole and gate region with mask II and wet-etching of
silicon dioxide by BOE
(8) Dry oxidation of gate oxide (30 nm)
(9) PECVD silicon dioxide or DC sputtering ZrO; film for sensitive layer (30 nm,
Figure 5-2 (e))
(10) Defining of gate region with mask Il and wet-etching of oxide by BOE
(11) Aluminum sputtering with hard contact mask IV (600 nm, Figure 5-2 (f))
5.2.2 Packaging and Measurement
A container is bonded to the gate region of ISFET using epoxy resin. Figure 5-3
shows the measurement setup and a HP4156A semiconductor parameter analyzer is

used for measuring characteristics of ISFETs in the buffer solutions. All the
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measurements are carried out at a room temperature of 25°C using a temperature
control system, and what was placed in a dark box. An Ag/AgCl reference electrode is
used as a constant DC voltage reference in the measurement system. After the buffer
solution is injected into the container, measurements are not carried on until the
ISFETs are immersed in the buffer solution for 60 s to make sure that the devices are

under a steady state

5.3 Results and Discussion

5.3.1 Ip-Vps Characteristics of the ISFET Devices

As in the discussion of the previous section, the operation of ISFET is very

similar to that of conventional MOSFET, except that a reference electrode and an
electrolyte are used instead of a mietal gate. In"the Ip-Vps measurement, a reference
electrode is placed in buffer solutions with pHs =1, 3, 5, 7, 9, 11 and 13, and Ips-Vps
curves are obtained by applying a series-of-step voltages at the reference electrode.
Figure 5-4 (a) shows the Ip-Vpg curyes.of the Si0, gate ISFETs. And figure 5-4 (b)
shows the Ip-Vpg curves of the ZrO, gate ISFETs. There exhibits the similar Ip-Vpg
curves as the conventional MOSFET, and the non-saturation region is about 0 to 3 V
at pH = 7. The perfect characteristics of ISFETs indicate that even the metal gate has
already been replaced using a buffer solution and a reference electrode, the device still
owned pretty good characteristics of MOSFET. Thus, all measurements are following
conventional methods of MOSFET.

5.3.2 pH Sensitivity of the ISFETs

The pH sensitivities of SiO; and ZrO, gate ISFET in buffer solutions with pHs = 1,
3, 5, 7, 9, 11 and 13 at room temperature are obtained using a HP4156A
semiconductor parameter analyzer. Figure 5-5 (a) shows that the Ip-Vgs curves of

Si0O, gate ISFET are shifted parallel with the pH concentration of the buffer solutions,
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and in the nonsaturation region with Vps = 1 V. The Ip-Vgs curves represent the
threshold voltage shift towards positive values with increasing pH values. Figure 5-5
(b) shows that the Ip-Vgs curves of ZrO, gate ISFET are shifted parallel with the pH
concentration of the buffer solutions, and in the nonsaturation region with Vpg =2 V.
The Ip-Vgs curves also represent the threshold voltage shift towards positive values
with increasing pH values. After several times measurements, median linear pH
responses of 31.15 and 57.5 mV/pH are obtained by calculating the shifts in the Vs
of SiO; and ZrO; gate ISFETs using constant drain current measurements for different
pH values. Figure 5-6 (a) shows the Vs and pH values for obtaining pH responses of
31.15 of SiO, gate ISFET with fixed Ip = 508 pA from the slope of the linear-fitted
line. And Figure 5-6 (b) shows the Vgs and pH values for obtaining pH responses of
57.5 mV/pH of ZrO, gate ISFET with fixed Ip.= 527 pA from the slope of the
linear-fitted line.

5.3.3 Drift of ISFET

The drift of the ISFETs are also caleulated using Ip-Vgs measurement for 10 hours.
During the 10 hours measuring time, various DC biased voltages are applying
between the reference electrode and substrate. To make sure that the reference pH
devices are in a stable state, the devices must be immersed in the buffer solution for
one hour before drift measuring. There are two sensing films of SiO, and ZrO, to be
consideration in the study. Figure 5-7 (a) shows drift of SiO, gate ISFET during 10
hours measurement time that can be obtained a drift of 56.12 to -27.15 mV at the slow
response region. Figure 5-7 (b) shows drift of ZrO, gate ISFET during 10 hours
measurement time that can be obtained a drift of 0.76 to -57.94 mV at the slow
response region. It obviously showed a strong relation of drift voltages and gate stress
voltages. The values of drift voltages always show from a positive number to a

negative number. In other words, a zero value of drift can always be found using this
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method. Thus, a great improvement of drift voltage in these two membranes as
ISFETs can be achieved by using the gate voltage controlling method. When gate
voltage is controlled as 0.5 V, drift voltage of SiO, gate ISFET will decrease from
56.12 to 2.94 mV in ten hours measurement. The improvement of the drift voltage
reaches 94.8%. Also, when gate voltage is controlled as -1 V, drift voltage of ZrO,
gate ISFET will decrease from -57.94 to 0.76 mV in ten hours measurement. The
improvement of the drift voltage reaches 98.7%. This may result from the gate
electric field affecting the ions to diffusive into the gate insulator, and the gate voltage
shift will be blocked. When the properly electric field was applied between reference
electrode and substrate, the drift effect would be erased. Figure 5-8 shows the relation
of drift voltages and the gate stress voltages. With the different gate stress voltages,
both of the two sensing films have'various differential gate voltages shift named drift
voltages. We can always find a gate stress voltage-that makes the differential gate
voltage shift close to zero deviation. In-this study, the gate voltage should be

controlled as 0.5 V in the Si0, gate ISEET and =1V in the ZrO, gate ISFET.

5.4 Conclusion

An ultra-low drift voltage by using gate voltage controlling method in oxide-based
gate ISFETs is realized. There are two sensitive oxide membranes of ZrO, and SiO,
using in this research. We can always find a gate stress voltage that makes the
differential gate voltage shift be close to zero deviation. The improvements of drift
voltage reach 98.7% of ZrO, and 94.8% of SiO,. It is a very great improvement of
drift that will improve the ISFETs more applications. When the optimum gate voltage

was applied to the ISFETs, the drift problem of ISFET would be solved in the future.
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Chapter 6
A Simple CMOS Compatible REFET for pH Detection by

Post NH; Plasma Surface Treatment of ISFET

6.1 Backgrounds and Motivation

Ion-sensitive field effect transistor (ISFET) has been developed over 35 years, and
the first sensitive membrane is silicon dioxide (Si0O,) that has first demonstrated by
Bergveld in 1970 [1]. Since the SiO, gate ISFET appears instable sensitivity and large
drift, a lot of sensitive layers, such as Al,O3, Ta;Os, SnO,, TiN, a-WOs3, ITO and ZrO,,
are used as pH-sensitive membranes for the higher pH response and much stable drift
voltage [2-9]. A conventional reference electrode (e. g. Ag/AgCl electrode) is always
used in the measurement system..1f we want tointegrate the ISFET devices into a
chemical micro system for in wivo. 'analysis.or become a part of lab-on-a-chip, the
huge conventional reference electrode will-be-the biggest challenge. For this reason,
there are several approaches that have been investigated to solve this problem.

One method to solve this problem is co-fabricated an Ag/AgCl electrode with
ISFET, including a gel filled cavity and a porous silicon plug [10]. But this solution
has a leaking path from reference electrode to solution that will reduce the device
lifetime.

Another method is applying a differential measurement between an ISFET and
an identical FET, which does not react on the ion concentration to be measured, called
REFET. This method is deposition on top of the ISFET’s surface one layer, which is
an ion-unblocking membrane that is an insulating polymeric layer exhibiting
independence on ionic strength. A commonly used material for ion-unblocking layer
in REFET is polyvinylchloride (PVC) [11-12]. The REFET with PVC sensitive

membrane has a smaller sensitivity of about 20mV/pH, but it will add some processes
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to fabricate a REFET and is not compatible with integrated circuit (IC) technology.
The ZrO, prepared by dc sputtering process as a pH-sensitive membrane for
ISFET is first developed in our laboratory [9]. In this work, we report a simple CMOS
compatible REFET by post NH3 plasma surface treatment on ZrO, gate ISFET. The
electrical characteristics and pH response of the ZrO, gate ISFET is studied by the
standard MOSFET measurement with HP 4156A. Without any unblocking layer to be
deposited, the REFET also shows a very low sensitivity of about 28.3 mV/pH. With
such ISFET/REFET differential pair, the conventional reference electrode can be
replaced by a solid platinum electrode, which can fabricate in the same chip. By this

way, a high integration of ISFET with IC fabricating can be realized in the future.

6.2 Experimental
6.2.1 Device Fabrication

Figure 6-1 shows the schematic’diagram of the ZrO, gate ISFET, which is
fabricated by the MOSFET technique.. DC sputtering from a 4-inch diameter, and
99.99% purity of Zr in oxygen atmosphere deposited a 30nm thickness sensitive layer
of ZrO, membrane onto the SiO, gate ISFET. The sputtering total pressure was 20
mTorr in the mixed gases Ar and O, for 200 minutes while the base pressure was 3x
107 Torr, and the rf power was 200W which the operating frequency was 13.56MHz.
After a post NH3 plasma treatment of ZrO, film, a REFET was completed with ISFET
in a single chip. The detailed manufacturing processes were listed as follows:

(1) RCA cleaning of 4-inch, p-type silicon wafer

(2) Wet oxidation of silicon dioxide (600 nm, Figure 6-1(a))

(3) Defining of S/D area with mask I and wet-etching of silicon dioxide by

buffer oxide etcher (BOE)

(4) Thermal growth of silicon dioxide as screen oxide (30 nm, Figure6-1 (b))
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(5) Phosphorus ion implantation and post annealing at 950°C (Figure 6-1 (¢))

(6) PECVD silicon dioxide for passivation layer (Figure 6-1 (d))

(7) Defining of contact hole and gate region with mask II and wet-etching of
silicon dioxide by BOE

(8) Dry oxidation of gate oxide (10 nm)

(9) DC sputtering 30nm thickness of ZrO, film and post annealing at 600°C
(Figure 1 (e))

(10) Defining of gate region with mask Il and wet-etching of oxide by BOE

(11) A post NH3 plasma treatment by high-density plasma reactive ion etching
(HDP-RIE) system

(12) DC sputtering a 30nm thickness of ZrO; film with hard contact mask IV and
post annealing at 600°C

(13) Aluminum sputtering-with hard contact mask V (600 nm, Figure 6-1 (f)

6.2.2 Packaging and Measurement

A container is bonded on the' gate region of the ISFET/REFET by epoxy resin.

Figure 6-2 shows the set up of measurement and the HP4156A Semiconductor

Parameter Analyzer is used to measure the Ips-Vgs characteristics of the ZrO, gate

ISFET/REFET devices in the buffer solutions. All the measurement processes are

carried out at the room temperature of 25 °C by a temperature control system, and

placed in the dark box. Originally, a platinum film is prepared for the reference

electrode, but in order to estimate the effect of reference electrode. A conventional

Ag/AgCl reference electrode is used as a DC reference voltage to measure the ISFET

and REFET systems. After the buffer solution is injected into the container, we will

not measured until the ISFET/REFET is immersed in the buffer solution for 60

seconds to make sure that the devices are under steady situation.
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6.3. Results and Discussion
6.3.1 The pH Sensitivity of the ZrO, Gate ISFET

The pH sensitivity of the ZrO, gate ISFET inpH =1, 3,5, 7, 9, 11 and 13 buffer
solutions at room temperature is obtained by a HP4156A Semiconductor Parameter
Analyzer. Figure 6-3 (a) shows that the Ips-Vgs curves of ISFET are shifted in parallel
with the pH concentration of the buffer solutions, and in the non-saturation region
with Vps = 2 V. The Ips-Vgs curves represent the threshold voltage shift towards
positive values with increasing pH values. After several times of measurements, a
linear pH response of 56.7~58.3 mV/pH with the deviation of 3 % is obtained by
calculating the shifts in the Vs of the ISFET by a constant drain current at 527 pA for
different pH values. Figure 6-3 (b) shows the Vgs to pH values that can obtain a
median pH response of 57.5 mV/pH by the slope of the linear fitted line. A 99.74 % of
the root mean square can be obtained that represents-the perfect response of the ZrO,
gate ISFET.

6.3.2 The pH sensitivity of the ZrO, gate REFET

Figure 6-4 shows that the sensitivities of REFET are decreasing with increasing
of NH; plasma treated times in 60 minutes. When the NH3 plasma treated times reach
90 minutes, the sensitivity of REFET will increase slightly for the plasma
bombardment. The individual sensitivities errors of ISFET and REFET are both
about 1.5 mV in several times of measurements, and the tendency of the errors is the
same in ISFET and REFET. Thus, the differential sensitivities of ISFET/REFET pairs
are very stable with an error bar of about 0.2 mV. The differential sensitivities
accuracy of the ISFET/REFET is about 0.7% (0.2/28). With the low sensitivities of
REFET, we suggest the reason is that the surface sites [13] are passivated by H™ of
plasma, resulting in the lower sensitivity of REFET. As a result, after the surface sites

are decreasing with increasing plasma times, the sensitivities will be decreased.

80



Unfortunately if the times reach 90 minutes, the sensitivity will increase for the
damage of surface by the plasma bombardment. Thus, the optimum time of NHj
plasma process reaches 60 minutes in the experiment, the sensitivity of REFET will
decrease to 27.6~29 mV/pH. And the differential sensitivity of the ISFET/REFET pair

devices is 29.1~29.3 mV/pH.

6.4 Conclusion

A study of the ZrO, gate ISFET and REFET are first proposed as a pH-sensitive
membrane pair. The sensing property of sensitivity is obtained by the Ips-Vgs
measurement in a series of buffer solutions. The optimum time of NH3 plasma process
is 60 minutes for the REFET. The pH response is 56.7~58.3 mV/pH for ISFET and
27.6~29 mV/pH for REFET. The differential sensitivity about 29.1~29.3 mV/pH with
an accuracy of 0.7% can be obtained for both the ISFET and REFET in the same
drifting tendency. The ZrO, gate ISEET.and - REFET can be used in the pH range of 1
to 13 with perfect linear fitted line that is.able to enable the ISFET devices more

applications in many fields.
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Figure 6-1 The schematic diagram-of the ZrO, gate ISFET that is fabricated by the

MOSFET technique.
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Figure 6-3 (b) The Vgs to pH values that can obtain a median pH response of 57.5

mV/pH by the slope of the linear fitted line.
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Chapter 7

Conclusion and Future work

7.1 Conclusion

This study has investigated the ZrO, to be a membrane of ISFETs. And a REFET
is used to control the effects of temperature and process deviation and proposed two
methods to solve the unwanted effects.

The ZrO, membrane has been successfully applied as a pH-sensitive layer for
ISFETs in Chapter 3. It exhibited an excellent response range of 56.7 mV/pH to 58.3
mV/pH. The ZrO, membrane prepared by DC sputtering was used as a pH-sensitive
film that showed good surface adsorption with oxide and silicon. The pH sensitivities
slightly decreased in 1 M NaCl=solution; however, the device showed a perfect linear
response of 52.5 mV/pH.

Furthermore, a REFET is used to control the effects of temperature and process
deviation. After the calibration of REFET, a very stable sensitivity and intrinsic drift
of SiO, gate ISFET can be obtained. It can be used to define the thickness of
hydration layer that is introduced by the drift effect. Results of this study will show
that the thickness of hydration is about 50 nm in SiO; membrane ISFET. It exhibits a
stable response of 28~32 mV/pH. This method is a really simple way to find the
thickness of hydration layer, and it will be useful in the study of the real mechanism in
drift effect.

Finally, when the phenomenon of drift is understood, two methods are designed
to reduce this effect. One is using the gate voltage to control drift voltage. It is a
simple and cheap way to solve the drift problem is presented which describes the

relation of drift and gate voltage. When various constant gate voltages are biased in
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sensing layers with reference electrode. It obviously shows a strong relation of gate
drifts and gate stress voltages. When the gate voltage is controlled as 0.5 V, the drift
voltage of SiO, gate ISFET will decrease from 56.12 to 2.94 mV in ten hours
measurement. The improvement of drift voltage reaches 94.8%. When the gate
voltage is controlled as -1 V, the drift voltage of ZrO, gate ISFET will also decrease
from -57.94 to 0.76 mV. The improvement of drift voltage reaches 98.7%.

Another method is using a REFET to reduce the drift effect. A simple CMOS
compatible REFET for pH detection by post NH; plasma surface treatment of a ZrO,
membrane ISFET has been developed. It is a novel study that has latent capacity to
integrate the ISFET devices into a chemical micro system for in vivo analysis or
become a part of lab-on-a-chip. With the fixed current measurement by HP4156, we
can get not only the individual ;sensitivities of ISFET and REFET, but also the
differential sensitivities of ISFET/REEET pair. The ZrO2 membrane ISFET exhibits
an excellent response of 56.7=58.3mV/pH-with deviation of 3% and the REFET
shows a small response of 27.6~29-mV/pH with a deviation of 5%. Using this
ISFET/REFET differential pair, we can get a very stable differential sensitivities of
29.1~29.3 mV/pH with a small deviation of 0.7%. This result indicates that the
research not only makes the ISFET integrate into a micro system in a simple way

possible, but also increases the stability of sensitivity.

7.2 Future Work

Even though the drift voltage could be measured easily here, we did not collect
enough data to develop a new model to predict how deep of the hydration layer would
be. The mechanism of drift should be modeled and understood clearly. And we
proposed two methods to solve the drift effect to make the system become more stable

and small. But we did not realize the system on one chip. We need to measure the out
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put voltage by a HP4156A. It is not a good system to be used for everyone. Thus, the
next step of our lab is going to develop a smart chip that integrates all the components
in only one chip. That is the finally target of this study. When the single chip is
realized, we will change the sensing membranes to be a ChemFET that will have
more applications in biology. Hence, the device will become a useful one in the

future.
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