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Abstract

The ion-sensitive field effect transistor (ISFET) was first introduced by
P.Bergveld in 1970. The metal gate IS replaced. by a reference electrode and the
electrolyte . Once the ions in electrolyte-are-trapped by the dangling bond at the
surface of sensing layer , which will-induce the modulation of channel resistance .
Therefore, the electric characteristics are changed by different kinds of electrolyte ,
and we can distinguish the properties of electrolyte .

There are lots of interferences in application with ISFET. Such as lightening
effect and thermal effect, to eliminate these effects and lower sensitivity of pH the
Reference field-effect-transistor (REFET) were produced. The traditional REFET
manufacturing is to gel macromolecular compounds reducing the modulation of
channel by electric field. Then we need a special manufacturing process of REFET,
and can not comanufacture ISFET/REFET. In this study, we use plasma to recover the
dangling bonds from sensing layer. Then the comanufacturing process of

ISFET/REFET pair is realized.
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Chapter 1

Introduction

1.1 Motivation of this work

All of the potentiometric sensors need a stable reference electrode to functionalize
the sensor array system, the same condition as the Ion-sensitive field-effect-transistor
(ISFET) system. In this work, the post plasma treatment was proposed to treat the
sensing membrane surface. The sensing film deposited on gate oxide must be CMOS
manufacturing compatible to achieve the cheap purpose. We choose TiO; and ZrO, as
sensing films and the use of NH; plasma treats the surface of above films. The plasma
treatment on sensing membrane surface is used to recover dangling bonds during
short time surface treatment and:become ancreasing“dangling bonds during long time
treatment, short/long time treatment is decided by what kinds of sensing membrane
are. The influence on sensitivity will be presentedin this work.

Furthermore, the coplanar structure of ISFET was used again. The purpose is to
make a stable sensitivity on ISFET/REFET (reference field-effect-transistor) system

in this work.

1.2 Introduction to ISFET

Because of the strong development of the IC technology on semiconductor, lots of
applications of MOSFET are introduced. Such as the gas sensor, making the
conductivity of the semiconductor in use [1], the pressure sensor , showing the
variations of the capacitive on semiconductor [2], and the so called ISFET, exhibiting

the variation of PH value by the electrical characteristic of FET.
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All that we know the operation mode of MOSFET, and the same operation mode
of ISFET, unless take the reference electrode and the PH solution (or electrolyte
solution) replace the metal gate. The gate material of ISFET, as the same part called
gate dielectric of the MOSFET, called sensing layer, immersed in the electrolyte
solution, as shown in Fig. 1.1.

The first thought to detect variations of the ion concentration by using FET was
introduced by P. Bergveld , in 1970 [3]. The most of the advantages of ISFET are
small size making multiple sensors on a chip, fast response, mass producible, and
cheap cost possibility. And the manufacturing process is similar to the MOSFET. The
same behavior to MOSFET, the channel resistance in ISFET depends on the electric
field perpendicular to the direction of the drain current. The different pH solution
makes the different concentration of H'-ion. The H'-ions from the electrolyte
accumulate on the top of the sensing material, and do hardly permeating through the
ion-sensing membrane. Such reaction-deseribed above causes the potential drop on
the sensing membrane surface.

The phenomenon of the different H'-ion concentration forming the different
channel resistance can be explained by the well known site-binding model, introduced
by Yates et al [4], in 1974. This model is different from the porous gel model
suggested by Lyklema [5], having the very high values of titratable charge on some
oxides. In this model, introduced by Yates et al, the oxide surfaces was considered as
amphoteric, meaning that the surface hydroxyl groups can be natural , protonized
(positively charged) or deprotonized (negatively charged) depending on the pH of the
electrolyte. Furthermore, T. Hiemstra et al [6] introduced the MUSIC model to
explain the other physical parameter influence the binding condition, such as the
orientation of sensing membrane surface etc. An general model to describe the

sensitivity of ISFET was introduced by van Hal et al [7], thus, the theory of ISFET
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was developed well.

1.3 Applications of ISFET

Because of the well development theory of EOS structure, and the detection
methods become more mature, more and more applications of ISFET were developed.
Such as EnFET [8], it is same as ISFET replace the sensing membrane as enzyme
stacking upon the pH-sensitive membrane reacting with the specific matter in the
buffer solution. Environmental monitor with the pH value of soil uses the pH-ISFET,
because of pH-ISFET’s fast responds, by inserting into the soil in situ without digging
the soil and taking it into laboratety to analyze [9]. Even for detecting the diffusion
coefficient of the solution [10]~Furthermore,-biochemical usage is to embedding the
specific chain of DNA such as ACTACTA-on-the sensing layer surface, the other DNA
chain such as TGATGAT in the selution, when the sensing layer immersed in the
solution the DNA was coupled and potential drop appearance [11]. However, all the
potentiometric sensor array needs a reference field effect transistor to calibrate
sensitivity in the system. Most of manufacturing REFET covers the PVC membrane
or plastic material onto sensing membrane to insense with electrolyte. Thus, we can
not fabricate ISFET/REFET sensor array at the same time to reduce the cost. In this
work, in the point of view of theory the purpose is to make co-manufacturing process

of ISFET/REFET sensor array.

1.4 Plasma treatment and REFET

Thus, knowing from the above described, the sensing properties of pH-ISFET are
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depending on various materials and the situation of oxide/electrolyte interface.
Whatever the materials covered on the gate layer are, the main purpose of using the
PVC membrane or Nifon is to reduce the influence of channel region and suppress ion
interfering effects[12][13]. Here, the purposed plasma treatment method is finding
other way to do so, and it’s also reducing the complex process to glue the PVC
membrane or Nifon on the gate. And membranes ZrO, and TiO; are used in this work,
because of the stable electrical characteristic compared to the SisNy4 [14] , and SiO;
[14]. And the higher sensitivity then SizN4 and SiO; [15] films will be presented in
this work.

According to the theory of site-binding model, the sensitivity of pH-ISFET is
related to the influence of interface between oxide and electrolyte. The plasma
treatment is proposed for trying to'recover the dangling bonds in this work to reduce
sensitivity. The manner of plasma treatment is usually breaking the bond between the
atoms, making more dangling bonds:on.the sensing membrane surface during longer
time treatment and recovering dangling bonds-during shorter time treatment. Here, the
combination between plasma radicals and surface atoms for shorter treating time
presents lower sensitivity than without plasma treatment, and the higher sensitivity for
longer treating time. Whatever, a result of either making more trap state (dangling
bond) of H'-ions or combination between plasma radicals and surface atoms (recover
dangling bonds) can be seen from the relationship between sensitivity and surface
plasma treating time by TiO, sensing membrane with NH; plasma treatment. In this
work, we are trying to find the best process windows for TiO, and ZrO, sensing
membranes

Finally, the coplanar structure can form a coupled ISFETs or just a REFET by the
difference which eliminates the unnecessary interferences such as temperature effects,

ion perturbations and lightening conditions under detection.
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1.4 Thesis organization

In the first chapter, a brief history of ISFET and the theory developed by those
great people was introduced. And the reason why we use plasma to treat the sensing
membrane surface is also addressed in chapter 1. The detailed theory, including the
band diagram of ISFET, site-binding model introduced by Yates et al , and the
sensitivity of ISFET, are described in chapter 2. In this chapter, the brief introduce of
REFET is presented. In the next section, the entire experiment procedures and
measurement setup is presented in detail. The various kinds of sensing membrane are
used to produce the coplanar structure ISFET-REFET pairs. In the last two chapters,
some thoughts about the results are proposed and.the conclusions are presented, too.

Finally, some works are presented to'do in thefuture.
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Chapter 2

Theory & Principle

2.1 Operation theory of ISFET

The operation theory of an Ion Selective Field Effective Transistor (ISFET) is

similar to a MOSFET. Considering the following structure of a MOSFET

Al b|Si| SiO2| Al t

Al b : the back side of silicon coated Al as electrode

Al t: the top side of silicon coated Al as-S/D/G electrical contact

Before the different materials contact to each othet; the flat-band voltage is build. [1]
When these materials contact to each other and form a MOSFET structure, which
result in the potential differences in between these materials has been presented in the
band diagram. Through the band diagram, we can obtain the flat band voltage as the
E.q.

VFB = ch)ms _k

q Cox

The same properties of ISFET are presented as following. The electrolyte layer
was inserted in between oxide and metal layer, and we take the SiO2 film as the
sensing layer to detect the specific ions in electrolyte. Forming the following

structure,[2]

Al b|'Si|* SiO2 | Electrolyte |* M |> Al t

8



The couple layer M | Al t was taken as the reference electrode. The reference
electrode is not the key subject in this study, the considered couple layer presented
here is used to simplify the model of reference electrode. Figure 2.1 shows the above
ISFET structure band diagram. Considering the above structure as cell, then the

applied voltage of the cell can be written as follows

Va :¢A|7t _¢A|7b :_%aAlt +%5A|b (1)

Due to the equilibrium at interfaces 1 and 5, Eq.(1) reduced to

1 M 1 T Si 1 M 1 Si M Si

V=0 " +—0" =——D" +—D” +(¢" —¢”) 2)
q q q q

Where the electrochemical potentials;have beenrconsidered as chemical and electrical
contributions. Because of the glectrical -contributions, the reference electrode part

must be considered. The following Eq. is-the definition of reference electrode.

Eref :—é(I)M +(¢M _¢Si) (3)

Here E,.f was named “reduced absolute electrode potential” by Trasatti[R].
Substituting the Eq.(3) into Eq(2) gives

1

Va —E +a(DSi +¢SO| _¢Si (4)

ref

The difference terms solution bulk ((ps°l) and silicon bulk((pSi) , can be separated as

follows

0 0% =" — 4+ (B -7+ (B -8B )+ (5 — )

(%)
As can be seen in band diagram (Fig2.1), each term on the right hand side can be
interpreted
o~ s =W, (6)



Where vy is the potential drop in the electrolyte at the oxide/electrolyte interface
0 =By =Vox 7)
S - ®

The potential drop across the oxides (V,x) and the silicon surface potential (o) are

presented above

i~ 45 = Oox (dipole) = (X* +6X5) = (X + X ©)
p = (X2 OXE) (X + Xy (10)

From Egs (4)-(8) and (9) and (10) the following expression for the flat-band voltage is

obtained as below

QSS
C:OX

1 i 0 0 i
Vs =B — ¥, —E(I)S + X! +(5X(s)>1 ‘échﬁ)"'(éXSiX _éng)_

(1)
Taking the perfect interface of oxide/solution and oxide/silicon into account, meaning

that the condition of interface iS:nmot concluded in this study, the following Eq. is

obtained
(0X &y — Xy )+ (X —Xg ) =0 (12)

Thus, the flat-band voltage, suited with the EOS structure, is obtained

Veg = By — o — 08 1 x50 - . (13)
q OX

The yo term, which is presented in Eq(13), determines the operation of the EOS
structure as chemical sensor. It depends mainly on the solution pH, in the case of
oxide material???. In particular, the solution pH at which yo = 0 is called the pH,,.

(point of the zero charge)
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2.2 The site-binding model and the sensitivity of ISFET

According to the above detail, the parameter of yo plays an important role of the
sensitivity. Obviously, the interface condition on oxide/solution must be considered by
the combination of the oxide-ion. Yates et al [3] introduced the site-binding model
based on the adsorbed counter ion form interfacial ion pairs with discrete charged
surface groups. The direction of plane was considered [4], but did not make the same
consideration in this study. And the influence of the porosity of the layer [S] was not
concluded here.

Considering the oxide surfaces as amphoteric, meaning that the surface hydroxyl
groups can be natural, whatever® positively ¢charged (protonized) and negatively
charged (deprotonized). The echarging mechanism- of an oxide is the result of
equilibrium between the AOH surface sites-and-the H'-ions in the bulk of the solution.

And the surface dissociation reactions are [6]
AOH “~AO™ +H/
and AOH; “AOH +H/

where s means the surface

From above reaction we can get the following thermodynamic equations :

Hapow +KTInv,op =, +KTlnv, +,uf|S+ +KT Ina,,. (1)
and
/”/(iow +kTlnv, .. = oo +KT Inv,, +,uﬂ+ +kTIna,, (2)

where v; is the surface activity and p°; is the standard chemical potential of species i.

Following Eq. (1) and (2) and the definition of the activity between surface and

11



bulk solution

8, =a, exp% 3)

we have Eq. (3) and (4) as below

0 0 0
VAOH’aHS*_K Haon ~ Hpo- 'qu

with K, =ex 4
Vi a a = €Xp T (4)
0 0 0
Vs _ ¢ with K, = exp o —Haon 7 5
b b
Y aohi: KT

where the K values are dimension less intrinsic dissociation constants. From the
above Egs , showing that the K values are real constants independent of the ionization

state of the oxide surface. Then the surface charge density, vi, is obtained as follows
00 =00V pon; ~Vao ) = AN(@" 207) (6)
where N is the density of the available sites; ®" and ® are the fractions AOH," and
AO’ of Ns, respectively. The fractions ® and @7 ¢an be calculated by Eqs (1) and (2)
as follows

a’, —K,K,

o, =0 S(KaKb+KbaHs++ai|s+) q[B] (7)

Taking the pH variations in the oxide/electrolyte interface into account, then the
surface charge density versus the pH variation on the surface can be calculated as

following definition

oo, _ _O[B] _
oH. qépHS 0B (8)

Bin is called intrinsic buffer capacity, depending on the activity of surface H'-ions .

And thus we can finally find the expression for the intrinsic buffer capacity

12



K,a’, +4K K.a . +K K;
et T 293, )
(K K, + KbaHg +aH§) s

ﬂim =N s

Because of the iy is dependent on the variation of surface charge density and activity
of surface H'-ions, we may consider the intrinsic buffer capacity as the parameter for
the sensing material. And that , there are several parameters affecting the active
surface groups, e.g. the valence of the metal ion. Hiemstra et al.[7] introduced a
multisite complexation model (MUSIC) to describe the charging mechanism and to
estimate the value of intrinsic dissociation constants of the active surface groups from
physical parameters. But these factors are specific for any particular oxides having
different reactive groups are present on different oxides. The general expression for
all types of oxides can not be achieved. Every oxide should be treated separately.
Because of the amorphous type of:the sensing layer on the ISFET in this experiment,
the MUSIC model is not suitable here.

Next, according to the charge neuiralitys-an.equal but opposite charge is built up,
opL . in the electrolyte solution sid¢ of the double layer. Thus there will be, something
like capacitor (Fig2.2), built up in the oxide/electrolyte system. We can obtain the

following Eq. by such equilibrium in Boltzmann equation:

6,00 = ¢/ exp(— 3% (10)

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. And the
combination of the Boltzmann and Poisson equation the related charge density with

the potential is obtained as follows:
1, z
oo = —(8KTzz,n") sinh(29%2) = _C p, = o, (11)
2kT
Considering that the ions adsorbed on the oxide/electrolyte interface as a couple layer ,

13



inner layer (Stern layer) and outer layer (diffuse layer) , made the potential drop on
the distance x,.

Thus Eq (12) is considered,

OyX,

¢2 =W, - (12)

&g,

Instead Eq(12) in Eq(11) , and differentiating and rearranging Eq(11) , gives the

following equation :

(Zggozqn ) Cosh(zq@)

Cdif - 2ec,z’ q n’ » zq¢, (13)
0
L+ () ) cosh(5.~)
To simplify the above equation as follows
1 X, 1
C - + Zggoz q n® 2 Z0¢5 (14)
gt €€ (%) cosh(57)

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

the contribution of the diffuse layer.Then the following equation will be obtained:

o, 0, (8KT££,n°)? sinh(2%
—+—=¢,+
c,'c 9, c (15)

i,st

i,st
From now, the appearance of sensitivity will be discovered. Considering the

activity between surface and bulk solution , the Eq(3) is repeated here.

8, =a, exp— —q% (16)

From above equation, we can obtain the following expression ,

qy,
H.=pH, + 17
PPs = PHe ¥ ST {17

Taking the surface charge density into account , the variation of 6, versus the potential

drop will be presented as follows,
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00, B o0,
oy, 7

= Cdif (18)

Combination of (8) and (18) leads to an expression for the sensitivity of the

electrostatic potential towards changes in aHg

oy, _ oy, oo, OB,

- = (19)
dPHs o, PH, o
The next expression is given by the combination of (19) and (17)
5‘//0 —_ qIBint (20)
av
O(PH; +357 Cait

Finally, rearranging of (20) gives a general expression for the sensitivity of the

electrostatic potential to changes in the bulk pH:

O _ 5K, 1)
PH, q
Where

+1 (22)
qzﬂlnt

The sensitivity parameter a is dimensionless and the value varies between 0 and 1
depending on the intrinsic buffer capacity and the differential capacitance. Where the
maximum value of sensitivity is about 60 mV/pH. In the experiment of this study, the
higher sensitivity about 70 mV/pH is presented, however , the theory of the higher
value of sensitivity are still discussing. Does the lower sensitivity of the ISFETs be
useless ? According to the introduction of REFET , the principle of REFET will be

presented as the following section.
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2.3 The Principles of REFET

Because the requirements of a stable reference electrode for the potentiometric
sensors to do proper functioning, the same meaning as the ISFET , the so called
reference field effect transistor (REFET) is developed. The major characteristic of
REFETs is the lowest sensitivity for the detection under such an environment we
appointed. A pH REFET is developed in such a thought, making the lower sensitivity
of pH. Considering the theory of ISFET is described above, the sensitivity parameter
a relates the differential capacitance and the intrinsic buffer capacity , as pointed to
Eq(22).

From the eq(22) where the lower sensitivity appeared , the lower intrinsic buffer
capacity will also be obtained. The‘issue of intrinsic buffer capacity and it’s relation to
the effective sites (Ng) on the interface between oxide/electrolyte is described and is
observed in the eq(8). An assumption.of-the-lower sensitivity was proposed by recover
the effective sites (Ng) on the interface between oxide/electrolyte. Plasma treatment is
one of solutions proposed to recover the dangling bonds on the interface between
oxide/electrolyte. As can be seen in the final result of the experiment, the sensitivity
was reduced successfully by such post plasma treatment on the sensing material
surface.

In the experiment, we will discuss the effects of the plasma treatment. Which
include the nitridation of NH; plasma and the increase of the site density of dangling

bonds on the sensing membrane surface.
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Chapter 3

Experiment

3.1 Introduction

ISFET has the same manufacturing process as the conventional MOSFET. The
difference in MOSFET and ISFET procedure is the process of gate electrode. The
ISFET take the gate membrane as a sensing layer immersed in the pH-solution [1],
and the reference electrode is placed overhead the sensing layer as the gate voltage
controller. Furthermore, the strong development of IC industry assists the procedure
of ISFET more easily, but there still’have a lot, of problems confused us. Purposed
plasma treatment on sensing layer may find.a’ way out of the confused issue.
Furthermore, applying the successful -integration-circuit technology, the ISFET
devices have potential advantages: over conventional ion selective glass electrodes in
their rapid response, low cost, small size, high input impedance and low output

impedance.

3.2 Procedures 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 [2].
The corresponding diagram of ISFET is shown in Figure 3.1. The sensing layers
titanium dioxide and zirconium dioxide are deposited onto the SiO, gate ISFET which
prepared by E-gun and Sputter in Nano Facility center. Before every step, besides

after sensing membrane deposited onto SiO, gate, the initial clean immersed in
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H,SO4+H,0, about 5 minutes and dipped in HF solution were done. The fabrication

parameters are listed in Table 3.1, and the fabrication procedures are listed as follows:

1. RCAclean .
2. Wet oxidation 6000 A .
Temperature = 1050°C  for 65 min .
3. Mask - I . S/ D definition .
4. BOE etch wet oxide .
5. Dry oxidation for screening 300 A .
Temperature = 1050°C  for 12 min .
6. S/ D implantation .
5e15 (1/cm?) » 25Kev (Phesphorus)
7. N-type annealing .
Temperature = 950°C for 30 min:;
8. PECVD - oxide for I pm .
9. Mask - II. contact hole & gate region definition .
10. BOE etch PECVD - oxide for 1 um (contact hole region) .
PECVD - oxide for 1 pm+ wet oxide for 6000 A (gate region) .
11. Dry oxidation 100 A ( gate oxide ) .
Temperature = 850°C for 60 min .
12. Sensing layer deposition .
* Deposit titanium dioxide by E-gun and zirconium dioxide by spultter,
respectively
13. Plasma treatment

*We use the NH3; plasma to treat the sensing membrane surface by
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several time interval.
14. Annealing in pure O, .
Temperature = 850°C for 60 min .
15.Thermal coating of Al ( electrical contact ) 5000 A .
16.Sintering Al electrode

Temperature = 400°C for 30 min .

3.3 Experiment detail

3.3.1 Gate region formation

At the beginning, The RCA clean has to be done. RCA clean was used to reduce
possible pollution such as partieles,.organics,.diffusion ions and native oxide. For the
good performance in this work, weitake-the-RCA clean carefully. And for a good
efficiency, the p-type wafers were purchased from CARTINA. The device structure
was definite before wet oxidation. Following above step, the SiO, was grown by
thermal wet oxidation 600nm for blocking layer under the S/D ion implantation. The
density and the energy of S/D implant is 5E15 (1/cm?) and 25Kev with phosphorus
dopant, respectively. After S/D implantation, following a 950°C 30 minutes N+
anneal in N, gas performed to activate the dpants. Noted that, in the following
experiment, the temperature here, must be lower than the annealing temperature to
prevent dopant redistribution.

After all, the PE-oxide film about 1 # m was deposited onto the original 600nm
thickness oxide, which protect the structure of a pH-ISFET blocking the ions diffuse
when immersed in electrolyte. Thus, a stable electrical characteristic can be obtained.

Next, the gate region was definite by lithography. Before deposit sensing membrane,
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the 100A think oxide grown in oven as gate oxide, making the sensing layer adhesion

more tightly.

3.3.2 Sensing layer deposition

Methods of deposited sensing membrane as gate material are different. And the
deposition methods decide the electrical characteristic of pH-ISFET affected by the
inner cave [3]. Before this work, the research about method of deposit sensing
membrane has been done by the group I belong to. Thus, in this work, titanium
dioxide is prepared by E-gun under the degree of vacuity about 10 and zirconium
dioxide are deposited by sputter to reduce the inner cave under the degree of pressure
about 107 (here, the sputter is pumped till the degree of pressure about 10 first, then
the argon plasma is used to sputter the target.material). To prevent the sensing
membrane react with acid/base,-the hard-mask-is used in such a thought. The detailed
parameters of sputter are listed in Table 3.1 (¢). Table 3.1 (b) lists the parameters of

the dual E-gun system.

3.3.3 Plasma treatment

Subsequently, the PECVD system is used to produce plasma to treat the sensing
layer. The plasma system used in this work, located in the Nano Facility center in
National Chiao-Tung University, Hsinchu. Three kinds of plasma are used to do such
a treatment in the first round of the experiment. The NH; plasma is used to treat
sensing membrane surface for several time interval. The PECVD system is a couple
of parallel planes which is DC-biased. The one is that RF power increases, it will

make a greater dissociation rate of gas molecules and it induces more reactive species
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in plasma for the higher RF input power. The RF power determinates the plasma
density, thus we generate the power towards 100 watts. The inner chamber pressure is
set to be 200mtorr, where the chamber pressure limits the quantity of total reactant
gases existed in the chamber. The gas flow rate is set to be 30 sccm, trying to control
the situation into stable under plasma treatment. Finally, we can see the fluorescent
emission from the window near the substrate surface in the chamber. Table 3.5 lists

the parameters when do such a treatment.

3.3.4 S/D contact area deposition

The process of the ISFET is still going on, in the next step we put the post plasma
treatment wafer into an oven to auneal. The purpose of sensing layer annealing is to
make the combination between- SiO, and'sensing membrane tightly. To prevent the
sensing layer come into crystaly the temperature is set about 600°C, whatever which
one kind of sensing layer.

Following sensing layer annealing, the source/drain contact was deposit onto the
substrate. The hard mask is used again in this step to definite the S/D contact area. In
deposition of S/D contact area, thermal coating of Al is deposited on the wafer topside
for S/D electrical contact area and it’s thickness is about 5000A Deposition on
backside for back electrical contact by Al film and the thickness is about S000A. The
method of deposition backside is thermal coating. Thus the next step, sintering is to

make the contact into ohmic contact to reduce the contact resistance.

3.3.5 Device structure
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Considering the manufacturing of MOSFET, the coplanar structure was purposed.
Thus, the ISFET-REFET made in the same time. The REFET, we described above,
gate material usually made by PVC membrane to decrease the affect by the potential
drop under different electrolyte, furthermore, Teflon was the material in used too.
However, such a manufacturing can not apply in the CMOS procedure, an extra
manufacturing for REFET is necessary. Furthermore, the coplanar structure can
minimize the ion interference by difference and eliminate the inaccuracy during the
manufacturing process of ISFET-REFET. Eventually, the characteristic behavior by
minus the coplanar structure can produce a single ISFET. The device size here is large
to avoid the short channel effects and decrease the other interferences in the

semiconductor [4].

3.4 Measurement system

3.4.1 Components affect the measurement

Considering the interferences of the measurement, the sources of errors in
chemical sensors was discussed as following. For obtain more precise measurement
results, the errors was separated by chemical, instrumental and non-chemical [5] , and
discussed as follows,

Sources of errors of chemical causes includes:

Ion interferences — exceed one above analytical signals will interfere to each
other cause an ideal chemical sensor can’t exhibit the changes in the analytical signal
caused only by the analyte. In our measurement, the ion interferences happened when
change solution from acid to base or vise verse, therefore, detailed dilution is essential

to reduce ion interferences.
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Calibration procedure — some problems are response time of the sensor and its
hysteresis. During the calibration process a concentration gradient develops, which
influence on diffusion of the analyte through the chemical interface of the sensor until
the equilibrium state is achieved. Usually, the diffusion process is quite slow being
mainly determined by the thickness of the chemical interface. One proper solution is
to wait until a steady state is reached.

Leakage of the chemical interface components — the membrane of ISFET is
fabricated by difference conditions so that interface characteristics differ. One
problem is that chemical interface component will be leaked out to the sample. In the
case of potentiometric sensors, like ISFET, usually the ionophere is physically
entrapped inside the membrane. The leakage of the membrane components leads to
drift in the sensor signal and result in limited.lifetime of the sensor if leakage
continuous.

Liquid junction potential =the compesition of the electrolyte to be measured can
differ from the solutions used in the calibration process, the slope of the calibration
curve varies slightly, this phenomenon caused by the uncertainty in the liquid junction
potential. No matter how precise a sensitive equipment is used, this error cannot be
eliminated or compensated. The literature data [6] indicate that the minimal relative
error in the measured activity is about +/- 4% for univalent ion.

Sample composition — due to unknown and unpredictable compositions of
sample used in laboratory measurements, the precision of measured results is impact.
In some cases the ISFET sensor can work only in a given range of pH value.

Sources of errors of non-chemical causes includes:

Sensor wiring and electromagnetic fields — potentiometric sensors like ISFET

are sensitive to electromagnetic field interferences which present in the environment,

so that the grounding loops of measuring system become quite important. Such a

24



interference has a huge contribution in sensor drift must be avoided.
Ambient light and temperature — dark box and constant temperature control are
essential to reduce the errors of measurement. Fortunately, ISFET behaves with

excellent linearity, which makes the temperature compensation very easy.

3.4.2 Measurement setup

HP-4156 is used as measurement tool in this experiment. All experiment proceeds
in the dark-box, to avoid the light emission causes the electron-hole pair in the
semiconductor and the unknown results in the sensing membrane.

The electrolyte buffer solutions were purchased form Riedel-deHaen and the
pH-value is 1, 3, 5, 7, 9, 11, 13, respectively. First of all, we glued a container made
by plastic on the wafer, which is. covered the sensing layer, and the container’s
volume is about 50 c.c. This step.-Wwas—important and complex, right here, an
acknowledgement must be given for. 3M.company by the fine glue to reduce the glue
proceed complexity.

A reference electrode is immersed in the electrolyte solution, to give the voltage to
the EIS system same as the gate voltage controller in MOSFET. Where we fix the
height from sensing layer surface to the reference electrode is trying to stabilize the
electrical potential floating phenomenon. [7] Note that, the electrolyte must be
injected into the container smoothly preventing the bubble produced near the sensing
area.

Firstly, the electrical characteristic of drain current-voltage relation is used to
determinate the FET quality. Fortunately, the device made in this work has a fine
electrical property Fig.3.1. Next, the electrical relation between drain-current and

gate-voltage is going on. The electrical characteristic of 1d-Vg is used to determinate
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the ISFET sensitivity. Electrolyte solutions change from the degree of pH=13 to the
degree of pH=1 during the measurement of Id-Vg. We purpose the changing step of
electrolyte by 3 times injecting and 3 times pumping to prevent the ion concentration
over the fixed pH. When next to the following pH solution, first pumping electrolyte,
and first injecting the target pH solution into container till the third injecting stop.
Secondly, the drift characteristic is measured with specific pH value of 7 and
different sampling period of 30 seconds, 1 minute, 10 minutes and 1 hour. 33

sampling points in the time frame of 7 hours for each ISFET film.
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Chapter 4

Results and Discussions

4.1 Introduction

The pH-ISFET differs from a MOSFET on the structural components especially in
the gate terminal part. At which, the metal covered over gate material is replaced by
electrolyte solution and a reference electrode. Changing the pH values of the
electrolyte produces a potential drop, which is differ from each value, thus, the
sensitivity is arising when increa$ing pHwvalué. Inthe point of view, determining the
potential drop, expect the electrolyte, several kinds of sensing membrane is
considered. In this work, titanitm dioxide=(FiO,) and zirconium dioxide (ZrO,) are
used to be the sensing membrane because ‘of the higher sensitivity and the stable
electrical characteristic.

The pH-ISFET, a potentiometric based sensor, also needs a reference
field-effect-transistor (REFET) to eliminate the other affecting factors, such as
temperature effects. In our experiment, differs from others, trying to co-manufacturing
ISFET/REFET in the CMOS processing by the method of purposed plasma surface
treatment. To reduce the sensitivity, several time intervals by plasma treatment we
tried. Finally, high/ low sensitivities of membranes for ISFET and REFET are

essential for getting higher resolution of pH measurement.

4.2 Sensitivity characteristic of sensing materials
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In changing of the sensing membrane, the sensitivity differs from each other
because of the different characteristics of the sensing membrane. And we knew TiO,
and ZrO, membranes have stable electric characteristic. Firstly, we discuss the
sensitivity of pure sensing membrane. Next, the plasma treated sensing membrane is
discussed. Each of them treats under NH3 plasma surface treatment during 0, 5, 10, 20,
30, and 60 minutes.

4.2.1 Sensitivity characteristic of TiO, membrane

The sensitivity of pure TiO, membrane is the values of 56.7mV/pH, 58.3mV/pH,
and 55mV/pH. It is presenting the stable sensitivity characteristic. And because of the
better performance of TiO, in previous study investigated by our team, the TiO,
membrane is used to be sensing membrane directly while the surface pretreatment of
plasma finished. Fig.4.1 is the corresponding.I-V curves with no plasma treatment of
TiO,, and figure 4.2 is the corresponding sensitivity of TiO, without plasma treatment.
The way we find out sensitivity here based on following steps, firstly we calculate the
I-V curve of pH=13 in Fig4.1, secondly we find the maximum conductance
corresponding to the value of voltage from g-V curve of pH=13, finally we find the
voltage value of pH=13 with maximum conductance and it’s corresponding current
value by I-V curve of pH=13, then the fixed current value correspond to it’s own
voltage value with each pH I-V curve, plotting in Fig.4.2 and finding the value of
slope out, then we got the sensitivity value. Fig.4.3 is the [-V curves of TiO, with NHj
plasma treatment during 5 minutes, the narrower interval is showed, Fig.4.4 shows the
corresponding sensitivity of TiO, with plasma treatment during 5 minutes. Fig.4.5
shows the TiO, electrical characteristic with NH3 plasma treating during 10 minutes,

and Fig.4.6 shows the corresponding sensitivity of TiO, with NH; plasma treatment
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during 10 minutes. Fig.4.7 shows the I-V curves of TiO, treated with NH; plasma
during 20 minutes, and the corresponding sensitivity is shown in Fig.4.8. The I-V
curves of TiO, membrane treated by NHj3 plasma during 30 minutes is shown in
Fig.4.9 and the corresponding sensitivity is shown in Fig.4.10. Obviously, there is a
downstair tendency when the treating time increasing. Fig.4.11 shows the I-V curves
of NHj; treating time during 60 minutes and the corresponding sensitivity is shown in
Fig.4.12. The raising value of treating time during 60 minutes is considered by the
increasing effective dangling bonds. Table 4.1 lists the corresponding sensitivity

values and Fig.4.13 shows the tendency of various plasma treating time interval.

4.2.2 Sensitivity characteristic of ZrO, membrane

Fig.4.14 shows the I-V curves 0f ZiO, without plasma treatment and the
corresponding sensitivity is shown in Fig.4.15:Fig.4.16 shows the I-V curves of ZrO,
treated by NHj plasma during 5 minutes, the narrower interval can be seen, and the
corresponding sensitivity is shown in Fig.4.17. Fig.4.18 shows the I-V curves of ZrO,
treated by NH; plasma during 10 minutes and Fig.4.19 shows the corresponding
sensitivity. Fig.4.20 shows the I-V curves of ZrO, with NH; plasma treatment during
20 minutes and sensitivity chart is shown in Fig.4.21. Fig.4.22 shows the I-V curves
of ZrO, with NH; plasma treatment during 30 minutes and the corresponding
sensitivity is shown in Fig.4.23. Fig.4.24 shows the I-V curves of ZrO, treated by NH3
plasma during 60 minutes and the corresponding sensitivity is shown in Fig.4.25.
Table 4.2 lists the corresponding sensitivity values and Fig.4.26 shows the tendency
of various plasma treating time interval. We have the downstair tendency in NHj

plasma treatment during longer spending time.
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4.3 The coplanar ISFET/REFET sensor array system

The sensor array system is composed by the coupled sensing membrane without
plasma treatment and with post-plasma-treatment after deposition. In this experiment,
we use TiO, membrane without and with NHj post-plasma-treatment to form the
ISFET/REFET sensor array system, and ZrO, membrane without and with NHj;
post-plasma-treatment as the ISFET/REFET sensor array system. Thus, the table 4.3
lists the difference of coplanar structure in TiO, membrane and table 4.4 lists the
difference of coplanar structure in ZrO, membrane. Obviously, the difference of
sensitivity increased with longer NHj plasma treating-time. The highest value we have

about 34.2 mV/pH made by ZrO, pait:

4.4 Conclusions

In this work, we are trying to study the influence factors with sensitivity and
attending to simplify the manufacturing of REFET. For the further purpose, we are
trying to realize the comanufacturing process of ISFET/REFET sensing array with
compatible CMOS manufacturing process. And different from other gate materials of
REFETs, the sensing materials are available in CMOS fabrication technology in this
work. Fortunately, the purposed NH; plasma surface treatment work for the purpose

indeed. A novel fabrication of REFET with plasma surface treatments is demonstrated.
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And we have the sensitivity of co-planar structure of ISFET/REFET are 30.8mV/pH
by TiO2/NH; plasma treated 30mins_TiO, and 34.2mV/pH by

ZrO,/NHj_plasma treated 60mins_ZrO,.
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Chapter 5

Future work

5.1 Future work

We had introduced the method of co-manufacturing ISFET/REFET by plasma
treatment successfully in this work. Most of the attempts to create a REFET are based
on covering the gate oxide of an ISFET with an additional ion insensitive membrane.
Such as PVC membranes, but it is pity that they are not MOSFET fabrication
compatible and the manufacturing of this material is complicated. So, the purposed
methods of co-manufacturing ISFET/REFET are useful.

However, there still are lots of problems in ISFET. Such as the stability of sensing
membrane, the reproducibility of ISFET.(drift phenomenon ), and the minification of
ISFET. The minfication of ISFET is purposed by taking the solid state electrode
replace the huge reference electrode immersed in the electrolyte.

Finally, based on the knowledge of ion-sensitive field effect transistor, the
ion-selective field effect transistor can be produced by the same MOSFET
manufacturing process. The ion-selective field effect transistor, resulted from sensing
specific ions with the specific membrane, is also a proper extensive topic for future

study.
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Diameter (mm): 100+/-0.5

Type / Dopant : P/ Boron

Orientation : <100>

Resistivity (ohm-cm):1-10

Thickness (¢« m) : 505-545

Grade : Prime

(a) Specifications of wafers

TiO,
Density 4.26
Z-ratio 0.4
Tooling 50.47
Current (mA) 1~60
Rate (A/sec) 1.2
Pressure (Torr) 5%10°
(b) E - gun

parameters of ZrO, sputter

power : 200 W

Ar/Q;,: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 : 7.6x107°

(c) Sputter
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NH3

Pressure=200mtorr

RF power=100w

Flow rate=30sccm

Temperature=300"C

(d) Plasma
Table 3.1 (a) Specifications of wafers
(b) Parameters of sensing layers deposition with E — gun
(c) Parameters of sensing layers deposition with Sputter

(d) Condition of plasma treatment

sitivity (mV/pH) 1~-7 7~13 1~13
0 min 58.3 53.3 55.8
5 mins 61.7 41.7 51.7
TiO:_NHs plasma | 10 mins 55 20 61.7
treatment 20 mins 40 25 325
30 mins 28.3 16.7 225
60 mins 30 30 30
Table 4.1 Sensitivity values of TiO2 with NH3 plasma treatment during time
interval
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sitivity (mV/pH) 1~7 7~13 1~13

0 min 63.3 61.7 62.5
5 mins 60 51.7 55.8
ZrO,_NHs plasma | 10 mins 58.3 50 54.2
treatment 20 mins 56.7 60 58.3
30 mins 56.7 31.7 44.2
60 mins 0 10 5
Table 4.2 Sensitivity values of ZrO2 with NH3 plasma treatment during time
interval
Sensitivity(mV/pH) 1~7 7~13 1~13
5mins |34 11.6 4.1
10 mins 3.3 23.3 18.3
TiO2-NH3 treated > "' 183 b 233
TiO2 30 mins {30 36.6 30.8
60 mins  Jyg3 23.3 25.8

Table 4.3 The sensitivity of coplanar structure in TiO, membrane

Sensitivity(mV/pH) 1~7 7~13 1~13
[bmins |57 1.6 4.2
10 mins  [3.4 28.3 15.8

ZrO2-NH3 treated 20mins 6.7 23.3 15

ZrO2 30 mins  111.7 36.6 24.2
60mins o 4 40 34.2

Table 4.4 The sensitivity of coplanar structure in ZrO, membrane
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Fig 1.1 The schematic of ISFET
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Fig 2.1 ISFET structure band diagram
(Luc Bousse, J. Chem. Phys. , 76)
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(a) RCA clean bare silicon

(c) mask I

(d) screening oxidation & implantation

Figure 3.1 Experimental process
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(e) passivation layer deposition
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Figure 3.1 Experimental process
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(i) Surface plasma treatment
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Figure 3.1 Experimental process
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TiO, without plasma treatment
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Fig 4.1 1-V curves of TiO2 without plasma treatment
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Fig 4.2 Sensitivity chart of TiO2 without plasma treatment
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Fig 4.3 1-V curves of TiO, membrane with NHz plasma treatment during 5
minutes
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Fig 4.4 Sensitivity chart of TiO, with NH3; plasma treatment during 5 minutes
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TiO,_NH, plasma 10mins
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Fig 4.5 I-V curves of TiO, membrane with:‘NHgz plasma treatment during 10
minutes
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Fig 4.6 Sensitivity chart of TiO, with NH3; plasma treatment during 10 minutes
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Fig 4.7 1-V curves of TiO, membrane with-NHgz plasma treatment during 20
minutes
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Fig 4.8 Sensitivity chart of TiO, with NH3; plasma treatment during 20 minutes
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Fig 4.9 I-V curves of TiO, membrane with-NHgz plasma treatment during 30
minutes
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Fig 4.10 Sensitivity chart of TiO, with NH3 plasma treatment during 30 minutes
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Fig 4.11 1-V curves of TiO, membrane with NHz plasma treatment during 60
minutes
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Fig 4.12 Sensitivity chart of TiO;, with NH3 plasma treatment during 60 minutes
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Fig 4.14 1-V curves of ZrO, without plasma treatment
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Fig 4.15 Sensitivity chart of ZrO, without plasma treatment
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Fig 4.16 1-V curves of ZrO2 membrane with NH3 plasma treatment during 5
minutes
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Fig 4.17 Sensitivity chart of ZrO, with NH3 plasma treatment during 5 minutes
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Fig 4.18 I-V curves of ZrO, membrane with NH3; plasma treatment during 10
minutes
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Fig 4.19 Sensitivity chart of ZrO, with NH3 plasma treatment during 10 minutes
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Fig 4.20 I-V curves of ZrO, membrane with NH3; plasma treatment during 20
minutes
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Fig 4.21 Sensitivity chart of ZrO, with NH3 plasma treatment during 20 minutes
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Fig 4.22 1-V curves of ZrO, membrane with NH3; plasma treatment during 30
minutes

51



Sensitivity_ZrO2_NH3 plasma 30mins_PH=1-13

25 1

2 [
L5 y =0.0393x + 1.4136

= R?=0.9641

1 [
05 r

0

0 2 4 6 8 10 12 14
ph

Fig 4.23 Sensitivity chart of ZrO, with NH3 plasma treatment during 30 minutes
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Fig 4.24 1-V curves of ZrO, membrane with NH3; plasma treatment during 60
minutes
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Fig 4.25 Sensitivity chart of ZrO, with NH; plasma treatment during 60 minutes
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Fig 4.26 The tendency of various plasma treating time intervals of ZrO,
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