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二氧化鋯感測層在 N型及 P型 pH-離子感測場效電晶體上之

研究與比較 

 

學生：林佳鴻                    指導教授：張國明 博士 

                                          桂正楣 博士 

                                         

國立交通大學 

電子工程學系 電子研究所碩士班 

 

摘      要 

 

就我們所知離子感測場效電晶體(ISFET)是生物感測器的一種，它是利用浸

泡在溶液中再去偵測其 pH 值，許多論文已經指出在長時間的操作下會有“漂移”

現象的產生，“漂移”正如其名，就是閘極電壓在固定的電流下隨著時間會變動，

當我們在量測的時候這種效性可能會造成其量測誤差，我們發現再“漂移”之後

pH-ISFET 的靈敏度會有變化，這是因為“漂移”所造成的，此效應便成了阻礙這

產品再應用上的發展。 

於本論文我們提出了一個方法去消除“漂移”這效應，我們發現“漂移”和溶液

的 pH 值有一定的關係，然而“漂移”對於 N 型和 P 型 pH-ISFET 所表現的特性是

相反的，基於這個原因我們可以透過電路利用這不同的效應去做補償而且補償之

後的靈敏度會變成 N 型和 P 型 pH-ISFET 的平均，透過這種方法我們可以將“漂
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移”變成一個定值不管經過多少時間或是用任何的 pH 溶液。為了實現這個想法，

我們選用二氧化鋯去當 N 型和 P 型 ISFET 的感測層是基於它的高靈敏度，實驗

的結果表示可以把“漂移”變成接近-26mV 的定值，它可以看成 pH-ISFET 的初始

點的位移，這樣子就更容易補償透過其他電路方式，這種方法的優點在於不但可

以消除“漂移”現象也可以維持高的靈敏度。 

此外磁滯現象也會影響 pH-ISFET 的準確性，所以在本論文我們也會去討論

此效應，我們選用二氧化鋯去當 pH-ISFET 的感測層，在實驗中發現它具有良好

的磁滯特性，其最大的誤差大概是 0.111pH 值，所以我們可以知道二氧化鋯在

pH-ISFET 上是種很實用的材料。 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 

The study and comparison of ZrO2 sensing film based on 

N-type and P-type pH-ISFETs   

 

Student: Chia-Hung Lin             Advisor: Dr. Kow-Ming Chang 
                                        Dr. Cheng-May Kwei 

 

                                         

Department of Electronics Engineering & Institute of Electronics 

National Chiao Tung University 

 

ABSTRACT 

 

So far as we know, the ion-sensitive field effect transistor (ISFET) is a kind of  

biosensor which via immersed the aqueous solution to detect the pH value. Some 

papers have already reported that at the long-term operation will cause a detrimental 

effect “Drift”. According to the meaning of “Drift” is that VG shifts a value with time 

under the fixed current. The effect may cause the pH-ISFET inaccurately while 

measuring. We have already found the sensitivity of pH-ISFET variants after “Drift”, 

this situation is caused by “Drift”. The effect is one of the main reasons to obstruct the 

development of application. 

In this study we propose a method to eliminate the “Drift”, we find that the 

“Drift” relates to the different pH value of aqueous solution. The “Drift” reveal 

opposite characteristic to N-type and P-type pH-ISFET, to base on the situation we 

can compensate this effect through the circuit and the sensitivity to pH-ISFET become 

the average sensitivity of N-type and P-type pH-ISFETs, and then the “Drift” can be 
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held to be a constant no matter how much time or any pH value of aqueous solution. 

To realize the idea, we prepare the ZrO2 sensing film due to its high sensitivity which 

is based on the N-type and P-type pH-ISFETs. The results show that the “Drift” can 

be held nearly -26mV to any pH value aqueous for 6 hours, it can seem the offset of 

pH-ISFETs, and however it is more easily to compensate the offset through the other 

circuit. The advantages of this method are the elimination of “Drift” and keep the high 

sensitivity. 

The hysteresis also causes the inaccuracy of pH-ISFETs, in our study we also 

discuss the effect to the pH-ISFET. It shows a good hysteresis characteristic to ZrO2 

based pH-ISFET from the results; its maximum error is 0.111pH value. It appears the 

ZrO2 is a useful material to the pH-ISFET.  
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Chapter 1 

Introduction 

 

1.1 Brief history of ISFET 

 

In general, the application of sensors contains a widespread range including 

electrical, magnetic, physical, optical, thermal, and chemical…etc. The pH sensors 

belong to the category of ‘chemical sensors’. The concept of the chemical sensor was 

first introduced in 1962 by the late Professor Kiyoyama of Kyushu University. Work 

in the field of FET chemical sensors began ten years after the discovery of the gas 

sensor.  

Ion-sensitive field-effect transistors (ISFETS), first described by Bergveld in the 

early 1970s[1], have experienced a strong development. Bergveld describe the details 

of measurement of ion density with an ISFET-only configuration without a reference 

electrode. The operational mechanism of the ISFET with ID, as an expression for the 

drain current in the linear region, for this reason as changes in the drain current are 

attributed to changes in the electrostatic potential only. In 1971, Professor Matsuo 

[2-3] conducted research on a high-impedance circuit using an organic microelectrode 

with an FET which proposed a measurement system employing the reference 

electrode. In 1978, an ISFET on a silicon island isolated by a P-N junction and 

insulator was proposed [1]. The discovery of the planar ISFET has been a 

revolutionary development for researchers previously restricted by the need for an 

insulating coating on the silicon substrate.  

 

1.2 The evolution of the double layer model to ISFET 
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Briefly after description the history of ISFET it was recognized that there is a 

direct relation between the sensitivity of the ISFET and the charging behavior of 

metal oxides, the metal oxides always are used to be the sensing films of the ISFET. 

For a long period, the site-binding model (also called site-dissociation model) 

developed by Yates [4] was used to describe the ISFET pH sensitivity [5]. The 

site-binding model, illustrated in Figure 1-1, is indicated that reactions can happen 

between protons (H+) in the solution and the hydroxyl groups formed at the 

oxide-solution interface. At chapter 2 will briefly derived the intrinsic buffer capacity, 

Sβ  at the site-binding model which is the important factor of the ISFET sensitivity.                 

In colloid chemistry, there is no consensus about the correct physical 

interpretation of the experimental observation on metal oxide. However, the most 

supported model for the ISFET pH sensitivity, a combination of a double layer model 

with a model describes the adsorption of protons. This is approach will be used to 

develop a new, more general model for the ISFET sensitivity. This new model can in 

corporate any combination of a double layer model and a charging mechanism 

described by surface reaction. The theoretical calculations are verified with some 

experimental results. At the double layer model there is another important factor to the 

ISFET sensitivity, the double layer capacitance SC  , also been briefly derived at 

chapter 2.  

 

1.2.1 The Helmholtz theory 

 

There are several models to describe the double layer capacitance. In 1850’s, the 

double layer structure for the metal-electrolyte interface was first supported by 

Helmholtz. He took the double layer as a parallel capacitance, illustrated in Figure 

1-2.(a), The Helmholtz layer is divided into two plane, one is inner Helmholtz plane 
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which is dehydrated ions immediately next to a surface and the other is outer 

Helmholtz plane at the center of a next layer of hydrated. The capacitance between 

the inner and outer Helmholtz plane is the double layer capacitance Cs which depend 

on the surface potential which is contributed by the ions of the aqueous solution. The 

double layer capacitance is not a constant which follow the concentration of 

electrolyte. In Fig. 1-2(b), we can obtain the relation between the surface potential and 

the bulk potential is linear. As the concentration of electrolyte is very high, the 

Helmholtz double layer model is suitable for use, otherwise it can not been applied. 

Consequently, the Helmholtz double layer model need to be amended.  

 

1.2.2 The Gouy – Chapman theory 

 

The Helmholtz double layer model only considered the electrostatics force but 

ignore the thermal motion among the ions, so that it can not explain the value of the 

double layer capacitance, and the relation between the surface potential and the 

concentration of electrolyte which depend on each other. In the beginning of twenty 

century Gouy and Chapman proposed independently the idea layer to interpret the 

capacitive behaviour of an electrode-electroloyte solution interface.  

Gouy and Chapman thought it was impossible that the ions were fixed at the 

metal-electrolyte interface regularly. The electrostatics force among electrode and 

ions, besides there is also an molecular thermal motion effect on the ions that makes a 

part of ions disperse near the bulk solution. As a result, the Gouy and Chapman model 

[6] was proposed to adjust the Helmholtz double layer model, illustrated in Figure 1-3. 

The Gouy and Chapman model has a major drawback. The ions are considered as a 

point charges that can approach the surface arbitrarily close. This assumption causes 

unrealistic high concentrations of ions near the surface at high value of surface 
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potential. An adjustment to solve this problem was first suggested by Stern [7]. 

 

1.2.3 The Gouy – Chapman - Stern theory 

 

In 1924, Stern obtain if the concentration of electrolyte was high that the 

Helmholtz double layer model could match the experiment, but the concentration of 

electrolyte was not high enough the Gouy and Chapman model was suitable to use. 

For this reason, Stern thought the double layer model should combine the Helmholtz 

double layer model with the Gouy and Chapman model, so that the new model could 

explain any concentration of electrolyte for the double layer. This new model is called 

the Gouy-Chapman-Stern model, shown in Figure 1-4 illustrates. The 

Gouy-Chapman-Stern model involves two parts:  

(1) The front part is stern layer which obey the Helmholtz double layer, the 

thickness d from the metal-electrolyte interface is nearly to the electrolyte ions radius, 

the great part of ions are included in the Stern layer. 

(2) The later part is diffuse layer which contain remnant electrolyte ions, the ions 

decay according to the Gouy and Chapman model in this layer. Like Gouy, Stern also 

ignore the dimension of the ions in the diffuse layer. The surface potential to the bulk 

solution is the sun of the stern layer and the diffuse layer, and the double layer 

capacitance is series connection by the stern capacitance and the diffuse capacitance. 

 

1.3 Introduction to ISFET 

 

ISFET was proposed by Bergveld more than 30 years ago, more than 600 papers 

appeared in these 30 years devoted on ISFETs and another 150 on related devices, 

such as EnzymeFETs (ENFETs), ImmunoFETs (IMFETs)…etc [8]. By the way , the 
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pH-ISFTE can be not only a chemical sensor but also a physical sensor [9]. The 

pH-ISFET can measure the flow-velocity,flow-direction and diffusion-coefficient, it 

is showed that ISFET can be a multi-senor.  

The ISFET has advantages over than ion selective electrode (ISE), such as small 

size, low coat and robustness. Traditional chemical analysis can not be the usual 

instrument, because of the size and even the coat that can not be the personal chemical 

analysis. For this reason, some people think the the traditional chemical analysis will 

be replace with ISFET or related devices of ISFET. In spite of ISFET have proposed 

more 30 years, there are less product in the market, the main problem is that ISFET 

has only sensing layer in its gate region which contact the aqueous solution. By 

contrast, in a CMOS process poly-si electrode in the gate region is required to define 

the self-aligned source and drain regions for the MOS transistors. This means that 

specific processes or design structures must be used to fabricated the ISFETs in a 

CMOS process.  

The fabrication of pH-sensitivity ISFET devices in an undefined two-metal 

commercial CMOS technology is reported by J.Bausells [10]. Even though, when the 

pH-sensitivity ISFET operate for a long time, the problem “drift” is always be there.  

 
1.4  Motivation of this work 
 

Some people find out the low-drift material of sensing layer or coat a pasaivation 

layer onto sensing layer can reduce the drift phenomenon. Even if the two ways at 

process that can reduce the drift phenomenon, but as immerse the different pH value 

of aqueous solution, the degree of drift is distinct. The drift phenomenon according to 

any pH aqueous solution can not be the same, as ISFET operate at any pH aqueous 

solution for a long time, the value of ΔVG is distinct from any different aqueous 
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solution will make ISFET detect the pH value inaccurate. This phenomenon can not 

avoid, whether use low-drift sensing layer or pasaivation layer. It becomes another 

problem, in order to improve this problem we will suppose a method to make the ΔVG 

to be a constant or nearly zero as immerse the different pH value of aqueous solution, 

so it is more easily to compensate the ΔVG.  

The p-type ISFET use sol-gel process to prepare the tin oxide (SnO2) sensing 

membrane, it show that there is a good linear characteristic of drift from pH 1 to pH 9 

[11]. I suppose that the n-type ISFET probably has the opposite drift characteristic 

from different pH aqueous solution to p-type ISFET. According to the dispersive 

transport model for drift [12], we can discover that the degree of ΔVG is dependent on 

the total charge in the sensing film, the depletion charge and the inversion charge 

which are different from the silicon substrate. Therefore, we can integrate the n-type 

ISFET and p-type to into a complementary ISFET to eliminate the drift. In case the 

absolute slope value of drift to different aqueous solution for p-type ISFET and n-type 

ISFET is the same, we can through the common mode circuit to hold the ΔVG to be a 

constant. Consequently, it is more easily to compensate for the drift through the 

circuit. We will use ZrO2 for the sensing film to n-type and p-type ISFET which is 

grown by sputter. In order to compare with the drift to different aqueous solution, the 

process to the n-type and p-type ISFET almost similar to each other.Detailed 

experiment steps will be presented in chapter 3, and the results will be discussed in 

chapter 4. 
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Chapter 2 

Theory & Drift Mechanism Description  

 

2.1 Introduction 

 

In this chapter, pH, the theories of ISFET which are relevant to metal oxide 

semiconductor field effect transistor (MOSFET) and drift mechanism will be 

interpreted in turn. In the first section will describe what pH is briefly. Subsequently, 

the theory of ISFET include both ISFET concept and the relation between oxide to 

electrolyte interface. In the final section a physical model for drift developed by 

Jamasb [1] will be presented. This model can help us to understanding of the drift 

mechanism which is caused by the hydration effect and the ions transport in the 

insulater for the instability of ISFET under long-term operating. 

 
2.2 Why is pH important? 

 

    Measuring pH is essential in finding the chemical characteristics of a substance.  

Thereinafter, these two examples can make us realize how important it is [2].  

(1)Both the solubility of many chemicals or biomolecules in solution and the 

speed or rate of (bio-)chemical reactions are dependent on pH.  

(2) The body fluid of living organisms usually has specific pH range. If the pH of 

the human blood changes by as little as 0.03 pH units or less the functioning of the 

body will be greatly impaired. The pH values of lakes, rivers, and oceans differ and 

depend on the kinds of animals and plants living there. All the industries that deal 

with water: from the drinking water, the food and the drugs to the paper, plastics, 
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semiconductors, cements, glass or textiles. In a word, pH is to be closely linked to us. 

 

2.3 Definition of pH 

 

The term pH is derived from a combination of p for the word power and H for 

the symbol of the element hydrogen [3]. In aqueous solution, the following 

equilibrium exists between the water (H2O), the acid (H+) and the alkali (OH-): 

H2O ＜＝＞ H+ + OH-                                                (2-1) 

pH is one of the most common chemical and biomedical measurements. The 

degree of the pH is the solution of ionization which can supply how much hydrogen 

ions (H+), not the concentration of the solution itself. The definition in pH is 

expressed as  

log log [ ]
H

pH a Hγ+
+= − = −                                          (2-2) 

where 
H

a +  is the hydrogen ion activity, γ is the activity coefficient which equals to 

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

units of moles per liter. In practice, pH depends on a number of factors, such as the 

concentration of the added acid and its dissociation constant [4]. 

 

2.4 The method for pH detection  

 

Traditionally, the methods for the measurement of pH values include indicator 

reagent, pH test strips, metal electrode and glass electrode. There are some drawbacks 

on the other methods, except for glass electrode. Such as, indicator reagent can show 

different colors at different solvent, but it only exhibit a range of pH not the accuracy 

value; As pH test strips immersed in the test liquid, they show a particular color 
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corresponding to the pH of the solution. These are similar to indicator reagent; The 

hydrogen electrode method is a golden standard for all methods of pH measure. The 

activity of the hydrogen ions is determined by potentiometric measurement using a 

standard hydrogen electrode and a reference electrode. In order to ensure a saturated 

layer of hydrogen adsorbed at the platinum surface, hydrogen gas is continuously 

bubbled around the platinum electrode. However, this method is not suitable for daily 

use due to the inconvenience of handling hydrogen gas [2]. Because of some 

limitations in practical applications of the first three methods, the glass electrode 

becomes the most widely used method for the pH measurement, and it is considered 

to be the standard measuring method.  

The glass electrode is most widely used for pH measurement due to idea 

Nernstian response independent of redox interferences, short balancing time of 

electrical potential, high reproducibility and long lifetime. However, glass electrode 

has several drawbacks for many industrial applications. Firstly, they are unstable in 

alkaline or HF solutions or at temperatures higher than 100°C. Also, they exhibit a 

sluggish response and are difficult to miniaturize. Moreover, they cannot be used in 

food or in in vivo applications due to their brittle nature [1]. There is an increasing 

need for alternative pH electrodes [2]. 

New trends of pH measurements such as optical-fiber-based pH sensor, 

mass-sensitive pH sensor, metal oxide sensor, conducting polymer pH sensor, 

nano-constructed cantilever-based pH sensor, ISFET-based pH sensor and 

pH-imaging sensor. In this study, we will discuss what problems in practical 

applications of ISFETs and how to improve them. 

 

2.5 The theory of ISFET 
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Since ISFET was the first reported by Bergveld, research on new material of 

sensing thin and fabrication process to improve the sensitivity and stability has been 

continuously proposed [5-7]. At the same time, the mechanism of the pH response of 

pH ISFET has also been studied extensively [6-12]. Electrochemical measurement of 

pH utilizes devices that transduce the chemical activity of the hydrogen ion into an 

electronic signal, such as an electrical potential difference or a change in electrical 

conductance. The followings are the theoretical foundations which are mostly adopted 

to characterize the ISFET. 

 

2.5.1 From MOSFET to ISFET 

 

The ISFET is a new approach of electrochemical measurement of pH, which is 

similar to MOSFET except that the metal/poly gate is replaced by sensing layers, and 

the sensing layer is immersed in aqueous solution. Because of it can not directly 

supply on the aqueous, therefore the reference electrode is adopted to connect with 

sensing layer. The reference electrode not only supply stable voltage but also can 

connect the circuit with sensing layer to make a loop. It can trace back to the history 

of the development of ISFET, it is not difficult to find out the similarities between 

ISFET and MOSFET. In general MOSFET is Metal-Insulator-Semiconductor   

structure, ISEFT is Electrolyte-Insulator-Semiconductor structure. The most obvious 

characteristic is the similarity between their structures. For this reason, 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 ohmic or non-saturated region, the 

drain current ID is given by: 

( ) DSDSTGS
OX

D VVVV
L

WC
I

⎭
⎬
⎫

⎩
⎨
⎧ −−=

2
1μ

                                  (2-3) 
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where COX is the gate insulator capacitance per unit area; μ is the electron mobility in 

the channel; W/L is the width-to-length ratio of the channel; VGS is gate to source 

voltage; VDS is drain to source voltage and VT is the threshold voltage. VT can be 

described by following expression: 

F
OX

B
FBT C

QVV φ2+−=                                                (2-4) 

where VFB is the flat-band voltage; QB is the depletion charge in the silicon substrate, 

andψF is the potential difference between the Fermi level and intrinsic Fermi level. 

The degree ofψF is dependent on the doped concentration. VFB can be described by 

following expression: 

OX

SSOXSiM
FB C

QQ
q

V
+

−
Φ−Φ

=                                         (2-5) 

where ΦM is the work function of the gate metal; ΦSi is the work function of silicon; 

QOX is the charge in the oxide and QSS is the surface state density at the oxide-silicon 

interface. Substitution of Eq. (2-4) in Eq (2-5), the general form of the threshold 

voltage of a MOSFET can be described by following expression: 

F
OX

BSSOXSiM
T φ

C
QQQ

q
V 2+++

−
Φ−Φ

=                                  (2-6) 

In the case of ISFET, the metallic gate is taken off. So that, the term ΦM and ΦSi 

are no longer to considered on the ISFET. At Figure 2-1 illustrates, it can observe the 

similarities and differences between MOSFET and ISFET. When immersed in a 

aqueous solution, it must occur surface potential at the oxide-solution interface. The 

surface potential must take in into account. Hence the threshold voltage become the 

following expression: 

F
OX

BSSOXSisol
refT φ

C
QQQ

q
ΨχEV 20 +

++
−

Φ
−−+=                         (2-7) 

where Eref is the constant potential of the reference electrode; χsol is the surface 

dipole potential of the solution which also has a constant value. The surface dipole 
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potential is different from aqueous solution, even though a little variation of surface 

dipole potential at disparity aqueous solution. The value compare to other term is too 

small to take as a constant. All terms are constant except Ψ0, it is the kernel of ISFET 

sensitivity to the electrolyte pH which is controlling the dissociation of the oxide 

surface. In order to obtain an accuracy pH value, to investigate a high pH sensitivity 

ISFET on the electrode-electrolyte interface is necessary. 

 

2.5.2 The Response of pH at the Oxide-Electrolyte Interface 

 

The surface of any metal oxide always contains hydroxyl groups, in the case of 

silicon dioxide SiOH groups [13]. These groups consist of donate and accept a proton 

from the solution. Therefore, as ISFET sensing layer like SiO2 contact an aqueous 

solution, the change of pH will change the SiO2 surface potential. These reactions can 

be expressed by: 

++ ⎯→←+ 2
1 SiOHSiOHH K

S                                            (2-8) 

++⎯→← S
-K HSiOSiOH 2                                              (2-9) 

where +
SH  represents the protons at the surface of the oxide.  

The potential between the gate insulator surface and the electrolyte solution 

causes a proton concentration difference between bulk and surface that is according to 

Boltzmann:  

0exp
s BH H

q
a a

KT+ +

−
=

Ψ
                                                                      (2-10) 

or  

0

2.3S B

q
pH pH

KT
= +

Ψ
                                                                     (2-11) 

where aH+ is the activity of H+; q is the elementary charge; k is the Boltzmann 
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constant and T is the absolute temperature. The subscripts B and S refer to the bulk 

and the surface, respectively. 

 

There are two important parameters which are related to ISFET sensitivity, Sβ  

and SC . Sβ  is the symbol of the surface buffer capacity, the ability of Sβ  as the 

oxide surface to deliver or take up protons, and SC  is the differential double-layer 

capacitance, of which the value is mainly determined by the ion concentration of the 

bulk solution via the corresponding Debije length. 

0
S

s

q
pH
σ βΔ

= −
Δ

                                                    (2-12) 

where σ0 is the surface charge per unit area. Sβ  is called the intrinsic buffer capacity 

because it is the capability to buffer small changes in the surface pH ( spH ),but not in 

the bulk pH ( BpH ). 

Because of charge neutrality, an equal but opposite charge is built up in the 

electrolyte solution side of the double layer σDL , shown in Figure 2-2 illustrates . This 

charge can be described as a function of the integral double layer capacitance, Ci, and 

the electrostatic potential: 

σDL=-CiΨ0=-σ0                                                        (2-13) 

The integral capacitance will be used later to calculate the total response of the ISFET 

on changes in pH. The ability of the electrolyte solution to adjust the amount the of 

stored charge as result of a small change in the electrostatic potential is the differential 

capacitance, SC : 

0

0 0

DL
SCσσ ΔΔ

= − = −
Δ ΔΨΨ

                                              (2-14) 

As a result, combination of Eq.(2-12) to (2-14) lead to an expression for the 

sensitivity of the the electrostatic potential change in +
SH

a : 
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0

spH
ΔΨ
Δ

= 0

0σ
Δ
Δ
Ψ 0

spH
σΔ

Δ
=

C
S

S

qβ− = 0

0( )
2.3B
qpH

KT

ΔΨ
Ψ

Δ +
                       (2-15) 

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

potential to changes in the bulk pH [13]: 

0 2.3 B
kT pH
q

αΔΨ = − Δ                                              (2-16) 

with  

2

1
2.3 1S

S

kTC
q

α

β

=
+

                                                  (2-17) 

The parameter α is a dimensionless sensitivity parameter that varies between 0 and 1, 

depending on the intrinsic buffer capacity, Sβ , of the oxide surface and the 

differential capacitance SC . We can get the maximum value α  so that the 

sensitivity become -59.2 mV/pH at 298K which is called Nernstian sensitivity. 

Therefore, the intrinsic buffer capacity Sβ  need to be the more higher or the double 

layer capacity SC  to be the more lower. In ideal, the intrinsic buffer capacity Sβ =∞ 

or the double layer capacity 

SC =0 would be the best. It appears that the usual SiO2 from MOSFET does not fulfil  

the requirements of a high vale of Sβ . The pH sensitivity is low depending also on 

the electrolyte concentration through SC . Therefore other films such as ZrO2 were 

introduced to increase the values of Sβ . The higher the intrinsic buffer capacity so 

that the less important of the value of SC  which means that independent of the 

electrolyte concentration a Nernstian sensitivity can be achieved over a pH range from 

1 to 13. 

 

2.6 Drift Phenomenon 



 17

 

Drift phenomenon is while ISFET expose to an aqueous solution for a long time, 

shift of ISFET gate voltage after a proper time from the response of the ISFET device. 

It has been reported by Dun et al. [18]. According to Hein and Egger [19], two types 

of drift have to be distinguished, the storage drift (irreversible shift without any 

applied voltages) and the long-term drift (irreversible shift under operating 

conditions). The initial drift means the drift after 3 h from the response starting [20]. 

The former’s influence on drift is generally smaller than the latter. This result can be 

found in the previous work [1, 14-16] and also in the measurement data of this 

research. The phenomenon called drift is a slow, continuous, change of the threshold 

voltage of an ISFET in the same direction. It is difficult to identify the cause of this 

phenomenon, which could be either a surface or a bulk effect, or both. There are some 

possible reasons causes of drift [17]. 

(1) Variation of the surface state density (Dit) at the Si/SiO2 interface which 

means the drift dependence of diffusion mechanism. 

(2) Some surface effects, such as the rehydration of a surface that is partially 

dehydrated and ion exchange involving OH- ions. 

(3) Drift of sodium ion under the influence of the insulator field. Given an 

effective diffusion coefficient Deff, it is clear that a bulk redistribution of sodium 

which has left a trap near the edge of the SiO2. 

    (4) Injection of electrons from the electrolyte at strong anodic polarizations 

created negative space charge inside sensitive films. 

    Dun et al. [18] recognized that the drifts of Si3N4 and Ta2O5 gate ISFET both 

change toward the output voltage increasing. This condition is the same as that some 

negative charges (OH-) rise on the sensitive surface. 

    The great part of people most supported the drift phenomenon are the cases (1) 
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and (2). There are two models such as the site-binding model and the gel model, 

which are classified according to the location where the mechanism of pH-sensitivity 

is presumed to occur. These models can help us to have a further understanding of the 

transport of mobile ions. Nonetheless, these two models are only the characteristics of 

ions transport in the insulator, while the physical model for the gate voltage drift is 

going to be presented in the next section. 

 

2.6.1 Dispersive Transport 

 

Dispersive transport was brief reviewed in [1] and it is observed in a broad class 

of disordered materials. In an amorphous material, dispersive transport may arise 

from hopping motion through localized states (hopping transport), trap-limited 

transport in the presence of traps possessing an exponential energy distribution 

(multiple-trap transport), or a combination of the aforementioned transport 

mechanisms (trap-controlled hopping transport) [21]. Regardless of the specific 

dispersive mechanism involved, however, dispersive transport leads to a characteristic 

power-law time decay of diffusivity [22] which can be described by 

1
000 )()( −= βω tDtD                                                  (2-18) 

where D00 is a temperature-dependent diffusion coefficient which obeys an Arrhenius 

relationship, ω0 is the hopping attempt frequency, and β is the dispersion parameter 

satisfying 0<β<1. Dispersive transport leads to a 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 

])/exp[()0()( //
βτtNtN TSTS −Δ=Δ                                     (2-19) 

where ΔNS/T(t) is the area density (units of cm-2) of sites/traps occupied, τ is the time 
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constant associated with structural relaxation, and β is the dispersion parameter. 

 

2.6.2 Expression for Drift 

In general, the surface of a sensing film is known to undergo a relatively slow 

conversion to a hydrated SiO2 layer or contain oxygen atoms during contact with an 

aqueous solution [23-28], Since hydration leads to a change of the chemical 

composition of the sensing film surface, it is reasonable to assume that the dielectric 

constant of the hydrated surface layer differs from that of the sensing film bulk. The 

overall insulator capacitance, which is determined by the series combination of the 

surface hydration layer and the underlying sensing film, 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 in the gate voltage can be written as: 

)0()()( GGG VtVtV −=Δ                                              (2-20) 

Since the voltage drop inside of the semiconductor is kept constant, ΔVG(t) becomes 

)]0()([)]0()([)( insinsFBFBG VtVVtVtV −+−=Δ                             (2-21) 

where VFB is the flatband voltage and Vins is the voltage drop across the insulator. VFB 

and Vins are given by the following expression: 

OX

SSOXSisol
refFB C

QQ
q

ΨEV +
−

Φ
−−+= 0χ                                (2-22) 

OX

invB
ins C

QQV )( +−
=                                                 (2-23) 

where Qinv is the inversion charge. If the temperature, pH, and the ionic strength of the 

solution are held constant, Eref, χsol
, Ψ0, and ΦSi can be neglected, so the drift can be 

rewritten as: 

⎥
⎦

⎤
⎢
⎣

⎡
−+++−=Δ

)0(
1

)(
1)()(

Ii
invBSSOXG CtC

QQQQtV                        (2-24) 
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In this study, the gate oxide of the fabricated ISFET was composed of two layers, a 

lower layer of thermally-grown SiO2 of thickness, xL, and an upper layer of 

sputter-grown ZrO2 of thickness, xU.. CI(0) is the effective insulator capacitance given 

by the series combination of the thermally-grown SiO2 capacitance, εL/xL, and the 

sputter-grown ZrO2 capacitance, εU/xU. Ci(t) is analogous to CI(0), but an additional 

hydrated layer of capacitance make Ci always smaller than CI, εHL/xHL, at the 

oxide-electrolyte interface must be considered, and the sputter-grown ZrO2 

capacitance is now given by εU/[xU － xHL]. The series combinations of the 

capacitances are illustrated in Figure 2-3. Therefore, the drift is given by 

)()()( txQQQQtV HL
HLU

HLU
invBSSOXG ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ −
+++−=Δ

εε
εε                       (2-25) 

From this equation, we observed that drift of gate voltage ΔVG if the substrate type 

was different, it might to be positive or negative value. Because of the value of ΔVG  

is positive or negative, it is depend on the Qinv and QB . Other terms at Eq.(2-25) can 

be appropriate as constant value no matter what the substrate is. According to this 

assume it is possible to eliminate the drift or hold the drift to be a constant at any 

other pH aqueous solution through the CMOS ISFET. By applying dispersive 

transport theory, an expression for xHL(t) is given by [1] 

[ ]{ }βτ )/(exp1)()( txtx HLHL −−∞=                                      (2-26) 

with 

hydrD

TS
HL NA

NDx
β

ωβ )0()( /
1

000 Δ
=∞

−

                                          (2-27) 

where AD is the cross-sectional area, and Nhydr is the average density of the hydrating 

species per unit volume of hydration layer. Thus, combination of  Eq.(2-20) to (2-27) 

the gate voltage drift can be expressed by the following formula: 
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From this equation, we can expect that if the time of gate oxide immersing in the 

test-solution is long enough (determined by the constant τ ), the gate voltage drift 

will approach a constant value which is greatly dependent on the hydration depth, 

xHL(∞).  
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Chapter 3 

Experiment and Measurement 

 

3.1 Introduction 

 

ISFET has the same manufacturing process as the conventional MOSFET. The 

difference between 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. In theory, the sensitivity of n-type ISFET and p-type ISFET must be the 

same, the definition of sensitivity of ISFET is already interpreted at chapter 2. 

According the definition there is no any factor about electrons and holes, so that I 

speculate about the sensitivity must be the same whether the substrate is n-type or 

p-type. The drift and hysteresis are important factors that influence the output 

accuracy of the pH-ISFET. At chapter 4, the sensitivity after to ISFET, the different 

pH value to drift and the hysteresis will be discussed. The next section is the 

fabrication process flow of the n-type and p-type ISFET devices which are used for 

investigating the drift characteristics. Finally, the measurement setup, and the 

detection principles of pH and drift will be presented. 

 

3.2 Fabrication Process 

 

All procedures of experiment are done in NDL (National Nano Device 

Laboratory) and NFC (Nano Facility center), similar to the manufacturing process of 
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MOSFET [2]. The process flow of ISFET is illustrated in Figure 3-1. The sensing 

layers ZrO2 is deposited onto the SiO2 gate ISFET which prepared by Sputter in Nano 

Facility center. Before every step, besides after sensing membrane deposited onto 

SiO2 gate, the initial clean immersed in H2SO4+H2O2 about 5 minutes and dipped in 

HF solution were done. The fabrication parameters are listed in Table 3-1(a), 3-1(b) 

and the fabrication procedures are listed as follows:  

    a) RCA clean 

      Wet-oxidation, 6000Å, 1050°C 

    b) Defining of S/D (mask 1) 

      BOE wet-etching of SiO2 

    c) Dry-oxidation, 300Å, 1050°C 

      S/D ion implantation  

(5e15 (1/cm2),25Kev (Phosphorus) for n-type ISFET)  

(5e15 (1/cm2),15Kev (Boron) for p-type ISFET) 

      S/D annealing, 950°C, 60min 

    d) PECVD SiO2 for passivation, 1μm 

    e) Defining of contact hole and gate region (mask 2) 

      BOE wet-etching of SiO2 

    f) Dry growth of gate oxide, 100Å, 850°C 

    g) Sputtering ZrO2 as sensing layer, 300Å (mask 3) 

      ZrO2 sintering, 600°C, 30min 

    h) Al evaporation, 5000Å (mask 4) 

      Al sintering, 400°C, 30min 

 
3.3 The key steps of the experiment 
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3.3.1 Gate region formation 

 

RCA clean is usually performed at wafer starting to reduce the possible pollution 

such as particles, organics, diffusion ions and native oxide. Careful RCA clean will 

ensure the integrity of device electricity. The next step 600nm thickness wet oxide is 

deposited as barrier layer for S/D implant. The density and the energy of S/D implant 

is 5E15 (1/cm2) and 25Kev with phosphorous dopant for n-type ISFET, and 5E15 

(1/cm2) and 15Kev with Boron for p-type ISFET. After S/D implanting, in order to 

activate the dopants, a 950℃ 30min N+ anneal for n-type ISFET and a 950℃ 30min 

P+ anneal are done. 

The extra 1μm thickness PECVD oxide deposition is essential, which protect 

the other pH-ISFET from aqueous solution overflowing pH-ISFET [3]. During a long 

period of electrolyte immersing, ions may diffuse and affect the ISFET’s electrical 

characterization [4]. It is a significant difference compare with standard MOSFET 

processes. A thick PECVD oxide deposition can eliminate the effect. Following the 

PECVD oxide deposition, 100Å thickness dry oxide was grown in a dry oven as gate 

oxide formed.  

 

3.3.2 Sensing layer deposition 

     

    This procedure is the kernel of the pH-ISFET in our important part in our 

experiment. The ZrO2 sensing film 300Å is growth by the sputter which appear a 

good sensitivity nearly Nernstian sensitivity [5]. The detailed parameters of sputter 

are listed in Table 3.1 (b). 
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3.4 Measurement system  

 

3.4.1 Preparation of measurement 

 

To investigate the characteristics of the ZrO2 as sensing layers, we measured the 

I-V curves for the pH-ISFETs by using HP4156 as measurement tool and the system 

is shown in Fig. 3-2. For getting correct result of measurement, the entire 

measurement procedures were executed in a dark box to prevent light influence and 

the electromagnetic wave.  

   In order to make the sensing film immersed in the aqueous solution, some extra 

works on works on wafers must be done before measurement with HP4156. At first, 

we glued a container on the wafer. This step is very important for following complex 

and frequently solution change activities which also can protect the other ISFET from 

immersed aqueous solution. The container, to load the test electrolyte, was open at its 

bottom and covered the whole sensing region on wafer to keep electrolyte contact 

with sensing layers exactly.  

The pH-standard solution is purchased by Riedel-deHaen corp. and the 

pH-values are 1,3,5,7,9,11,13. The electric potential of the pH-solution will be 

floating [6] during open-loop circuit. The disturbance from the environment would 

induce the electric potential variance of the solution. By eliminating this variance, a 

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

 

3.4.2 Current-Voltage measurement set-up 

 

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

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

minimize the effects of photoelectric and temperature. 

In the I-V measurements, due to the sensing areas were so small, prevention of 

air bubbles from being generated between the sensing membrane and the buffer 

solution during the testing is needed to take care.  

In the setup of HP-4156, substrate voltage is ground to avoid the body effect and 

the reference electrode is sweeping to different voltage. In the measurement of 

sensitivity, the response of the pH-ISFET is the function of time. According to P. 

Woias [9], the first equilibrium will achieves in a minute.  

In order to obtain the sensitivity, at first we measure the Ids-Vds to observed the 

linear area. Secondly, we make the Vds as constant to measure Ids-Vds from pH 13 to 

pH1 in turn. As changing the pH buffer solution, we diluted next butter solution which 

under test twice, and stay 1min to avoid the effect of the buffet solution that measured 

before. This step can make our the measurement of pH-ISFET more easily. The 

variation of the gate voltage exhibits the pH sensitivity of the sensing oxide. Figure 

3-3 illustrates the detection principle of pH 

 

3.4.3 Drift measurement set-up 

 

The drift characteristics were measured with differential pH value of aqueous 

solution and the same condition samples period of 30 seconds, 1 minute, 10 minutes 

and 1 hour. 33 sampling points in the time frame of 7 hours were observed for n-type 

and p-type ISFET with ZrO2. The detection principle is in a similar manner to that of 

the pH measurement and is shown in Figure 3-4. 
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3.4.4 Hysteresis measurement set-up 

 

For characterizing the hysteresis phenomena of ISFETs, we measured I-V curves 

for etch film with changing the pH-solution in the order of pH 7-1-7-13-7-1-7-13, and 

back to pH 7. For each pH value we got 3 measure points with duration of 1 min, 

detailed dilute works were done before electrolytes changed.   
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Chapter 4 

Results and Discussions 
 

4.1 Introduction 

    The drift is an inevitable phenomenon of pH-ISFETs, some studies already 

indicate that the gate voltage shift according to the immersed time goes on. In case of 

the sensitivity changed as the pH-ISFETs immersed the aqueous solution, it will make 

pH-ISFETs sensing ability inaccurate. Therefore, the original sensitivity of 

pH-ISFETs compare with the sensitivity after drift will discuss in the first section. 

Afterward the drift to different pH value of aqueous solution will be showed, in our 

mind we anticipate that the drift to different pH value aqueous solution to different 

type of substrate is opposite, which is proposed at the chapter1. We can compensate 

the drift to gate voltage if the idea established. At the last section we will discuss with 

the hysteresis to pH-ISFETs which make detection of pH value inaccuracy, to look 

into the effect cause the error to detection pH value whether it is acceptable for 

pH-ISFETs or not. 

 

4.2 The comparison with original sensitivity and after drift 

 

The pH sensitivity is one of the important characteristic parameters of ISFET 

devices and the response of an ISFET is mainly governed by the type of sensing 

materials, in order to gain the higher sensitivity the high-k material is needed to the 

pH-ISFETs. As a results we select the ZrO2 as a sensing film of pH-ISFET, the 

sensitivity can nearly achieve the Nernstian sensitivity [1]. Figure 4-1 is the measured 

Id-Vg curve from pH13 to pH1 of the n-type pH-ISFET, and Figure 4-2 is the 
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sensitivity of it. When calculating the sensitivity we always select the point of 

maximum gm, because at this point the efficiency of amplifying signal is best. It 

shows high sensitivity 58.73mV/pH nearly Nernstian sensitivity 58.9mV/pH. Figure 

4-3, 4-4 are the Id-Vg curve and sensitivity of p-type pH-ISFET, it also show high 

sensitivity 57.8mV/pH, for this reason the difference between the n-type and p-type 

pH-ISFET is only the carrier not relate with the sensitivity. Figure 4-5, 4-6 show the 

Id-Vg curve and sensitivity of n-type pH-ISFET after immersed in the pH7 buffer 

solution for 7 hours. We observe that the sensitivity less changed after drift for 7 

hours, if the optimum operation point is the maximum gm. The characteristic of ISFET 

is invariable even it immersed for 7 hours, but the optimum operation point shift as 

the time goes on. Figure 4-7, 4-8 is the Id-Vg curve and sensitivity of p-type 

pH-ISFET after immersed in the pH7 buffer solution for 7 hours. The situation is the 

same as n-type pH-ISFET, it doesn’t matter that pH-ISFET is n-type or p-type. The 

sensitivity compare with n-type and p-type at the optimum operation current after drift 

is showed at the Table 4-1, and at the immobile operation current is showed at the 

Table 4-2.   

    However, in fact the optimum operation point is fixed as the device produced. 

Figure 4-9 is the sensitivity of n-type ISFET after immersed in the pH7 buffer 

solution for 7 hours, but the current is the as before drift. We can discern that the 

operation point not mean the maximum gm, the sensitivity change into 51.01mV/pH 

which is less 7.72mV/pH than original sensitivity. The influence on sensing pH value 

may cause the error of 0.13pH value; the lower sensitivity may cause the larger error 

for the pH-ISFET. The p-type ISFET has the same state which is showed in Figure 

4-10. The reason caused the phenomenon will be discussed in next section. 

 

4.3 The drift phenomenon to different pH aqueous solution 
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    The drift phenomenon has limited the commercial viability of ISFET based 

sensors by imposing special requirements for burn-in, packaging, and/or 

compensation. This phenomenon is a complex effect to pH-ISFET which relate to 

time, sensing film quality [2] and pH aqueous solution. In order to investigate the 

different pH aqueous solution to drift, the time and the film must be controlled at 

same condition. Figure 4-11~4-15 is the times for 7 hours drift in the pH 3, 5, 7, 9, 11 

aqueous solution of n-type ISFET. From these illustrations we can perceive that the 

drift is a time dependent function which is studied by S. Jamasb [2], the drift for 7 

hours is too short to reach the stable state. We can find that the drift is dependent on 

pH aqueous solution from figure 4-16, the drift rate is increasing with pH value. 

According to Bousse and Bergveld [3], the mechanism of injection into electrons from 

the electrolyte cause strong anodic polarizations created negative space charge inside 

sensitive films [4, 5]. The existence of OH─ ion is one of the factors that cause the 

drift [6]; OH─ ions which exist in the acid solutions are lesser than in alkaline 

solutions. According to this drift mechanism, we can find that for n-type ISFET the 

ΔVT increase with the pH value which is due to the negative space charge inside 

sensitive films. The drift rate difference in the pH buffer solution is less than sol-gel 

SnO2 oxide, but the drift magnitude compare with the sol-gel SnO2 oxide is less in the 

same pH buffer solution. The main reason causes this situation which relate to the 

effective charge per unit area QI, time and the variation terms in Eq.(2-25) of ZrO2. 

For this reason we can know the various effect results in the drift that we mean.  

Figure 4-17~4-21 show times for 7 hours drift in the pH 3, 5, 7, 9, 11 aqueous 

solution of p-type ISFET. However the drift is a complex factors effect, the reasons 

that we describe above front paragraph. As a result of the drift effect to pH-ISFET 

which use sensing film as ZrO2, the effect cause the OH─ ions increase with the pH 
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value. To p-type the OH─ ions increase may decrease threshold voltage, the situation 

is opposite to n-type pH-ISFET which is showed in Figure 4-22. The comparison of 

the total drift and drift rate to pH-ISFETs is showed at the table 4-3 and 4-4. 

    The drift reveals opposite influence on the n-type and p-type pH-ISFET, we can 

through the circuit to sum the effect to compensate the drift. Figure 4-23, 4-24 are the 

compensated drift and drift rate that we summed the different type of drift, and then 

divided by 2. We can observe that the compensation for the drift through the circuit 

compare with the n-type and p-type pH-ISFETs, it can make the drift to be nearly 

constant which is showed in the Figure 4-25. For this reason as the drift can be hold to 

be a constant, it is more easily to compensate the pH-ISFET. However the sensitivity 

becomes the average original sensitivity of the n-type and p-type pH-ISFETs while 

we compensate the drift through the circuit, Figure 4-26 shows the new sensitivity 

after the compensation for the drift. The method is easily to realize and have 

advantages for the pH-ISFET. Table 4-5 shows the comparison of the pH-ISFETs.  

 

4.4 The influence on the hysteresis to the pH-ISFET 

 

    The hysteresis phenomenon may cause the pH-ISFET to sense the pH value 

inaccurately; the ΔVG to n-type ISFET after the 1st cycle and the 2nd cycle is showed 

in the Figure 4-27. At the 1st cycle the hysteresis cause the ΔVG1 shift 5.61mV, this 

effect may make the 0.095pH value error and ΔVG2=3.79mV makes the 0.064pH 

value error at the 2nd cycle to the n-type pH-ISFET. Figure 4-28 is the hysteresis to the 

p-type ISFET, at the 1st cycle ΔVG1=6.33mV and ΔVG2=2.18mV at 2nd cycle, it may 

cause the 0.111pH value error at 1st cycle and 0.038pH value error at pH value. The 

pH-ISFET based on sensing film ZrO2 has a good characteristic of hysteresis to any 

type of pH-ISFET, the phenomenon causes the pH-ISFET senor error is lower. Figure 
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4-29, 4-30 are the hysteresis to n-type and p-type pH-ISFET after drift in the pH7 

buffer solution for 7 hours. The ΔVG1=2.41mV, and ΔVG2=0.47mV to n-type 

pH-ISFET may cause the 0.043pH value error at 1st cycle and 0.0084pH value error at 

the 2nd cycle. To p-type pH-ISFET the ΔVG1=4.95mV cause the 0.089pH value error, 

and ΔVG2=1.63mV make 0.029pH value error. The hysteresis after drift in pH7 buffer 

solution for 7 hours is less than the pH-ISFET drift not yet. The hysteresis 

phenomenon includes the drift effect, the pH-ISFET is more stable after drift than 

before, and the situation to n-type and p-type pH-ISFET is the same. Table 4-6 is the 

comparison of hysteresis before and after drift to pH-ISFETs. 

 

4.5 Conclusion 

 

    The drift phenomenon may make the sensitivity differ from the original 

sensitivity, if the operating current is fixed. According to the results, we can find that 

the sensitivity change after drift, the sensitivity of n-type pH-ISFET is lower than 

original sensitivity before but it is higher than original sensitivity to p-type pH-ISFET. 

The reason for this situation is the ΔVG different from each other after drift, the drift 

magnitude is dependent on the effective charge per unit area QI, time and the variation 

terms in Eq.(2-25). At Figure 4-9, 4-10 we can observe that the n-type pH-ISFET 

driving current is less than p-type, the influence on the drift may make the gate 

voltage shift. The drift may cause the gate voltage shift, if the driving current is too 

small that the gate voltage may dominate it. According to the Eq.(2-3), to increase the 

driving current such as decrease channel length, increase the mobility or use high-k 

material to increase the capacitance, these way may decrease the influence on the drift 

to pH-ISFET. Therefore, the sensitivity can be held even after long-term drift. 

    The drift cause the variation of sensitivity, we also can use current to compensate 
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the drift effect. We propose the way of using the drift to the different pH value 

aqueous solution for different type of pH-ISFET, the state is opposite to different type 

of pH-ISFET. To sum the drift to different type of pH-ISFET in different aqueous 

solution, we get the nearly a constant -26mV of drift. It can seem the offset to the 

pH-ISFETs, however it is more easily to compensate the offset through the other 

circuit, the sensitivity also can be held through this method.. The advantages of the 

method: 1. No matter using any oxide for the pH-ISFET, it can improve the drift even 

it is not linear by the drift is opposite to different type of pH-ISFET: 2. The sensitivity 

is the average of two type of pH-ISFET, it can keep high sensitivity nearly 

57.9mV/pH of ZrO2 sensing film while through the method.  

    The ZrO2 show a good characteristic of hysteresis to pH-ISFET, the effect only 

cause the maximum error of 0.095pH value on the n-type pH-ISFET, to p-type it 

cause error of 0.011pH value. The error can be accepted in the application by using 

the pH-ISFET. The hysteresis effect after drift is less than before, it reveals that the 

hysteresis includes the drift; the hysteresis to two type of pH-ISFET is more stable 

after drift.     
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Chapter 5 

Future Work 

 

5.1 Future Work 

 

In the study, the method of improving the drift has already experimented. 

Although we can make the drift be a constant by this method, but the constant is not 

zero. This situation is caused by the threshold voltage mismatch to n-type and p-type 

pH-ISFET. The threshold voltage can be adjusted by the ion implantation in, and then 

we must control the quality of pH-ISFET sensing film. Therefore, the drift can be 

eliminated through the optimum process and the compensative method, it will be 

suitable to the pH-ISFET in the future applications.   
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Figure 1-1 Schematic representation of the side-binding model 
 

 
 

Figure 1-2 Schematic representation of the Helmholtz double layer model  

(a) The charge distribution (b) The potential distribution 
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Figure 1-3 Schematic representation of Gouy and Chapman model 

(a) The charge distribution (b) The potential distribution 

 
 

 
 

Figure 1-4 Schematic representation of Gouy – Chapman – Stern model 

(a) The charge distribution (b) The potential distribution 
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(a)                                  (b) 
Figure 2-1 Schematic representation of(a) MOSFET, (b) ISFET 

 

 

 
 

Figure 2-2 Potential profile and charge distribution at an oxide electrolyte 
solution interface 
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Figure 2-3 Series combination of the (a) initial (b) hydrated insulator capacitance 
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Figure 3-1 Fabrication process flow 
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Figure 3-2 Measurement setup 
 

 

 

Figure 3-3 Detection principle of pH 
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Figure 3-4 Detection principle of drift 
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Figure 4-1 Id-Vg curve of ZrO2 to n-type ISFET before drift 
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Figure 4-2 Sensitivity characteristic of ZrO2 to n-type ISFET before drift 
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Figure 4-3 Id-Vg curve of ZrO2 to p-type ISFET before drift 
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Figure 4-4 Sensitivity characteristic of ZrO2 to p-type ISFET before drift 
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Figure 4-5 Id-Vg curve of ZrO2 to n-type ISFET after drift in pH7 buffer 

solution for 7 hours 
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Figure 4-6 Sensitivity characteristic of ZrO2 to n-type ISFET after drift in pH7 

buffer solution for 7 hours 
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Figure 4-7 Id-Vg curve of ZrO2 to p-type ISFET after drift in pH7 buffer 

solution for 7 hours 
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Figure 4-8 Sensitivity characteristic of ZrO2 to p-type ISFET after drift in pH7 

buffer solution for 7 hours 
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Figure 4-9 Sensitivity characteristic of ZrO2 to n-type ISFET after drift in pH7 

buffer solution 7 hours whose operation current is the same as original sensitivity 
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Figure 4-10 Sensitivity characteristic of ZrO2 to p-type ISFET after drift in pH7 

buffer solution 7 hours whose operation current is the same as original sensitivity 
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Figure 4-11 Time to drift in pH3 buffer solution of n-type ISFEET for 7 hours 
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Figure 4-12 Time to drift in pH5 buffer solution of n-type ISFEET for 7 hours 
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Figure 4-13 Time to drift in pH7 buffer solution of n-type ISFEET for 7 hours 
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Figure 4-14 Time to drift in pH9 buffer solution of n-type ISFEET for 7 hours 
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Figure 4-15 Time to drift in pH11 buffer solution of n-type ISFEET for 7 hours  
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Figure 4-16 Time to drift rate of n-type ISFET in various buffer solution  
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Figure 4-17 Time to drift in pH3 buffer solution of p-type ISFEET for 7 hours  
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Figure 4-18 Time to drift in pH5 buffer solution of p-type ISFEET for 7 hours  
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Figure 4-19 Time to drift in pH7 buffer solution of p-type ISFEET for 7 hours  
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Figure 4-20 Time to drift in pH9 buffer solution of p-type ISFEET for 7 hours  
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Figure 4-21 Time to drift in pH11 buffer solution of p-type ISFET for 7 hours  
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Figure 4-22 Time to drift rate of p-type ISFET in various buffer solution  
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Figure 4-23 Time to drift of the compensation on the pH-ISFET in various buffer 

solution  
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Figure 4-24 Time to drift rate of the compensation on the pH-ISFET in various 

buffer solution  
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Figure 4-25 The comparison of drift between compensative drift and the original 

drift to the pH-ISFET in various buffer solution 
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Figure 4-26 The comparison of sensitivity between compensative sensitivity and 

the original sensitivity to the pH-ISFET 
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Figure 4-27 Hysteresis phenomenon to time of n-type pH-ISFET  
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Figure 4-28 Hysteresis phenomenon to time of p-type pH-ISFET  



 62

0 5 10 15 20 25 30

1.5

1.6

1.7

1.8

1.9

2.0

2.1

0.47mV

2.41mV

pH13pH13

pH1
pH1

pH7pH7pH7
pH7

pH7

Time(mins)

VG
(V

)

 

 

 
Figure 4-29 Hysteresis phenomenon to time of n-type pH-ISFET after drift in 

pH7 buffer solution for 7 hours 
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Figure 4-30 Hysteresis phenomenon to time of p-type pH-ISFET after drift in 

pH7 buffer solution for 7 hours 
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Diameter (mm): 100+/-0.5 Diameter (mm): 100+/-0.5 

Type / Dopant : P / Boron Type / Dopant : P / Phosphorous 

Orientation : <100> Orientation : <100> 

Resistivity (ohm-cm):1-10 Resistivity (ohm-cm):1-12 
Thickness (μm) ：505-545 Thickness (μm) ：515545 

Grade : Prime Grade : Prime 

 
Table 3-1 (a) Specifications of wafers 

 
 
 
 
 

 

parameters of ZrO2  sputter 
 

power : 200 W 
 

Ar / O2  : 24 / 8 ( sccm ) 
 

Density : 6.51 
 

Acoustic impendance : 14.72 
 

Tooling factor : 0.533 

Rate : 0.01 Å / s 

 

pre sputter 60W for 10 min 

Pressure : 7.6×10-3 

 
Table 3-1 (b) Specifications of wafers 

 Parameters of sensing layers deposition with Sputter 
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 N-type pH-ISFET P-type pH-ISFET 

Original 
sensitivity/ 

operation current  

58.73mV/pH / 
71.7μA 

57.08 mV /pH / 
-147.45μA 

Drifted sensitivity/ 
operation current 

55.93 mV /pH / 
33.3μA 

55.88 mV /pH / 
-161.47μA 

 
Table 4-1 Sensitivity at the optimum operation current 

 
 
 
 

 N-type pH-ISFET P-type pH-ISFET 
Original 

sensitivity/ 
operation current  

58.73 mV /pH / 
71.7μA 

57.08 mV /pH / 
-147.45μA 

Drifted sensitivity/ 
operation current 

51.01 mV /pH / 
71.7μA 

56.03m mV pH / 
-147.45μA 

 

Table 4-2 Sensitivity at the immobile operation current 

 

 

 

 

 N-type  
pH-ISFET 

The 
compensation of 

pH-ISFET 

P-type  
pH-ISFET 

pH3 -58.55 mV -22.61 mV 13.33 mV 

pH5 -51.54 mV -22.75 mV 6.04 mV 

pH7 -41.61 mV -23.26 mV -4.91 mV 

pH9 -34.66 mV -30.29 mV -25.92 mV 

pH11 -32.52 mV -31.66 mV -30.82 mV 

 

Table 4-3 Total drift in different pH buffer solution for 6 hours 
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 N-type  
pH-ISFET 

The 
compensation of 

pH-ISFET 

P-type  
pH-ISFET 

pH3 -9.76 mV /h -3.77 mV /h 2.22 mV /h 

pH5 -8.59 mV /h -3.79 mV /h 1.01 mV /h 

pH7 -6.94 mV /h -3.88 mV /h -0.82 mV /h 

pH9 -5.78 mV /h -5.05 mV /h -4.32 mV /h 

pH11 -5.42 mV /h -5.28 mV /h -5.14 mV /h 

 
Table 4-4 Drift rate in different pH buffer solution for 6 hours 

 
 
 

 N-type  
pH-ISFET 

The 
compensation of 

pH-ISFET 

P-type  
pH-ISFET 

Sensitivity 58.73 mV/pH 57.9 mV/pH 57.08 mV/pH 

 
Table 4-5 The comparison of the sensitivity 

 
 
 
 

 N-type 
pH-ISFET 
before drift 

N-type 
pH-ISFET 
after drift 

P-type  
pH-ISFET

before 
drift 

P-type  
pH-ISFET
after drift

1st 
cycle 

5.61mV 
(0.095pH) 

2.41 mV 
(0.043pH) 

6.66 mV 
(0.111pH) 

4.95 mV 
(0.089pH) 

2nd 
cycle 

3.79 mV 
(0.064pH) 

0.47 mV 
(0.008pH) 

2.18 mV 
(0.038pH) 

1.63 mV 
(0.029pH) 

 
Table 4-6 The comparison of the sensitivity 
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