The study of optimal annealing process for ZrO, gate

ISFETs in pH measurement applications
3 Y42 E it S RBIH T BHEET &

pH &2 B i3 VI8 L H g7 7

SRR
P EEP L

BiEth B L

PERRAL L ANE AN



Z 3 VAT RIS RPI T HEEY &
pH & Rl 2 & it -39 VRl g
The study of optimal annealing process for ZrO, gate

ISFETs in pH measurement applications

oy ERY Student : Bin-Yu Chan
ERRERP BL Advisor : Dr. Kow-Ming Chang
HErE EL Dr. Cheng-May Kwei

AThesis
Submitted to Department of Electronics Engineering & Institute of Electronics
College of Electrical Engineering and Computer Engineering
National Chiao Tung University
In Partial Fulfillment of the Requirements
For the Degree of
Master

In

Electronics Engineering
August 2009
Hsinchu, Taiwan

PERARAL L AE AN



S FRTFELSREBEIEFERICT HERET

pH £ plz B i L3 L # Az 7

CENN A Rk ERP E4

= G L

~ g

o
RS R L

i &

B+ g RIH->2 T 5 1 (lon-Sensitive Field Effect Transistor, ISFET) 5 L & &
1970 # ¢ P. Bergveld #& 2 - 2 1 & &2 8 L7 MOSFET 42 £ £ > T‘qju &%
Wik~ R R U2 gk k@ R 2R o ¥ e ISFET 75 3% 7 B2 ik
AR AP © ] s g IR S g~ AR PR Pt 2R g 2

AFRREY o

A Ay pH-ISFET e P prgac R 4 - BE & B4EFZ o “$ gtz ek
#7547 pH-ISFET & * chE & FIZF A F RS o 27 @I B DR AR frinh
BAS L2 B 0 3 S R R HRE GE_SIO,, AlyOs, SisNs fr Ta Os R4k % )
Fg o hfhhe? APERE - F LY TRAE 2T AT LR R
PH-ISFET 8 %8 -

hEAREFAT ’E‘“TFQ%%'FJ FrERRE BFES RN -5 P E£FL &

=

PH-ISFET 2 fe i ehi® Lif B o 60 B ehd % A P g m & 600°C il X f &



7 Bt g AR 545 mV/IpH frdo] eiE A5 i 5 0.54 mV/he ¥ F & 600°C e
R TBES Bl o BiF hie B pH = 7-3-7-11-7 vt ix B & pH = 7-11-7-3-7 | >

Aol G 14340 5.45mVe S § I BF Gpk enie B fdk et B g 2

FOFACR ) R KRS R SR AP T e B g uT L

A
3

B R A A 600°C » Flpt vz 5 it 4207 5 B4R pH-ISFET A 600°C:3 L g2 ™ 2t



The study of optimal annealing process for ZrO, gate

ISFETs in pH measurement applications

Student: Bin-Yu Chan Advisor: Dr. Kow-Ming Chang
Dr. Cheng-May Kwei

Department of Electronics Engineering & Institute of Electronics

National Chiao Tung University

ABSTRACT

The ion-sensitive field effect transistor (ISFET) was first reported by P. Bergveld
in 1970s. In comparison to a conventional MOSFET structure, the metal gate is
replaced by the sensing layer and exposing the insulator to the electrolyte. There are
many advantages for the ISFET, such as, low cost, small size, low output impedance,
high input impedance, and rapid response. Therefore, it’s very suitable for the
biosensor applications.

The sensitivity is a key factor for the application of pH-ISFETs. On the side, the
hysteresis and drift are the most important factors that prohibit the application of the
pH-ISFETs. In order to obtain high sensitivity, low drift and hysteresis, many
pH-sensitive materials, such as, SiO,, Al,O3, SisN,4 and Ta,Os have been investigated.
In this thesis, we choose ZrO; as the sensing film and investigate the influences of

different annealing temperatures on the ZrO, sensing film for the pH-ISFET.



In this study, we find the optimal annealing temperature by investigating
sensitivity, hysteresis and drift for ZrO, gate pH-ISFET. Form the experimental
results, we can find that annealing temperature of 600°C has a maximal sensitivity of
545 mV/pH and minimal drift rate of 0.54 mV/h. In addition, the annealing
temperature of 600°C also shows the smallest hysteresis. The hysteresis in pH loop
7-3-7-11-7 is smaller than that in pH loop 7-11-7-3-7, with the magnitude of 1.43 and
5.45 mV, respectively. We also observe that the hysteresis of the acid side is smaller
than basic side, results in asymmetric hysteresis.

From the result of high pH-sensitivity, small hysteresis and low drift, we can
conclude the optimal annealing temperature is around 600°C. It reveals that ZrO, gate

pH-ISFET annealed at 600°C is suitable for pH measurement.



EAFLA EAP R AF LR R IERP 2 LD R
f!/ 7@,“6‘&4— %E"’f\'."

0 e B P R
v o PR XEFL KE

poRF g
¥

‘J»

HE
mﬁT EIJ o

T
& L=

5 A AR g T A

LIENEAE R S S AP
i

P s

Nr
LR S FE RS QLS

A HA TR R R

S iE R ‘fr’ﬁi@ﬂ £

LN *\-Q}ri.’&j’fngfr'% ?—,—\ v B0 AP gy
F

XS o 0 1R T
94,]1&?%3}\?’?

7

7/

|-

F BB ARY FOET
Ap e f AL HRE R B EFR &L T Y
S XAk
L s AR o

&5 cnfles s B3 B L
SH PR BSEH CERRARBESIEL . ¥ AR R SN
B GP GpRiE AR 0 RN e s Fmy T4

fo B R BN ORA 0K

i S

| 4E > i et #ffri):@v AT
L

A A A RS R e 3G
DRy )
L A

B A b S A EE

=+ I
1S

2009. 08
38

GETENEE S



Abstract
(in Chinese)
Abstract
(in English)

Acknowledgement

Contents
Figure Captions
Table Captions

Chapter 1
1.1

1.2
1.3
14
1.5
1.6

Chapter 2

2.1
2.2

221
2.2.2
2.3
2.4
24.1
2.4.2
2.5

Chapter 3
3.1

3.2
3.2.1
3.2.2

Contents

Introduction

L 000 100 = T (0 T ] i —
The pH glass electrodes------------==--=--=-----

The solid-state reference electrodes--------------==-=--=---=----
Intrinsic properties of ISFETS-------mmn=mmmmmmmmmmmm e emmmeeeem
Motivation of this work e
References----------------- S — e

Theory Description

The concept of pH-----=-----mmmmeem e ;
Theory of ISFET----------=----mm-emmeee- -

Operation principle of ISFET=-=--=-=-=nnmnmmmmmmmmenaan

The oxide-electrolyte interface------------=---==-zmmmmmmemmmemeev
Hysteresis------------ .

Dispersive Transport----------=-=====mnnmmmmmmmmmmmmeeo-

Expression for Drift--------=--=-======-==--- - -
Reference-------=====mmmmmmmme e

Experiment and Measurement

ISFET fabrication Process flow-----------------=-emuevo-
Experiment details e e PR e
Gate region formation---------========mmmmm oo
Sensing layer deposition and annealing

Vi

20
21
21
22



3.3
3.3.1
3.3.2

3.3.3
3.34
3.4

Chapter 4
4.1
4.2
4.3
4.4
4.5
4.6

Chapter 5

Measurement SYSteM-=----=====-mnmmmmm oo 22
Preparation before measuring------------=--=-==--=-nmemmemeeeee-o- 22
Setup of the I-V measuring System---------=----==---===-------- 23
Setup of hysteresis measuring system----------- - 24
Setup of drift measuring system-------- SE— 24
References----------------- SEE—— — 24

Results and Discussions

Introduction--- S — 26
pH sensitivity------ SRR — — 26
Hysteresis effect to pH-I1SFET----------=-===n=mmmemmmmcemmeeeoe 27
Drift phenomenon to pH-ISFET------=----===-=nmemmmeeemmeeeee 28
Conclusion----- e 29
REferenCe--------==-=mmmm oo —- 30
Future Work-------——-eceemeeee - — 31

Vil



Figure 1-1
Figure 1-2
Figure 2-1

Figure 2-2

Figure 2-3
Figure 3-1
Figure 3-2
Figure 3-3
Figure 3-4
Figure 3-5
Figure 4-1
Figure 4-2
Figure 4-3
Figure 4-4
Figure 4-5
Figure 4-6
Figure 4-7
Figure 4-8
Figure 4-9
Figure 4-10
Figure 4-11
Figure 4-12

Figure 4-13

Figure captions

Structure of MOSFET and ISFET

Conventional glass electrode

Site-binding model

Potential profile and charge distribution at an oxide electrolyte
solution interface

Series combination of the (a) initial (b) hydrated insulator capacitance
Fabrication process flow

Measurement setup

Extraction method of sensitivity

Measuring step of the hysteresis curve

Detection principle of drift

Sensitivity characteristic of ZrO, gate ISFET at 600°C sample
Linearity characteristic of ZrO; gate ISFET at 600°C sample
Linearity characteristic of ZrO, gate ISFET at 700°C sample
Linearity characteristic of ZrO, gate ISFET at 800°C sample
Linearity characteristic of ZrO, gate ISFET at 900°C sample
Sensitivity characteristic of ZrO, gate ISFET at 700°C sample
Sensitivity characteristic of ZrO, gate ISFET at 800°C sample
Sensitivity characteristic of ZrO, gate ISFET at 900°C sample
Sensitivity characteristic of ZrO, gate ISFET at not annealed sample
Linearity characteristic of ZrO, gate ISFET at not annealed sample
SEM image of ZrO, gate ISFET at not annealed sample

SEM image of ZrO, gate ISFET at 600°C sample

SEM image of ZrO, gate ISFET at 700°C sample

viii



Figure 4-14

Figure 4-15

Figure 4-16

Figure 4-17

Figure 4-18

Figure 4-19

Figure 4-20

Figure 4-21

Figure 4-22

Figure 4-23

Figure 4-24

Figure 4-25

Figure 4-26

Figure 4-27

SEM image of ZrO, gate ISFET at 800°C sample

SEM image of ZrO, gate ISFET at 900°C sample

The pH sensitivity of ZrO; gate pH-ISFET annealed at different
temperature

Hysteresis curves of ZrO, gate ISFET at pH loop 7-3-7-11-7 to 600°C
sample

Hysteresis curves of ZrO, gate ISFET at pH loop 7-3-7-11-7 to 700°C
sample

Hysteresis curves of ZrO, gate ISFET at pH loop 7-3-7-11-7 to 800°C
sample

Hysteresis curves of ZrO, gate ISFET at pH loop 7-3-7-11-7 to 900°C
sample

Hysteresis curves of ZrO, gate ISFET at pH loop 7-3-7-11-7 to not
annealed sample

Hysteresis curves of ZrO, gate ISFET at pH loop 7-11-7-3-7 to 600°C
sample

Hysteresis curves of ZrO, gate ISFET at pH loop 7-11-7-3-7 to 700°C
sample

Hysteresis curves of ZrO, gate ISFET at pH loop 7-11-7-3-7 to 800°C
sample

Hysteresis curves of ZrO, gate ISFET at pH loop 7-11-7-3-7 to 900°C
sample

Hysteresis curves of ZrO, gate ISFET at pH loop 7-11-7-3-7 to not
annealed sample

Drift in pH 7 buffer solution of ZrO, gate ISFET for 6 hours at 600°C

sample



Figure 4-28

Figure 4-29

Figure 4-30

Figure 4-31

Drift in pH 7 buffer solution of ZrO, gate ISFET for 6 hours at 700°C
sample

Drift in pH 7 buffer solution of ZrO, gate ISFET for 6 hours at 800°C
sample

Drift in pH 7 buffer solution of ZrO, gate ISFET for 6 hours at 900°C
sample

Drift in pH 7 buffer solution of ZrO, gate ISFET for 6 hours at not

annealed sample



Table 3-1

Table 3-2

Table 4-1

Table 4-2

Table captions

Parameters of sensing layers deposition with Sputter
The different annealing condition of ZrO, gate ISFET
The comparison of different test loop in hysteresis

Drift rate of ZrO, gate ISFET at different annealing temperature

Xi



Chapter 1

Introduction

1.1 Introduce to ISFETS

Since P. Bergveld was first reported the ion-sensitive field-effect transistor for
neuropsychological measurements in 1970 [1], 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 [2]. The ISFET device is
similar to the conventional MOSFET except that the metal gate is replaced by sensing
layers, and the sensing layers are exposed to the buffer solution directly. The different
between MOSFET and ISFET structure was shown in Fig. 1-1.

In the beginning, Bergveld and Sibbald describe the operational mechanism of the
ISFETs with Ip, as an expression for the drain current in the linear region. Hence, it
changes in the drain current are attributed to change in the electrostatic potential only.
When the sensing layer immersed in the buffer solution, the electric potential between
the electrolyte and the sensing layer is affected by the H* concentration. This will
bring about changing of the electric field at the insulator and semiconductor interface,
and results different drain current.

In the past, different application of pH sensitive materials was found out because
the characterization of SiO, sensing layer is not ideal. For example, the property of
SizNg [3][4], SnO;, [5][6], Al,O3 [7], WO3 [8], Ta,0s [9] and ZrO, [10] sensing layer
are all better than SiO; as a sensing layer. In addition, with the development of ISFET
some materials can detect different ions, for instance, K*, Na*, Ca** ions in the human

blood, and its structure regards pH-ISFET as the basic structure. Therefore, this kind
1



of ion detecting device usually applies to medical respect.

To this day ISFET can utilize semiconductor manufacturing technology minimize
component size and make different sensing membranes on the same chip. Therefore,
it can detect many kinds of ion concentration with the small chip. The applications of
this type of product are quite extensive, such as medicine, agriculture, environmental

protection and chemical analysis, etc [11][12].

1.2 The pH glass electrodes

The first pH glass electrode is reported by Cremer in 1906 and after that many
efforts have been devoted to improve its application. The glass electrode is composed
of a bulb of glass membrane, which allows the passage of hydrogen ions, and a fixed
concentration of HCI or a buffered chloride solution inside in contact with an internal
reference electrode, which use of Ag/AgCl, as shown in Fig. 1-2.

When the glass electrode is immersed in the buffer solution, it can produce ion
transfer in the interface between the bulb surface and the pH buffer solution. This
reaction can build up hydrogen ions on the surface of ISFET [13] and makes the
hydrogen ion exchanged stable in the solution. For the purpose of good and stable
sensing glass, the sensing glass often contained other component like Na,O-CaO-SiO,,
Li,O-Ba0-SiO,, Li,0-Cs,0-La,03-SiO,, et al. [14]. For example, the introducing of

alkali (ex. Li) oxide will break the stable Si-O bond and result the change between Li*

and H':
SiO"Li"(glass _membrane) + H " (solution) (1-1)
— SiO—H + (hydrated _layer) + Li" (solution) (1-2)

The produced charges will transport by Li*, and build up surface potential. The



potential difference between the outside and inside glasses will be delivered to the pH
meter and exhibit the potential difference in pH value. The potential difference across

the glass membrane can be derived from Nernst equation:

E= Eo+%ln a,. (1-3)

where E=electrode potential, Eo=standard potential of the electrode, R=gas constant

(8.31441JK *mol™), T=temperature (in Kelvin), n=valance (n=1 for hydrogen ions),

F=Faraday constantand « . =activity of hydrogen ions.

The glass electrode has ideal Nernstian response, stable and endurable; therefore,
it is widely used for pH measurement. For the purpose of stable, the reference
electrode materials must use the noble metal like Pt, Ag, et al, it is relatively
expensive. Since the conventional glass electrode has to measure at vertical position
for chemical stability, it prevents the applications in the measurement. In order to
overcome these disadvantages, the all-solid-state pH glass electrode has been

investigated [14] [15].
1.3 The solid-state reference electrodes

The materials of solid-state reference electrode normally use noble metal. And the
property of noble metal material is steady; it is hard to react in the buffer solution.
Nevertheless it is unable to produce ion-exchange reactions like glass electrode. The
solid-state reference electrode has the drawback of unstable voltage. It is because the
potential at the solid/liquid interface is thermodynamically undefined and will cause
significant errors in pH measurement. The unstable problem may derive from the
redox reaction or other reactions at noble metal reference electrode and the liquid

interface, i.e. the liquid/solid interface. Therefore, it is important to generate a stable
3



potential at the interface for the solid-state reference electrode integrated with ISFET.

1.4 Intrinsic properties of ISFETSs

Even though the ISFET was reported over 39 years ago, the commercial products
are developed very slowly. It is because the basic mechanisms, such as, temperature,
light and time...etc. ISFET has two important time-dependent factors, drift and
hysteresis. The drift suggests a temporal change in the threshold voltage of ISFET,
which is not associated with surface response at the electrolyte and sensing layer
interface. Therefore, the drift phenomenon could be described as the change in the
insulator composition due to hydration of the surface. In addition, the hysteresis is
affected by the slow response of the pH-ISFET. Both of drift and hysteresis will
influence the output voltage accuracy and prevent the application of ISFET. For this

reason, it is importance to reduce the drift and hysteresis impact on the pH-ISFET.

1.5 Motivation of this work

The pH-sensitivity is a key factor for the application of ISFETs. On the side, the
hysteresis and drift are the most important factors that prohibit the application of the
ISFETSs. Therefore, in order to obtain high sensitivity, small hysteresis and low drift,
we choose ZrO, as the sensing layer and investigate the influences of different
annealing temperatures on the ZrO, sensing film for the pH-ISFET.

According to the experiment results, we try to attain to the optimum annealing

condition for ZrO, as a pH-sensing layer.
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Chapter 2

Theory Description

2.1 The concept of pH

pH is a measure of the acidity or basicity of a solution, it was first introduced by
Danish chemist Sgren Peder Lauritz Sgrensen at the Carlsberg Laboratory in 19009.
Aqueous solutions at 25°C with a pH less than 7 are considered to be acidic. On the
contrary, solutions with a pH greater than 7 are said to be basic. The name, pH, can be
derived from a combination of “p” the word power “H” for the symbol of the element

hydrogen [1]. The formula for calculating pH value is defined as:
pH =—log,, a[H"] (2-1)

where o is the activity coefficient and [H'] is the molar concentration of solvated
protons in units of moles per liter. From Eq. (2-1), pH is defined as minus the decimal
logarithm of the hydrogen ion activity in solution. The active term is used because pH
reflects the amount of available hydrogen ions, not the concentration of hydrogen

ions.

2.2 Theory of ISFET

The ion-sensitive field effect transistor (ISFET) was first reported by Bergveld in
1970[2]. In comparison to a conventional MOSFET, it is replaced by the sensing layer
and exposing the insulator to the electrolyte. When the sensing layer exposed to the

electrolyte, a change in the surface potential between the electrolyte and the sensing
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layer will result from a change in the pH concentration in the electrolyte. This will
cause an alteration in the electric field in conductance and current modulation. The
followings are the theoretical foundations which are mostly adopted to characterize

the ISFET.
2.2.1 Operation principle of pH-ISFET

Since ISFET sensors are based on field effect principles, the standard equations of
MOSFET have been extended to ISFET and integrated with the pH variation terms.
The general expression for drain current of MOSFET and thus also of ISFET in

non-saturated region is [3]:

C 1
I = LluW{(VGs —V; )— EVDS }VDS

L (2-2)

where Cox is the gate insulator capacitance per unit area; u is the electron mobility in
the channel; W/L is the width-to-length ratio of the channel; Vgs is gate to source
voltage; Vps is drain to source voltage and V+ is the threshold voltage. V1 can be

described by following expression:

Vi =V - C?B +2¢; (2-3)

OX

where Vgg is the flat-band voltage; Qg is the depletion charge in the silicon substrate,
andy ¢ is the potential difference between the Fermi level and intrinsic Fermi level.
The degree ofy ¢ is dependent on the doped concentration. Vgg can be described by
following expression:

Dy —Pg;  Qox +Qss

V =
" g Cox (2-4)

where @y, is the work function of the gate metal; ®s; is the work function of silicon;

8



Qox is the charge in the oxide and Qss is the surface state density at the oxide-silicon
interface. Substitution of Eq. (2-3) in Eq. (2-4), the general form of the threshold

voltage of a MOSFET can be described by following expression:

Oy —D5  Qox +Qss +Qp + 20
F

V, =
q Cox (2-5)

Form Eq. (2-5) it can be seen that the threshold voltage of a MOSFET is
determined by material properties such as the workfunction ® and the charge
accumulation. For a stable operation of a MOSFET it is importance that the threshold
voltage is constant which can be achieved by applying an appropriate MOS process
such as ion implantation. Eq. (2-2) shows that the drain current is now only a function
of the gate voltage, using a constant drain-source voltage [4]

In the case of ISFET, two more differences has to be explained, the interfaces
between the liquid and the sensing layer on the side, the liquid and reference electrode
at the other side. The interface potential at the sensing layer and electrolyte interface
is determined by surface dipole potential of the solution »*, which is a constant, and
the surface potential ¥, which results from a chemical reaction, usually controlled by
the dissociation of oxide surface group. And then the interface potential between the
liquid and the reference electrode is the reference electrode potential relative to

vacuum E. Hence the ISFET threshold voltage becomes the following equation:

V, =By 41—~ 2o Qo0 Qs 5
q

Cox (2-6)

In Eq. (2-6), all terms are constant except ¥y, it is the kernel of ISFET sensitivity

to the electrolyte pH which is controlling by 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 important, so in next section we will give more



discussions.

2.2.2 The oxide-electrolyte interface

The surface of any metal oxide always contains hydroxyl groups, in the case of
silicon dioxide SiOH groups [5]. These groups consist of donate and accept a proton
from the solution, and the mechanism responsible for the oxide surface charge can be

described by the site-binding model as illustrated in Fig 2-1 [6], which describes the

equilibrium between the so-called amphoteric SiIOH surface site and the H -ion in the

solution. The reactions are:

H{ + SiOH <+ SiOH (2-7)
SIOH <« Si0" + H¢ (2-8)

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

chemical equilibrium constants, the equilibrium constants K; and Ky, are given by:

_ [SiOH;] (2:9)
*[SIOH][H *]s

_[SioH "] (2-10)
; [SIOH]

where S means the surface.
The potential between insulator oxide and electrolyte solution causes a proton

concentration different between the bulk and surface that based on Boltzmann:

_qIIIO
a, =a, exp——— 2-11
Hy = 8, 8P — = (2-11)
or
v,
PHS=PHB+q (2-12)
2.3kT

10



Where ay the activity of H™; g is is the elementary charge; K is the Boltzmann constant
and T is the absolute temperature. The subscripts B and S refer to the bulk and the
surface, respectively. We also have to know that there are a fixed number of surface

sites per unit area, Ns:

Ns =Vaon +Vaon, Voo (2-13)

Base on some electrochemical knowledge and math derivation, we can obtain the

surface charge density o [C/m?*]
o,=( (VAOH; Vo ) =—-qB (2-14)

where B is the number of negatively charged groups minus the number of positively

charged groups in mole per unit area. The combination of Eq. (2-9) to (2-14) yields:

a,.’ - KK,
o, =0Ns : = (2-15)
KKy +Kpa,  +a, .

where K, and Ky are dissociation constant. A detailed derivation can see the Ref. [5].

After we get the surface charge density, we can find the intrinsic buffer capacity 3., ,
the capability of the surface to store charge as result of a small change in the H”

concentration, defined as:

oo,

= _qﬁin
OPH., ‘ (2-16)

From Eg. (2-15) and (2-16)

K,a, .2 +4K Ka | +K K,
Biw = Ng —— 5233, (2-17)
(KaKb+KbaH++aH+2) :

It is called “intrinsic” buffer capacity, because it is only capable of buffering small
changes in the surface pH (PH;) and not in the bulk pH (PHp). We can see that the

value of Ns, Ky and Ky, are oxide dependent. More surface sites will obtain larger £, .

11



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

electrostatic potential:
op. =—Ciw0=-0 (2-18)
The integral capacitance will be used later to calculate the total response of the
ISFET on changes in pH. The ability oh the electrolyte solution to adjust the amount
of stored charge as result of a small change in the electrostatic potential is the
differential capacitance, Cgjt:

0op. 0o, C
- — T Vdif
W, ¥, (2-19)

As a result, combination of Eqg. (2-16) to (2-19) results in an expression for the
sensitivity of the electrostatic potential change ina,,_:

¥, _ oV, daoy L — 0Bin o ¥, (2-20)
oPH 0o, OPH, Ch,/ q¥, )

2.3kT

S

O(PH, +

From Eq. (2-20), we get a general expression for the sensitivity of the electrostatic

potential to changes in the bulk pH [5]:
o, kT

=23 xa (2-21)
oPH, q
with
1
*=53KTC,, (2-22)
3, 1
q ﬁint

the parameter a is a dimensionless sensitivity parameter that varies between 0 and 1,
depending on the intrinsic buffer capacity, B i, Of the oxide surface and the

differential capacitance Cgjs. If we want to get the maximum sensitivity, the value of a
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must to be 1, so that the ISFET has a so-called Nernstian sensitivity of precisely [7].
It appears that the usual SiO, from MOSFET does not fulfill the requirements of a

high value of g, . The pH sensitivity is only about 30mV/pH, so research nowadays is

to find high sensitivity sensing film. Here we select ZrO, as a sensing film, the higher

value of S, which means Nerstian sensitivity can be achieved.

2.3 Hysteresis

There are many advantages for the ISFET, such as, low cost, small size, low
output impedance, high input impedance, and rapid response [8], [9]. It’s very suitable
for the biosensor applications. However, the hysteresis and drift are the nonideal
factors that prevent the applications of the ISFET. Therefore, in order to extend the
applications of the ISFET, it is important to measure these nonideal factors.

The hyseresis also called memaory effect; it is affected by the slow response of the
pH-ISFET. The amplitude of the slow response is quite small (3% to 7% of the total
response) but will continue for several hours [10]. Because of the slow response is the
response of reactive sites in the bulk, such as, buried sites, not like the fast response is
related to the surface sites reaction [11] [12]. It results different output voltages when
pH-ISET was measured many times at the same pH value. Because the ions diffuse to
the buried sites for reaction, it will come into being a slow response. And this voltage

deviation is defined as the hysteresis.
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2.4 Drift

When ISEET immerses in the buffer solution for a long time, and the intrinsic
response is completed. The output voltage of the pH-ISFET still varies with time
gradually and monotonically. This phenomenon is called ”Drift”. According to Ref
[13], it is difficult to identify the reason of this phenomenon, which could be either a
surface or a bulk effect, or both. Some possible causes of drift have been proposed as
following:

(1) Variation of the surface state density (Dj;) at the Si/SiO, interface which means the

drift dependence of diffusion mechanism.

(2) Drift of sodium ion under the influence of the insulator field. Given an effective
diffusion coefficient Dess, it IS clear that a bulk redistribution of sodium which has left

a trap near the edge of the SiO,.

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

dehydrated and ion exchange involving OH" ions.

(4) Injection of electrons from the electrolyte at strong anodic polarizations created
negative space charge inside sensitive films.

According to Ref [14], the drift rate of SnO, gate pH-ISFET is increasing with
pH value. The existence of OH" ion is one of the factors that causes the drift .The OH"
ions which exist in the acid solutions are lesser than in basic solution. For this reason,

we can find out the drift rate increasing with pH value.
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2.4.1 Dispersive Transport

Dispersive transport was brief reviewed in [15] 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) [16]. Regardless of the specific
dispersive mechanism involved, however, dispersive transport leads to a characteristic

power-law time decay of diffusivity [17] which can be described by: [18]
D(t) = Dyo(@5t)” (2-23)

where Dy is a temperature-dependent diffusion coefficient which obeys an Arrhenius
relationship, wo is the hopping attempt frequency, and £ is the dispersion parameter
satisfying 0<f<1. Dispersive transport leads to decay in the density of sites/traps
occupied by the species undergoing transport. This decay is described by the

stretched-exponential time dependence given by
ANgr (t) = AN (O)exp[(-t/7)”] (2-24)

where ANg/r(t) is the area density (units of cm™) of sites/traps occupied, 7 is the time

constant associated with structural relaxation, and £ is the dispersion parameter.

2.4.2 Expression for Drift

The drift phenomenon could be defined as a function of pH value [19]. The
heavier OH" ions cause a larger drift rate. It is suggested that the decrease in the

overall insulator capacitance with time is larger in heavier OH" ions, which results a
15



shift of threshold voltage. The overall insulator capacitance can be determined by the
series combination of the surface hydration layer and the 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:

AV (1) =V (1) Ve (0) (2-25)
Since the voltage drop inside of the semiconductor is kept constant, AV (t) becomes

AV; (1) =[Veg (1) =Vig (0)]+ Vi (1) = Vi (0] (2-26)
where Vg is the flatband voltage and Vi is the voltage drop across the insulator. Veg

and Vips are given by the following expression:

Vg =E iy +}(SOI — ool s - Qox +Qss (2-27)
Cox
- _~(Qe Q) (2-28)
Ins COX

where Qiyy is the inversion charge. If the temperature, pH, and the ionic strength of the
solution are held constant, E. ™ % and ®@s;can be neglected so the drift can be

rewritten as:

AVg (t) =—(Qox +Qss +Qg + Qinv)|:C_i(t) ) CL(O)} (2-29)

In this study, the gate oxide of the fabricated ISFET was composed of two layers, a
lower layer of thermally-grown SiO, of thickness, d., and an upper layer of
sputter-grown ZrO; of thickness, dy.. C,(0) is the effective insulator capacitance given
by the series combination of the thermally-grown SiO, capacitance, ¢ /d., and the
sputter-grown ZrO; capacitance, ey/dy. Ci(t) is analogous to C,(0), but an additional
hydrated layer of capacitance make C; always smaller than C,, ey/dy., at the
oxide-electrolyte interface must be considered. The sputter-grown ZrO, capacitance is

now given by ey/[dy—dn.]. The series combinations of the capacitances are shown in
16



Fig. 2-3. Hence, the drift is given by:

Su — €

AVG (t) = _(Qox + st + QB + Qinv)[ )d HL (t) (2'30)

EuénL
From this equation, we observed that drift of gate voltage AV if the substrate type
was different; it might to be positive or negative value. Because of the value of AVgis
positive or negative, it is depend on the Qi and Qg . Other terms at Eq. (2-30) 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 dy (t) is given by [15]

dyy (1) = dyy () 1-ex0|- (t/2)’ | (2-31)
with
_ Dooa’c{} 71ANS/T (0)
dyy () = AN, (2-32)

where Ap is the cross-sectional area, and Npyqr is the average density of the hydrating
species per unit volume of hydration layer. Therefore, combination of Eq. (2-25) to

(2-32) the gate voltage drift can be expressed by the following expression:

Su — €l

AV (1) = ~(Qox +Qss + Qs + va)[ ]d W l1-eol-t/0) ] (2393

SuéhL
From Eq. (2-33), we can expect that if the time of gate oxide immersing in the buffer
solution is long enough (determined by the constantz ), the gate voltage drift will

approach a constant value which is greatly dependent on the hydration depth, dy ().
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Chapter 3

Experiment and Measurement

3.1 ISFET fabrication process flow

lon-sensitive field effect transistors (ISFETs) have been developed on the basis
metal oxide field effect transistor (MOSFET). It is a special type of n-channel
MOSFET without a metal gate and the sensing layer is directly exposed to the
electrolyte [1]. To investigate the properties of ZrO, as the ISFET sensing layer, the
fabricated ISFET is presented. All processes were done in NDL (National Nano
Device Laboratory) and NCTU Nano Facility Center. The process flow of ISFET is
illustrated in Fig. 3-1 and the fabrication procedures are listed as follows:
(a)
1. RCAclean
2. Wet-oxidation, 60004 , 1050°C
(b)
3. Defining of S/D (mask 1)
4. BOE wet-etching of SiO,
5. Dry-oxidation, 300A , 1000°C
6. S/D ion implantation
(5e15 (1/cm?), 25KeV (Phosphorus) for n-type ISFET)
7. S/D annealing, 950°C, 60min
(©)
8. PECVD SiO; deposition 1um

(d)
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9. Define the contact hole and gate region (mask 2)
10. BOE wet-etching of SiO,
11. Dry growth of gate oxide, 1004, 850°C
(e)
12. Define the sensing layer region (mask 3)
13. Sputtering ZrO, as sensing layer, 300A
14. ZrO, sintering, 600°C, 30min
()
15. Define the contact hole region (mask 4)
16. Front side Al evaporation, 5000A
(9)
17. Backside Al evaporation, 5000A

18. Al sintering, 400°C, 30min

3.2 Experiment details

3.2.1 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. In order to create a S/D
region, 6000A wet oxide is deposited as blocking layer for S/D implant. The density
and the energy of S/D implant is 5e15 (1/cm?) and 25KeV in phosphorous. After S/D
implant, a 950°C 30min N* anneal is attained to activate the dopant.

In step 8, we deposited silicon dioxide of 1y m thickness by PECVD [2], the 1

m silicon dioxide film can protect the structure of a ISFET, because the ISFET’s will
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operate in a long period, during this period, ions may diffuse and affect the ISFET’s
electric characterization, and a thick silicon dioxide can eliminate the effect [3]. After
defining the contact hole and gate region, 100A thickness dry oxide was grown as

gate oxide.

3.2.2 Sensing layer deposition and annealing

This step is the core of the pH-ISFET in our experiment. It has been proved the
ZrO, sensing film deposited by sputtering has good characteristics as a pH-ISFET
sensing layer in our laboratory [4]. The detailed parameters of sputter are listed in
Table 3-1. Therefore, in this study we use ZrO, sensing film to investigate the effect
of different annealing conditions. The ZrO, sensing film will anneal in N, gas for 30
min at temperature 600, 700, 800, and 900°C, respectively. Physical and electrical
properties of the not-annealed and annealed ZrO, sensing layers were investigated.

The annealing conditions are listed in Table 3-2.

3.3 Measurement system

3.3.1 Preparations before measuring

We utilize HP4156 to measure the Ips-Ves characteristic curves of the ZrO, gate
pH-ISFET. The measurement system of our experiment was showed in Fig. 3-2. Since
the pH-ISFET is easily influenced by light illumination [5], the pH-ISFET was kept in
the dark box during the measurement.

In order to make sensing layer immersed in the buffer solution, we glue a
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container on the wafer. To allow the opening window of entire sensing layer region
under the container. The material of container is silica gel and the bottom is small
enough to avoid touching the other devices. However, the opening on the top has to be
big enough for inserting reference electrode.

The pH-solution that we use is purchased from Riedel-deHaen and the pH-values
are 1, 3,5,7,9, 11 and 13. The electric potential of the pH-solution is always floating
[6]. The disturbance from the environment would induce the electric potential
variance of the solution. By eliminating this variance, a reference electrode is needed

to put into the pH-solution.

3.3.2 Setup of the I-V measuring system

To investigate characterizes of different annealing conditions for ZrO, sensing
film. A HP4156 semiconductor parameter analyzer system was setup to measure the
I-V curves, in which included Ips-Vgs and Ips-Vps curves at controlled temperature. It
needed to pay attention to drop pH-solution at the sensing region. Because the small
sensing region. To avoid generating air bubbles at the sensing layers and electrolyte
interface is important. In order to extract accurate values for different pH-solution,
every pH value is immersed for 30 sec before measurement.

In the setup of HP4156, substrate is grounded 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 [6], the first equilibrium achieve in a
minute.

In the beginning we measure Ips-Vps to find out the linear operating region. To

define Ips as constant, we extract the point of maximum transconductance from
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Ips-Vs curves. We can observe that different pH-solution will cause the reference
electrode voltage shifted and the shifted voltage per pH value is sensitivity. The

detection principle of pH sensitivity was shown in Fig. 3-3.

3.3.3 Setup of hysteresis measuring system

In this study, we immerse the pH-ISFET in the pH7 buffer solution for 2 hr to
keep the device in stable state. Then we measure the hysteresis curve in loop time 15
minutes in the pH = 7>3->7->11->7 measuring loop, and another loop for pH =
7>11->7->3->7. For each pH value we obtained 3 measure points with duration of 1

minute. The measuring step of the hysteresis curve was shown in Fig. 3-4.

3.3.4 Setup of drift measuring system

Before measurement, the ISFET’s sensing layer was contacted with the buffer
solution about 13 hr in order to generate an equilibrium layer at interface between the
electrolyte and the ZrO, sensing film. We measure 36 points with duration of 10
minutes in the same pH value of aqueous solution. The detection principle was shown

in Fig 3-5.
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Chapter 4

Results and Discussions

4.1 Introduction

In order to obtain high sensitivity, low drift and hysteresis, many pH-sensitive
materials, such as, SiO,, Al,O3, SisN4 and Ta,Os have been investigated. In this work,
we choose ZrO, as the sensing film and study the influences of different annealing
temperatures on the ZrO, sensing film for the pH-ISFET.

In addition, we utilize some theoretical analysis which based on site-binding
model and MOSFET theory to describe the ZrO; as the gate pH-ISFET characteristics.
From the experiment results, we can acquire the optimum annealing condition for

ZrO, gate pH-ISFET.

4.2 pH sensitivity

The pH sensitivity is one of the important factors of pH-ISFET devices, and it is
influenced easily by sensing materials. In our experiment, we select ZrO, as a sensing
layer to investigate a series of annealing conditions for the pH sensitivity properties.
The current-voltage (Ips-Ves) characteristics for the ZrO,/SiO, gate pH-ISFET were
shown in Fig. 4-1, and the Vps were set to be 1.5 V. We select the point of maximum
gm for extracting pH-sensitivity; it is because at this point the efficiency of amplifying
signal is best. In the Fig. 4-1 it was found that the 1-V curves can be shifted from left
to right in the buffer solutions from pH = 1 to pH = 13, that is to say, the channel
conductance can be modified by the concentration of hydrogen ion.
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From the results, we can observe that the 600°C sample presents the best
sensitivity, 54.5mV/pH, and linear degree, 0.9996, as can be seen in Fig. 4-1, 4-2. The
700°C, 800°C, and 900°C sample also has good linear degree, as shown in Fig.
4-3~4-5. In addition, the 700°C, 800°C, and 900°C sample has a lower sensitivity,
42mV/pH, 45.65mV/pH, 48.17mV/pH , respectively, as shown in Fig. 4-6~4-8. Since
the not annealed sample shows the worse sensitivity 39.54 mV/pH, and linearity,
0.9583, as shown in Fig 4-9, 4-10. We deduce that the surface of not annealing sample
has many defects, as shown in Fig. 4-11. From Fig 4-12, 4-13, we can see the sensing
layer surface of 600°C sample seems to be more denser than 700°C sample, and the
sensitivity of 700°C sample is reduced probably due to a smaller number of surface
sites [1]. Furthermore, the pH sensitivity of the 800°C and 900°C may affect by the
inhomogeneous state of the sensing films were shown in Fig. 4-14, 4-15. Fig. 16

shows the pH sensitivity of ZrO, gate pH-ISFET annealed at different temperature.

4.3 Hysteresis effect to pH-ISFET

The hysteresis effect may induce the inaccurate measurement of pH-ISFET
devices. In this study, the hysteresis of ZrO, gate ISFETs were first determined in pH
cycles of pH = 7-3-7-11-7 and pH = 7-11-7-3-7 with the loop time of 15 min. Fig.
4-17~4-21 show hysteresis curve in pH loop 7-3-7-11-7 and Fig. 4-22~4-26 show
hysteresis curve in another pH loop 7-11-7-3-7 for 600°C, 700°C, 800°C, 900°C, and
not annealing sample, respectively.

It is found that the hysteresis width of 600°C sample in pH loop 7-3-7-11-7 is
smaller than that in pH loop 7-11-7-3-7, with the magnitude of 1.43 and 5.45mV,

respectively. We also observe that the hysteresis of the acid side is smaller than basic
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side. Since the hysteresis is caused by the slow response of the pH-ISFET [2], the ions
diffuse from the surface of the sensing film into the buried site are very slow, and
results in slow response. In addition, due to the different sizes of H* and OH" ions, the
diffusion speed of H* ions into the buried site are faster than that of OH" ions, as
described by Bousse et al. [3]. This causes the asymmetric hysteresis behavior of the
pH-ISFET devices. And the asymmetric hysteresis behavior can be seen in the all
samples.

It is presumed that the zirconium dioxide film annealed at 900°C have more
buried site. The large hysteresis of the 900°C sample seems to be caused by the
reactions of the diffused H" and OH™ ions with buried site. Nevertheless, the higher
pH-sensitivity of the 900°C sample also affected by buried site. Table 4-1 shows the
hysteresis at pH loop 7-3-7-11-7 and 7-11-7-3-7 for different annealing temperature.
From Table 4-1 we can observe that 600°C sample shows the smallest hysteresis.
Hence, it has good hysteresis property that annealed at 600°C for ZrO, gate

pH-ISFET.

4.4 Drift phenomenon to pH-ISFET

In the beginning, the pH-ISFET was immersed in the buffer solution pH = 7 for
13h to keep the device in a stable state. The surface response changes into stable after
5h with no pH variation, as described by Zhong et al. [4]. Hence, we select the data
from 13 to 19h as the long-term drift.

Fig. 4-27~4-31 shows the drift of different annealing temperature condition in pH
7. And Table 4-2 shows the drift rate of the different sample in pH 7. From Table 4-2

we can obtain that the drift rate of the 600°C sample is smaller than others. According
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to Yule et al. [5] and Jamasb et al. [6], the drift is caused by the hydrated layer. The
thickness of the hydrated layer is increased with time. Thus, the overall insulator
capacitance would be decreased, results in the threshold voltage increases with time.
Since the sensing layer surface of 600°C sample has a denser site, it is relatively
difficult to generate the hydrated layer. Hence, the drift rate of the 600°C sample is

smaller.

4.5 Conclusion

The pH sensing characteristics of zirconium dioxide gate pH-ISFET were
investigated for various annealing temperature of 30 min duration in nitrogen. It is
found that annealing temperature of 600°C has a maximal sensitivity of 54.5 mV/pH.
Because of the sensing layer surface of 600°C sample has a denser site.

We can find that the hysteresis width of 600°C sample in pH loop 7-3-7-11-7 is
1.43 mV, and the hysteresis in pH loop 7-11-7-3-7 is 5.45 mV. It can be observed that
hysteresis in the acid side is smaller than basic side, results in asymmetric hysteresis.
For the application of the pH measurement, the maximum hysteresis of 600°C sample
is 5.45mV. It occupies 10% of pH-sensitivity. The error causes by hysteresis can be
accepted in pH measurement.

The drift rate of the ZrO, gate pH-ISFET for not annealing and annealing
temperature at 600, 700, 800, 900°C are 2.4, 0.54, 1.9, 1.76 and 1.0 mV/h,
respectively. Since the sensing layer surface of 600°C sample has a denser site, it is
relatively difficult to generate the hydrated layer. Therefore, annealing temperature at
600°C shows the smallest drift rate.

In order to achieve the purposes for high pH-sensitivity, small hysteresis and low
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drift. We can conclude the optimal annealing temperature is around 600°C. It reveals

that ZrO, gate pH-ISFET annealed at 600°C is suitable for pH measurement.
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Chapter 5

Future work

In this study, an optimum annealing condition for ZrO, gate pH-ISFET was
investigated. The annealing temperature at 600°C shows the higher sensitivity,
smaller hysteresis and lower drift than others. Further investigation is attained to
improve the pH-sensitivity properties. It can be achieved by optimizing the deposition
condition, and regard to crystallographic properties of the sensing films and oxygen
migration in the sensing film. In addition, we can anneal at different times to find out

the properties of sensing film.
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Fig. 4-1 Sensitivity characteristic of ZrO, gate ISFET at 600°C sample
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Fig. 4-2 Linearity characteristic of ZrO, gate ISFET at 600°C sample
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Fig. 4-3 Linearity characteristic of ZrO, gate ISFET at 700°C sample
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Fig. 4-4 Linearity characteristic of ZrO, gate ISFET at 800°C sample
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Fig. 4-5 Linearity characteristic of ZrO, gate ISFET at 900°C sample
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Fig. 4-9 Sensitivity characteristic of ZrO, gate ISFET at not annealed sample
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Fig. 4-11 SEM image of ZrO, gate ISFET at not annealed sample

Fig. 4-12 SEM image of ZrO, gate ISFET at 600°C sample
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Fig. 4-14 SEM image of ZrO, gate ISFET at 800°C sample
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Fig. 4-16 The pH sensitivity of ZrO, gate pH-ISFET annealed at
different temperature
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Fig. 4-17 Hysteresis curves of ZrO, gate ISFET at pH loop 7-3-7-11-7 to
600°C sample
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Fig. 4-18 Hysteresis curves of ZrO, gate ISFET at pH loop 7-3-7-11-7 to
700°C sample
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Fig. 4-19 Hysteresis curves of ZrO, gate ISFET at pH loop 7-3-7-11-7 to
800°C sample
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Fig. 4-20 Hysteresis curves of ZrO, gate ISFET at pH loop 7-3-7-11-7 to
900°C sample
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Fig. 4-21 Hysteresis curves of ZrO, gate ISFET at pH loop 7-3-7-11-7 to
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Fig. 4-22 Hysteresis curves of ZrO, gate ISFET at pH loop 7-11-7-3-7 to

600°C sample
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Fig. 4-23 Hysteresis curves of ZrO, gate ISFET at pH loop 7-11-7-3-7 to
700°C sample
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Fig. 4-24 Hysteresis curves of ZrO, gate ISFET at pH loop 7-11-7-3-7 to
800°C sample
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Fig. 4-25 Hysteresis curves of ZrO, gate ISFET at pH loop 7-11-7-3-7 to
900°C sample
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Fig. 4-26 Hysteresis curves of ZrO, gate ISFET at pH loop 7-11-7-3-7 to
not annealed sample
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Fig. 4-27 Drift in pH 7 buffer solution of ZrO, gate ISFET for 6 hours at
600°C sample
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Fig. 4-28 Drift in pH 7 buffer solution of ZrO, gate ISFET for 6 hours at
700°C sample
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Fig. 4-29 Drift in pH 7 buffer solution of ZrO, gate ISFET for 6 hours at
800°C sample
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Fig. 4-30 Drift in pH 7 buffer solution of ZrO, gate ISFET for 6 hours at
900°C sample
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Fig. 4-31 Drift in pH 7 buffer solution of ZrO, gate ISFET for 6 hours at
not annealed sample

Table 3-1 Parameters of sensing layers deposition with Sputter

parameters of ZrO, sputter

power : 110 W

Ar/ O, :24/8(sccm)

Density : 6.51

Acoustic impendance : 14.72

Tooling factor : 0.533
Rate: 0.02A /s

pre sputter 60W for 10 min

Pressure : 7.6x103
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Table 3-2 The different annealing condition of ZrO, gate ISFET

Temperature (C) Gas Time (min)
Not annealed N> 30
600 N2 30
700 N> 30
800 \P) 30
900 N2 30

Table 4-1 The comparison of different test loop in hysteresis

Testloop 7-3-7-11-7 7-11-7-3-7

Temperature (mV) (mV)
Not annealed -6.36 5.7
600 1.43 5.45
700 -12.52 22.27
800°C 4.46 8.23
53 11.67

900°C
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Table 4-2 Drift rate of ZrO, gate ISFET at different annealing temperature

Temperature

Drift rate (mV/h)

Not annealed

600°C

700°C

800°C

900°C

2.4

0.54

1.9

1.76

1.0
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