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CHAPTER. 1 Introduction
L1 Tntroducti

Great importance has been attached, worldwide to the applications of chemical
sensors in the field of biomedicine. One of the most important and commonly used of
these sensors is a device based on the field cffect transistor which is the Jon Sensitive
Field Effect Transistor (ISFET). Since the first ISFET was presented by Bergveld in
1970 [11, many investigations on the theory, varions fabrications and applications of the
ISFETs have been reported [2-5]. The charactenstics of pH-1SFETs with different pH
scnsitive materials have been investigated on the following basis, pH sensitivities [3,5,6],
temperature sensitivity [3,7,8] and long term drift [6,9,10,11]. From these stndies some
of the main problems due to packaging, drift and temperature sensitivity were found. The
packaging problems previously prevented a widespread application of biochemical and
integrated sensors. One possible solution is to use back-side contacts on the device chips.
These have applications in the measurement of interdental plaque pH with a pH-ISFET
encapsulated in the dental prosthesis, and an integrated pressure-pH sensor on one chip
[12,13, 14]. The appearance of the ISFET with back-side contacts also allows the ISFET
to be nsed as a pH sensitive element in the gas sensitive sensors. In chapters 3 and 4 the
ISFET with back-side contacts and its application in the CO7 sensor based on
Severinghans principle [15] are presented.

In the cases where high accoracy and continuous measurement are needed, the long
tcrm drift has to be taken into account as it impedes the application of the 1SFET,
Therefore, in this thesis the drift behavior and different approaches for reducing drift rate
of the pH-1SFET, using alomina as pH sensitive layer, are discussed. These approaches
include fabrication techniques and measuring methods. In order to reduce the drift effect
with differential measurement using an ISFET-MAOSFET pair, a previons investigation
of distribntion of the AVT of dual FETs was done and is also discnssed in this thesis.

Another interesting investigation, showing us that the pH sensitive mechanism of
the Al;0O3 ISFETSs, is based on the surface patential due to interaction on the solid/iquid
interface [16,17]. According to this theory the temperature dependence of the surface
potential had been further studied [11,18]. In this study it was found that the temperature
response of the 1ISFET varied with the pH of the solntion. Taking into account the pH
temperature dependence of the solution, this response had a constant sensitivity, This
gave us the idea to create a new system for determining the pH of solution. In principle,
using this techniqne the drift of the 1SFET can be eliminated. This new technique for
determination of pH, using ISFETS, is presented in this thesis.
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line of thi

In chapter 2, ISFET theory is discussed nsing the theory of the IGFET (Insnlator
Gate Field Effect Transistor) as the background. The derivation of the basic characteristics
of ISFET and experimental results for these characteristics, such as pH sensitivity,
temperature sensitivity and drift behavior is given, thus allowing an understanding of the
functions of the ISFET and the problems in its applications.

Chapter 3 presents an ISFET and a combined pH/Temperature sensor with back
side contacts. The fabrication techniques for making back-side contacts are explained.
This contact technigne overcomes some of the difficulties in the encapsulation and
bonding processes for the specific requirement.

Chapter 4 gives an example of the application of a pH-ISFET with back-side
contacts. A CO» sensor based on the Severinghaus principle, using an ISFET as the pH
sensing element is presented. The characteristics of the sensor and their measuring results
are shown and discussed.

Chapter 5 presents a novel measurement technique based on the temperature
modulation of 1SFETs. Using this technique the long term drift of ISFET can be
eliminated and prove again that the long term drift of ISFETs with alumina as the pH
sensitive layer is cansed by solid state effects theoretically and practically.

Chapter 6 discusses the reduction of the long term drift of the 1SFET with a
processing of the alumina deposition with low hydrogen content and an additional anneal
with aluminuom over the gate of the 1SFET.

The influence of the distribntion of differential pairs of ISFET and MAOSFET over
a wafer are discnssed in Chapter 7.

Chapter 8, finally, summarizes the conclusions of this work.
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CHAPTER 2 The Characteristics of ISFET

2.1 Abstract

The characteristics of pH sensitivity, temperature response and the baseline drift of
ISFETs using alumina as the pH sensitive material are discused in this chapter. A pH
sensitivity of abont 55 mV/pH and a long term drift of less than 0.2 mV/h after 10 hours
in a boffer solution show a possibility to apply such miniaturized chemical sensor to the
biomedicat field.

2.2 Introgdueti

Miniaturized silicon sensors for biomedical applications have received considerable
attention for several years. The appearance of the first ISFET (lon Selective Field Effect
Transistor) presented by Bergveld in 1970 [1] has created a new investigation field for
chemical sensors. Compared to similar sensors, such as glass electrodes ISFET has the
following specific advantages: small size, the possibility of making mnlti-ion sensors,
intcgration of signal processing capabilities. Moreover since the development of
membranes for specific ions, the ISFETSs are not only suitable in the field of chemical
sensors but also for biochemical and biomedical sensors, for example, to detect penicillin
[2] and glucose [3]. An integrated microelectronic solid state technology is used in
fabrication of the ISFET, miniaturization and mass production of the sensors at a low cost
is made casy.

The ISFET can be considered as an IGFET (Insnlated Gate Field Effect Transistor)
where the metal gate is replaced by a reference electrode, electrolyte solution and an ion-
selective material deposited over the gate insnlator, as is shown in Figure 2-1.

The different ion-selective materials determine the applications of the ISFETSs, for
exaraple inorganic insulators such as $Si3Ng, Al2Q3 and TapOs are pH sensitive materials
[4,5], and aluminosilicates are pNa or pK sensitive materials {5,6]. In order to understand
the ISFET, the characteristics of the ISFET will be discussed in this chapter. The pH-
ISFET is used as an example.

4.3 The IGFET

IGFET theory is based on the analysis of the Metal Insulator Semiconductor (MIS)
structure, Consider the cross-section and the related energy band diagrams of the MIS
structure, as is shown in Figure 2-2 and Figure 2-3.
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Figure 2-1. Schematic diagram of the ISFET. (1) source, (2) drain, (3) p-type
silicon substrate, (4) Si02 insulator, (5) Al contacts, (6) membrane, (7) electrolyte
solution, (8) reference electrode and (9) encapsulant.

hat— Si02

y
i
Si

/J77 — OHMIC CONTACT

Figure 2-2, Cross section of the MIS structure.
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(a) (b)
Figure 2-3. (a)Energy band diagram of the MIS in flar-band condition. (b) Energy
band diagram of the MIS in thermal equilibrium.

In order to bring about thermal equilibrium, a charge flow takes place between the
metal and the semiconductor. This resnlts in band bending at the semiconductor surface
when no external voltage is applied 1o the gate, as is shown in Figure 2-3(a). A nonzero
work function difference (¢Ms) is created between the metal work function (¢p) and the
semiconductor work function (¢si). A gate voltage equal to ¢ms is required to bring about
the flat-band condition shown in Figure 2-3(b). It is called the flat-band voltage VFg. In
the absence of any additional charge in the insulator, Vgp is equal to the difference of the
work functions:

| 1

VFB =¢M'¢Si=aq’M'a¢Si=¢MS (2-1)

The gate voltage necessary to achieve the flat-band condition is further modified by
charges residing within the insulator. These charges will induce charges in both the metal
and the semiconductor. The induced charges on the surface of the semiconductor will
again result in band bending at the surface even for the condition of no extemally applied
voltage. Consequently Vg has to be rewritten as:

Vrs = s - &8 @-2)

where Qs is the charge in the insulator per unit area and Cg the insulator capacitance. The
insulator charge is composed of fixed charges Qf and charges trapped in the surface states
Qit, both at the silicon/insulator interface, and of mobile charge Qm existing due to the
mobile ionic impurity distribution inside the insulator [7].
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A voltage applied to the gate permitting band bending to decrease the difference
between the intrinsic level E; and the Fermi level Ef creates a depletion layer. If a large
voltage is applied to the gate, the large band bending causes the intrinsic level Ej to cross
over the Fermi level Ep at or near the surface of the semiconductor. The number of the
minority carriers become greater than the number of majerity carriers. Thas an inversion
region is created at the surface, see Figure 2-4.

mctal  oxide  semiconductor

a¥yg = * — EF

! 0 f /vi_é nentral region

. x; L‘_ depletion region
F ”éﬂ

]
¥ inversion region

Figure 2-4. Depletion and inversion region of the MIS structure.

The surface depletion layer width reaches a maximnm when the surface is strongly
inverted. The required surface potential Wy for strong inversion is:

Yg =2¥p 2-3)

The charge of the depletion layer is given by:

Qs = - QNAWop1= - V 2qesNA(2¥p) (2-4)

where q is the unit charge, Ny is the doping density of the substrate, Wp is the Fermi
potential, € i5 the semicondnctor permittivity and Wyep. is the width of the depletion
layer that is expressed by: :

Wap =\ 22D @-5)

The applied voliage just sofficient to bring about strong inversion is called the
threshold voltage VT, It contains the voltage to achieve the flat-band condition and the
term that is responsible for building up the strong inversion layer:
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Vr=Vip- &2+ 2% @-6)

Figure 2-5 shows the typical construction and biasing arrangement for an n-channel
IGFET. As a matter of fact the semiconductor substrate and metal gate form a parallel-
plate capacitor, The Vg is applied between the substrate and the gate forming a MIS
structure. The polarity and magnitude of Vg are such that the semicondnctor field effect
gives rise to an inversion layer on the snrface of the p-type substrate under the gate. This
n-type inversion layer forms a conducting channel between the sonrce and drain regions.
If a voltage Vp is applied to the drain with respect to the sonrce and snbstrate, a current Ip
passes throngh the channel connecting the drain and the sonrce. The magnitnde of the
drain current Iy is determined by the electrical resistance of the surface inversion layer and
the vaoltage difference Vp between the sonrce and the drain.

Figure 2-5. Schematic diagram aof the IGFET. (1) source, (2) drain, (3) p-type
silicon substrate, {4) SiOz insulator, (5) Al contacts and (6) metal gate.

The basis for the derivation of the current-voltage relationships is the calcunlation of
the density of the mobile electrons in the snrface inversion layer as a function of the
applied voltages Vg and Vp, and position along the channel. The procedure of the
derivation is discussed in detail by [8]. Two operatton regions are distingnished. When
Vp < Vg - VT the device works in the unsaturated region and the corrent-voltage
relationship is expressed by:

W ]
Ip=tnT Co (VG- VT-7 VYD) VD (2-7)
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where Lin denotes the electron mobility, W the channel width and L the channel length. For
Vp > VG - VT, the corrent is given by equation (2-7) with Vp replaced by Vg - V1o

Mg - v)? (2-8)

w
ID=lin'fCo )

The changes of drain current with gate voltage corresponding to the IGFET
characteristics expressed by equations (2-7) and {2-8) are shown in Figure 2-6.

I (nA)
1.0

|

/
/
N/

o

0,1/ "
div ///
/

VA4

/

0.0
0.0 0.5/div 2.5
Vg (V)

Figure 2-6. The I1p-V characterisncs of an IGFET.

2.4 The pH-ISFET
The ISFET shown in Figure 1 is different from the IGFET only on the gate area

where the metal gate is replaced by a reference electrode, an electrolyte solution, and a
sensitive material. This can be analyzed as an EOS (Electrolyte Oxide Semiconductor)

structure, see Figure 2-7.

Considered as an electrochemical cell, the EQS structure is represented as:

metal (M) | Sil Insulator | Electrolyte | Reference electrode | metal (M")
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reference electrode

RN

Si

/)77 \ OHMIC CONTACT

Figure 2-7. Cross section of the EQS structure.

In order to bring about the flat band condition, a voltage is externally applied on M.
This voltage is equal to the sum of the potentials situated on every interface. Thus, the flat
band voltage for the ISFET may be derived as [9]:

VeB = Brer - dsi- Yo + - & 2-9)

where Eger is the reference electrode potential, ¥, the potential drop in the electrolyte at

the insulator/electrolyte interface and y the surface dipole potential of the solvent. Note

that ¢n the metal work function of M' is already incorporated in Frer and the variations of

the potential x is not included [9). In order to account for the effect of the mobile charge

in the insulator of the EOS structure, the distance de of this charge center to the

insulator/electrolyte interface must be introduced. The insnlator charge is expressed
therefore as:

st=Qr+Qu+ng—f (2-10)

The potential at the insulator/electrolyte interface W, mainly determines the response
of the pH sensitive ISFET. The origin of this potential is the interaction of the insulator
surface with ions present in the electrolyte solution. It is assumed that the surface of the
insulator contains discrete surface sites. On the oxide surface the sites are in three possible
forms: A-Q7, A-OH and A-OH;. The acidic and basic character of the neutral site A-OH

can be characterized by two equilibrium constants, K, and Ky
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A-0H*
A-OH & A-0"+ HJ, with Ka=[—[—27]6[—m—~5 @-11)
A-OH +H! & A-OH, with K (A0t} (2-12)
-OH+H_ < A-OH,, withKp = -
s 2 [[A-OHJ[H 1

The equilibrium equations (2-11) and (2-12) have been derived from a statistical
viewpoint by Healy and White [10]. In these eqnations [H+15 represents the surface
concentration of the H*. Boltzmann statistics give the relationship between bulk and
surface concentration as;

W
[H*]5 = ("1 exp(- 172 (2-13)

where k is the Boltzmann constant and T the absolnte temperature. The concentration of
the number of the snrface sites Ng and the surface charge per unit area 64 can be

calenlated by:
Ng = [A-0] + [A-OH] + [A-OH;] (2-14)

6o = q([A-OH]1 - [A-O]) (2-15)

-The preceding equations allow us to derive the relationship which is used to
calcnlate the reactions which give rise to the surface potential ‘¥, at the interface. The

derivation of the this equation has been discussed in detail by Bousse [9]. The eqnation is
given by: ‘

2303 (pHpge - pH) = qk—‘*T"’ + sinh-l(%‘r’ (2-16)

where pHpze = - logio (11(—(%)”2 is the pH at the point of zero charge, B is a
dimensionless sensitivity parameter. Around the point of zero charge, the relation of the
equation (2-16) can be lincarized:

B 2.303kT

Yo=p1 —q (pHpzc-pH) 2-17)

This equation is only valid if q¥/kT < B [9].

The threshold voltage VT for the EQS is derived by substituting the eqnation (2-9)
into equation (2-6):
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VT=Eref'¢Si'qlo+X-%-g!;+2‘i’B (2-18)

Also the ISFET can be operated either in the unsaturated region or in the saturated
region [8]. Using the same principle as for IGFET, the current-voltage relationships in
two operating regions are derived similarly as the equations (2-7) and (2-8). The Vrin
these equations should be replaced by expression (2-18). Figure 2-8 shows the result of
the Ip-Vg characteristics for two pH values:

1p (mA)
1.0
L/
yu
m |1/
/]
0! 7
/ ,'\ pH10_]
/

0.0

-2.5 0.0 0.5/div 25

Ve
Fipure 2-8. The Ip-V characteristics of the ISFET for pH 2 and pH 10 values.

ific characteristics of the pH-1

The constant current mode with constant Vp is often used as the operation mode of
an ISFET. In this case, for the lincar range, the V¢ as a function of pH is derived from
equation (2-7), where V1 is substituted by equation (2-18):

- bbL__ . Qss Qr 1
Vc—unwcovD+Emr-‘i‘o+x-¢s.- ot 2¥g - Ce +3 VD (2-19)

From equation (2-17), Vg is seen to be dependent on pH, temperature T and time of
exposure 1o the electrolyte solution t. The characteristics of the 1SFET are obtained by
developing Vg in a Taylor series at the point (pHo,To.1o), and taking into account only the
first onder terms. The pH sensitivity is expressed by:

dvg _ ¥ _ B kT
BPJHE = pH=230g57 (2-20)
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The temperature sensitivity:

avMOST
avg_%VT OBy % InLb 2.21)
T a ar " aT S W Co T, Vb
where J1° is the electron mobility at the temperature To. The empirical relationship p

= aTP for the electron mobility where a and b are constants independent of temperature is
used [11,12]. VMOST accounts for the threshold voltage of the solid state part of the

sensor and is equal to threshold voltage of the IGFET minus the metal work function for
the gate. The temperature dependence of VTMOST is given by the following expression

[11,12]:

aVMOST
e ) (2-22)

oT ~ dT V' 3¢, ¥s
and
b g
) (2:23)

where Egy is the energy bandgap of the silicon at 0°C.

In first approximation, the drift behavior can be considered to be cansed by the
mobility of the charges at cach interface between different materials over the gate and in
the insnlator, substrate and solution. These effects bring abont changes, over time, in the
threshold voltage of the solid state part and in the interface potential and the dipole
potential. Assuming that Eyer is stable, the following relationship results:

avMOST
2V T ¥y
R e 2-24)

2.6 Determination of the pH-1SFET characteristics

The pH-ISFET characteristics were measured on a n-channel ISFET with an
alumina pH sensitive layer over the gate oxide. The fabrication process discussed in
reference [13] was used. After the bonding and encapsulation of the ISFETSs on supports,
they were connected to a specially developed amplifier which operates the device at a
constant drain current and a constant drain to source voltage. The Vg was the
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experimentally determined quantity. The pH value of the solution was calibrated by a pH
meter with a glass electrode and a reference electrode, and the temperature of the solution
was measured at the same time.

H sensitivi

A typical measurement for the pH sensitivity is shown in Figure 2-9 where Vg is
plotted against pH. The pH value of a HCl-Tris buffer solution was varied between pH 2
and pH 10 by adding acid or base. The mcasuremcnt was donc at constant tcmpcraturc
and in the dark. The 1SFET was operated at a drain currenst 1p of 100 pA and a drain
voltage Vp of 0.5 V. A pH sensitivity of about 55 mV/pH was obtained.

y = 0.56623 + 5.6312¢-2x

1.1

e
Q

pH

Figure 2-9. The pH response of an ISFET at 25 °C.

T

The ternperature sensitivity was studied over the temperature interval 15-35 °C in the
HCI-Tris buffer solution. Since the pH value of buffer solutions changes with
temperature, the effect of the pH changes following temperature on the Vg should be
taken into account. Therefore the measured result is given by:

dV, aVv dV H
=% + G @23)
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According to equation (2-21), the temperature sensitivity varies with drain current
Ip. Experimental results of (%Y—r‘i)m are given in Figure 2-10. The figure show us that a

linear relationship exists between (c-l?:—rq)m and Ip, and a point where Vg is independent

of the temperature can be found, when the devices are operated in the unsaturated region
(14].

tiVGl:lT (mv)
di
1
0 'l A 1 L 1 I ]
30 100 150 00 .- 300
. Ip (uA)
a2t
3L

Figure 2-10. Temperature sensitivity as a function of the drain current Ip.
(Vp = 1.0V, HCI-Tris buffer solution pH = 7.6, renw,peraruire range 15-30

)
AVg (mV)
12 -
s b~
4k
0 | I— I A 3
4] 3 10 15 20

Time (hour)

Figure 2-11. Drift behavior of an ISFET at 25 °C in a HCI-Tris buffer
solution. (Vp =05V, fp = 100 pA).
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Drift behavi

The drift was measured doring first exposure of the device into the HCI-Tris boffer
solution as well as doring snbsequent exposures. Between exposures the devices were
stored in a dry room at ambient iemperature for one week. The results are shown in
Figure 2-11 [15].

The drift doring the first exposure is much higher than the subsequent exposnres.
In addition the drift during subsequent exposnres is quite reprodncible. After a stabilizing
time of 10 hours, the drift value is less than 0.2 mV/hr.

The results for the first order terms of the Taylor series, have the linear behaviors

2 2 2
under certain limited conditions, thus the second order terms of gp\;x(ﬂi , 83\1526 and 9 8‘:;0 at

these conditions can be set equal to zero. The second order terms in function of pH and
temperature, and of drift and temperature, as well as the correspondence with
experimental results will be discussed in detail in chapter 5.

2.7 Conclusions

The experimental resnlts can be summarized as the pH sensitivity has a valoe of
abont 55 mV at 25 °C in a pH region from pH 2 to pH 10 with a reproducibility of 0.5
mV/pH and a drift behavior less than 0.2 mV per hour. With snch ISFETs the
miniaturization of chemical sensors can be realized. However the problem of the
stabilization still effects the applications of the ISFET because of the drift behavior. This
problem and some solutions will be discused and proposed in chapters 5 and 6.
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CHAPTER 3 A pH-ISFET and a Combined pH-ISFET/Temperature
Sensor with Back-Side Contacts

3.1 Abstract

The pH-ISFET and the combined pH-temperature sensor with back-side contacts
which are presented, consist of an insnlated-gate field effect transistor for pH
measurement and a diode for temperature measurement, In order to make a probe which
has a diameter as small as possible after bonding and encapsulation, the contacts are
fabricated on the back side of the chip. Elecirical connection wires can be connected
directly onto these contacts.

The final chip size is 1.5 mm * 1.5 mm. Al203 is used as the pH-sensitive layer.
The top side of the sensor contains the ISFET and the temperature sensitive diade is
located on the back side, sharing one contact with the source and substrate of the pH-
ISFET.

3.2 Introduction

During the past years many articles appeared on the applications of ion-selective
field effect transistors (ISFET) especially in the biomedical field [1]. It is imperative that
the sensors are designed in regard to the required application and of the measurement
conditions. One of the major problems which has prevented, until now, a wide
application of these chemical sensors is their unreliable encapsulation.

Furthermaore, if standard bonding and encapsulation techniques are used, the
distance between the bond paths and the sensitive area that is exposed to the solution, has
to be large enough in order to enable an adequate encapsulation. This requirement leads to
increased sensor dimensions undesirable.

A solution for both problems is to locate the contacts on the back side of the sensor.
Tao achieve this feed-through contacts through the silicon wafer must be fabricated.
Several techniques to fabricate the feed-throughs in silicon have been reported: laser
drilling [2], spark erasion [3], plasma etching [4,5], and other techniques such as ion
beam milling {6], centrifugal etching [7], and diffused Al columns [8]. All these
techniques need expensive equipment andfor high technical skills. The easiest and
simplest technique to realize the contact from the back is to etch holes in the silicon
substrate with an anisotropic etchant like potassium hydroxide [9] followed by a diffusion
step.
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Another problem is the temperature dependence of pH measurements. Since the pH
value of the solution and the pH sensor are both temperature sensitive, the temperature
should be known in order to give the correct pH valuve of the solution under investigation.
For this reason a temperature sensor has to be integrated on the same chip. An example of
such an approach has been published for a humidity sensor, based on FET technology
where a temperature sensitive diode was integrated [11}. A new pH-temperature sensor is
proposed here, based on the back side contacted 1SFET [10] and on a temperature
sensitive diode,

3.3 The Back-Side Contacts

The conventional contacts for bonding wires on MOSFETs (Metal Oxide
Semiconductor Field Effect Transistor) and 1SFETSs are fabricated on the same side of the
active surface and the wires are bonded by a bonding machine from the chip to a support.
The 1SFETs with the back-side contacts have contacts opposite to the active surface and
the electrical wires are directly bonded in the contact holes on the back side. The chips
with wires can be encapsolated when a smooth surface and a small size of sensor are
required.

The back-side contacts consist of two parts: contact holes and inner electric
connections. The holes are etched in the p-type substrate. The etching is anisotropic: in
the <100> direction the etch rate is high, and in the <111> direction it is very low,
Therefore the V-holes are formed in the <100> oriented wafer [9]. The etching is stopped
when a membrane of 10 um thick is left on the bottom of the holes. Altematively the
silicon is etcheqd through, onto the Si02 protection layer on the iop side. The dimension (1)
of the hole bottom depends on the hole depth {d) and on the mask dimension (L)
according to:

1=L- 24 (3-1)
tan(a)
where a = 54.74 ° is the angle between the [100] and [111] planes.

For making the inner electric connections from one side of the wafer to another two
different methods were studied. For one of these methads, the connections were formed
by deep diffusion profiles in the silicon membranes and around the holes. The n-type
diffusion was performed after etching the holes and a junction of 9 pm depth was
obtained. Then the fabrication steps for making the 1SFETs part on the top side were
performed. The sounrce and drain were formed over the membranes of the holes. They
were connected to the n-type inner connections in the membranes after diffusion in these
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steps. Aluminum deposited in the hales makes ohmic contacts. The fabrication process
will be explained in detail in the next section. A cross section of the back-side contacts is

shown in figure 3-1.

AR AR \\\\\\\\\'\\\\\\1
Vil 2 B\ S S T N o

p-substrate

£ AlpO3 223 SiO3 lightly Boron doped Al
$iO4 highly Phosphorus doped ZZ1 gate $i0 g

Figure 3-1. Connections from the back-side contact holes to drair and source of the
ISFET on the top-side were formed by the doped silicon membranes on the bottom
of the holes. (1) drain, (2) source and (3} gate.

For the second method the inner connections were formed by aluminum wires,
These wires were made by metallizations from both sides. On the back side the contacts
holes etched through silicon wafer, until a protection layer of $i0; on the tap side of the
wafer were reached. Then a $i0; layer was grown in the holes in order to insnlate the
aluminum contacts from the silicon substrate. After this step the aluminum contacts in the
holes were formed by a metallization on the back side. An aluminum layer was obtained
under the 5i0» membranes on the top side. After metallization small holes were etched
from the top side through the Si0; membranes to the aluminum layer. Then an aluminum
layer was depaosited on the top side. This layer connected to the contacts on the back side
through the small holes. At the same time the connections between contacts to source and
substrate, and to the drain were formed. A high temperature anneal made a good chmic
contact between the two Al layers on both sides in the last step. Figure 3-2 shows the
cross section of the 1SFET chip.

The top side of the ISFETs with back-side contacts fabricated with these two
methods are shown in Figure 3-3. We compared these two methods during fabrication
and found that the connections made by the Al wires had the following problems: the
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process was more complicated and the $i02 membranes over the holes had a maximum
thickness of 1 wm and they were very easy to break during the fabrication procedore. In
order to simplify the fabrication process, only one of these fabrication methods of
connections was chosen. The connection formed by the diffusion inner cross section was
used in the further study. The connections made by Al wires had a contact resistance of

2.3 Q. It could be usable for other applications.

According to the requirement of the pH measurement, a temperawre sensing diode
was integrated on the ISFET chip also with back-side contacts. The sensors were
fabricated on a p-type wafer having a thickness of about 280 um and polished on both
side. The contact holes were etched in a potassium hydroxide (KOH)/water solution from
the back side, with a mask of silicon dioxide grown by wet oxidation on both sides. The

A Si0;

p-substrate

— n-type diffusion regions

high phosphorons
doped 5i0O4

Xy low boron doped Si02

high phosphorous
doped SiO2

R e 3 Al203

byl S T L e S T T . ‘ 'E ?_ b e i} ‘.
E=d Al contacts

EEm patc oxide

p-type diffusion regions

Figure 3-4. Fabrication steps. 1) drain, 2) source and 3) gate of ISFET, 4) diode.



Chapler 3 27

holes had an area of 450 * 450 um? at the surface and of about 55 * 55 um? at the
bottom. After opening larger windows around the contact holes for diffusion, the silicon
dioxide doped with phosphorous was deposited on the back side by chemical vapor
deposition (CVD), followed by a deep diffusion of about 9 ptm depth through the thin
membranes. Then al! the oxide layers on both sides were etched away and silicon dioxide
lightly doped with boron was deposited to form the channel stopper. After opening the
windows for the source and drain on the top side, the phosphoroos doped silicon dioxide
was deposited. The oxide on the gate areas was etched to a size of 15 um long and 500

ptm wide. The gate oxidation and diffusion for the channel stopper, source and drain were
done at the same time at 1100 °C. The gate is covered with 900 A of SiOy with 600 A

Alp03 deposited by CVD, over it. The last step consists of forming the alominum

contacts by a hift-off technique.

Simultaneously a temperature sensing diode is fabricated at the same time by using
the same wire contact technique as for the ISFET. The substrate was used as the p-type
region of the diode. The ISFET source, being connected to the p-type substrate, can serve
as one contact of the diode. Hence only one supplementary hole is necessary, which is
beneficial for the mechanical stability of the chip, as well as for the required chip snrface.
The contact hole for the diode was simultaneously etched with the contact holes for the
ISFET, about 200 um in depth and with an area of 300 * 300 um2. The n-type region of
the diode was then formed by an n*-type diffusion in the hole at the same time as the deep
diffusion for the ISFET contacts. The chip was designed with minimal dimensions
allowed by the size of the contact holes: 1.5 mm by 1.5 mm. The fabrication process is
shown in figure 3-4. After dicing the wafer, electrical wires were directly glued into the
three contact holes by means of a conductive epoxy. Finally the back side and side walls
of the chip were encapsulated with epoxy. The ISFET/Temperature sensor chip with
back-side contacts is shown in Figure 3-5.

After fabrication of the sensors, the basic characteristics of the ISFET, such as pH-
sensitivity, drift behavior and temperature sensitivity, and the temperature sensitivity of
the diode were measored. The ISFET was operated in the constant current mode, at a
drain current (Ip} of 100 (A and a drain-source voltage (Vp) of 0.5 V, using a specially
designed amplifier system, with the gate-(reference electrode)-source voltage (V) as the
output parameter [14]. The temperature sensing diode was fed with a current of 100 pLA.
Since the pH-ISFET and the temperature sensor have to be operated simultaneounsly, the
influence of the diode on the ISFET characteristics was tested also.
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3.5 Results and discussion

The pH sensitivity was tested by adding an acid or base to a HCl-Tris solution at 25
°C. The experimental result is about 55 mV/pH, with a reproducibility of 0.5 mV/pH
between measurements.

The drift behavior was measured over 45 hoors in a HCI-Tris solntion (Tris 0.617
mol/l and HCI 0.5 mol/, pH = 7.6) at 25°C. The sensors were measured several times
with an interval of one week. Between measurements they were stored in dry ambient
temperature. The diode was connected and disconnected during this measurement to
investigate its influence. The drift when the diode was disconnected was less than 0.3
mV/h and quite reproducible between different measnrements. Both resnlts are
comparable to other measurements with similar sensors [4,14,15]. When the diode was
connected, an offset in the reference electrode to source voltage Vg was observed, bot the
pH-sensitivity and the drift for the ISFET remained the same, as illustrated in figure 3-6.

This offsetin V¢ can be explained as follows; the cnrrent throngh the diode also
passes throngh the snbstrate, this can lead 10 a voltage drop, called Vgg (snbstrate bias).

Vg for an ISFET, operated in the linear region, is given by:

___IpL 1
Vg = m-‘- VT+ i‘VD (3-2)

where |1 denotes the electron mobility, W the channel width, L the channel length, Cy the
insulator capacity and VT the threshold voltage [16}.

It is known that when a snbstrate bias is applied to a MOSFET, the threshold
voltage changes accords to:

2ecqNA(2¥R+Y,
VT-‘-VFB*TPB""\I 59 A((:o B+VRS) (3.3)

where Vgp is the flat-band voltage, ‘¥'p is the potential difference between the Fermi level
and the intrinsic Fermi level, gg the permittivity, g the unit charge and N the acceptor
impurites concentration [12].

The V- for an ISFET is given by:

\ 4esqNAY'B (3-2)

1
VT=Emf-‘Po+x-a¢'Si-QC§—+2‘PB t—

where Eref denotes the reference clectrode potential, Wy the potential difference between
the insnlator surface and the bulk of the solntion, ¥ the surface dipole potential at the
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insnlator/solntian interface, a¢5i represents the silicon work function, Qg the insnlator

charge per nnit area [13).
Since the substrate bias has the same effect on an ISFET as on 2 MOSFET,
according to formula (3-3), expression (3-4) can be written as:

y ZARIVE)

- L . s
VT =Erer- Yo+ X - (®si- G+ 2¥p+

Combined with (3-2), this confirms that Vg is a fonction of Vpg, As the pH
sensitivity is determined by W and the drift is cansed by the alomina layer only [17], no
influence on these parameters can be ¢xpected from the temperature diode. The
temperature sensitivity of the ISFET, (a 'gfl)’ however can change becanse of the

temperature dependence of Vps.
The temperature sensitivity is given by:

=g+ Gl OB (3-6)

The second term is cansed by the temperature dependence of the pH of the solution
[14]. In onr case the temperature dependence of Vgg has to be taken into account too,
resulting in:

= O vas+ ST Vas B+ & Dy RS, 37

The temperature sensitivity of the ISFET and the temperature sensitivity of the diode
were tested by varying the temperature of the solution between 10 and 40 °C. The resnlts
of the temperature sensitivity test for two ISFETS are given in table 3-1. In the temperature
range 10°C to 40°C, the difference of the temperature sensitivities that were measured on
these ISFETs, (%S—)(Qj’ﬁ‘ﬁ), with the diode connected and disconnected is about -0.04

mV/°C, as demanstrated in Fignre 3-7.

Figore 3-8 shows the ontput curve of the temperatnre sensor. The temperature
sensitivity is 2.25 mV/°C which is comparable to a similar temperature sensitive diode
[10].

Since the temperature diode slightly inflnences the temperature sensitivity of the pH-
ISFET, another design for the temperature sensor which eliminates this influence was
fabricated. it is presented in the next section.
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Table 1. Temperature sensitivities of the pH-ISFETs

Sensor No.2 Sensor No. 4
T°C | Vg'mV) | VgmV) | Vg* (mV) | Vg (mV)
10.3 403.16 | 39671 | 53127 | 530.38
15.1 398.97 | 39235 | 527.48 | 5269
19.9 39413 | 38722 | 52333 | 522.59
24.6 389.82 | 382.67 | 519.84 | 51895
29.7 38507 | 377.65 | 51577 | 51482
34.6 380.77 | 37321 | 51241 | s11.21
39.2 376.96 | 36996 | 50931 | 508.01
¢ | oo | -o94 | -076 | -078
(mV/C)

* Temperature sensing diode connected.
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Figure 3-7. The difference in Vg as a funcition of temperature for two ISFETs
with the diode connected (V*) and the diode disconnected (Vi ).

(AW) 453A-53A poN®

31



Chapter 3 32
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Fignre 3-8. Temperature measurements of the diodes of sensor No2 and No 4.
The sensitivity is 2.2 mVI°C for both.

Ne ign of the ISFET/Tem nsQr

In the new design the device had three back-side contacts also. The temperature
sensitive diode shared a contact with the ISFET. In order to avoid the sobstrate bias
another junction was made between p-type substrate and the diode. This was formed by a
p-n-p structure. The n-type region of the dicde was connccted to the substrate, The
current which passes through the diode is now isolated from the substrate by a junction
formed with p-type substrate and n-type region.

The fabrication process of the new design needed two masks more than the old one:
the first one for opening window for n-well and the second on¢ for the p-type region of
the diode. After deposition of the silicon oxide with high phosphorous doping for the
contacts of the ISFET on the back side, the n-well region was opened with the first new
mask and a lightly phosphorous doped Si0; layer was deposited. Then the deep diffusion
for the contacts and n-well was performed. The window for (he p-type region was opened
on the contact hole of the diode after deposition of the phosphorons doped §i0; for the
source and drain area. Then a CVD 8i0y layer, doped with boron, was deposited on the
back side. The p-type region of the diode was formed during the gate oxidation and the
diffnsion for sonrce and drain. The fabrication steps are shown in figure 3-9,
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Figure 3-9 Fabrication steps of the new design. 1) drain, 2) source and 3) gate of
ISFET, 4) diode.
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The characteristics of the sensor of the new design were then tested. It showed a
similar pH sensitivity, temperature response and drift behavior as those of a normal
ISFET [17,18]. The offset of V¢ with the diode connected or disconnected during drift
measurement is zero. Figure 3-10 shows the results of the drift measurement.

20 ¢
= t
g | - ,
< 10 dicde connecicd
=
5
<]
[
0 1 A " 1 1 J— 1
0 10 20 30 40

Time {hours)

Figure 3-10. Comparison of the drift measurement of the new device with the diode
{a) connected and (b) disconnected.

3.7 Conglusions

We have shown the possibility to realize an ISFET and an integrated pH-
temperature sensor with small dimensions. The pH characteristics are comparable to
standard pH sensitive ISFETs with alumina as the pH sensitive layer [14,15,17]. Using
this contact technique the sensors are used for example in measurements of interdental
plaque pH, where the sensor should be at the same level as the human enamel piece into
which it is mounted as illustrated in Figure 3-9. Another application is an integrated pH-
pressure sensor for in-vivo measurements where the normal ISFET can not be used [19].
A third important application in gas sensors will be presented in the next chapter.
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CHAPTER 4 Application of the ISFET/Temperature sensor for the
Carbon dioxide electrode

4.1 Abstract

A novel carbon dioxide sensing electrode based on the Severinghaus principle has
been developed. A pH-ISFET with back-side countacts is used as the internal pH sensing
elerment and a temperature sensitive diode is integrated on the same chip. The sensor nses
a Ag/AgCl wire as a reference electrode.

42 ti

Normally a pH glass electrode is used as the internal pH sensing element for a
carbon dioxide electrode based on the Severinghaus principle [1] which is already widely
used in the chemical analyzing system aund in bicmedicine [2,3,4]. However when a
miniaturized electrode is required this pH glass electrode peses some problems: an
increasing impedance and increasing response ime with decreasing size. In order to solve
these problems the pH-ISFET can be used instead of the pH glass electrode [3,6).
Another important factor which influences the respouse time of a carben dioxide
electrode, apart from the gas permeabie membrane, is the gap between this membrane and
the pH sensor. Using a normal ISFET having the active surface on the same side as the
contacts, the encapsulation makes it difficult to achieve a minimum distance gap that is
sufficiently. In order 10 decrease this distance as much as possible a pH-ISFET with back-
side contacts was used [7].

To improve the performance of the carbon dioxide sensor further, the temperature
sensitivity of the device has to be compensated [8]. Therefore a temperature senscr
(diode) was integrated on the ISFET chip.

4.3 Theory

In the classical Severinghaus electrode configuration a gas permeable membrane is
placed between the sample solution and the measuring cell which consists of a pH
sensitive glass electrode, a reference electrode and an intermediate electrolyte layer (see
figure 4-1). The carbon dioxide diffuses through the gas permeable membrane until the
following equilibrium is estzblished between the inner electrolyte solntion and the extemnal
sample:

CO;, (sampie) <=> CO; (membranej <=> CO; (inner electrolyte film)
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electrolyte solution glass electrode

reference electrode
membrane  Ag/AgCl wire plastic tube

Figure 4-1. Diagram of the COy sensor using a glass electrode as a pH

sensing element.

In this egnilibriam state the response of the electrode changes according to the pH
of the inner electrolyte solution which is govemed by the following equilibria when the
pH <8[9

C02 + Hzo <=> H2C03 Kh = E[é%?]ﬂ 4-1

> [t - _ [H*][HCO4] ;
H,CO; <=> H* + HCO3 K, = [{1,004] (4-2)

For subsequent calcnlations it is more convenient to work with the total analytical

concentration of carbon dioxide, [CO;] + [H2CO3], where the resulting K value is the
product of Ky, and K; from equations (4-1) and (4-2). It is expressed in equation (4-3).

- [H+][HCOy _ * 10-7 4-
Kj [COL]+[H,CO3] = 445* 10 (4-3)
It must be noted that these equations describe the situation only when the pH of the

internal electrolyte layer is lower than pH 8. If the pH > 8, other reactions can occur, such
as: C02 + OH- <=> HCO3"
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The relationship between the pH of the inner elecwrolyte solution and the
concentration of the inner electrolyte CO7 film is given by the Henderson-Hasselbalch
buffer equation:

{COy
H = pK - log(-—="=) (4-4
pa=p g [HCO5] | )

In the equation, when the concentration of the NaHCO; is moderately (10-3. 102
mal/l) hfgh and at constant ionic strength the hydrogen carbonate ion activity can be
considered constant. The surface potential is only a function of the log(Pcop). At this
range of the NaHCO; concentration, the sensitivity (5} of the electrode is presented as [1]:

_OpH
5= dlog(Pco,) & (4-5)

where pH is the pH of the intemal electrolyte sclution and Pcg, the partial pressure of
CQa.

The electrode vsing the pH-ISFET instead of the glass electrode functions on the
same chemical mechanism hence the same sensitivity S as that given by equation (4-53)
acts on the sensor. The pH value of the internal electrolyte solution is measured by the
pH-ISFET. The pH sensitive mechanism of the pH-ISFET is based on the surface
reaction which gives rise to the surface potential g as given by [10]:

B 2.303kT
‘PO = ‘B‘_’__]’ qQ (Pszc-PH) (4'6)

where pHpqc 15 the pH at the point of zero charge, B is a dimensionless pH sensitivity
parameter, q is unit charge, k is the Boltzmann constant and T is the absolute temperature.
The voltage response to the CO2 concentration is obtained by combining equations (4-6)
and (4-5):

B 2.303kT
Yo = B+ q (PHpzc + log(Pcay)) -7

Therefore based on the Severinghaus principle and the function of the ISFET, the
characteristics of the CO; sensor can be derived in CO» sensitivity, drift behavior and time

response and temperature sensitivity.

COy sensitivity

According 10 the equations (4-7) and (4-5), the CO; sensitivity of the sensor is

derived as:
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rﬁ——av e kT B
{ 10.%(13(202))1"*1 o (alog(PCO2)}I‘,t =-2.303 q B+l (4-8)

The sensor has the same sensitivity for log(PCO7) as the pH-1SFET for pH with the
opposite sign.

Drift behavior and

‘When the chemical equilibrium is considered stable, the drift behavior of the sensor
is dependent on the ISFET and refercnce electrode which is caused by the aging of the
Ag/AgCl wire in the electrotyte solution. Since the drift of the reference electrode is very
small, the corresponding drift behavior of the CO; sensor is similar to the drift of the
ISFET at equilibrinm.

Another time characteristic which is important for the CQO2 sensor is the response
time. It depends on several parameters such as the membrane material and the membrane
thickness, the thickness of the electrolyte film at the pH electrode i.e. the gap, and the
concentrations of CO3 and of the HCO3" in the inner electrolyte.

In a theoretcal treatment by Ross et al. [11} it is considered that the transport of a
gas across the gas permeable membrane to achieve an equilibrinm partial pressure of the
gas on each side of thc membrane, is the rate limiting step. The equilibrinm of the COz
concentrations on both sides of the membrane are illnstrated in Figure 4-2.

Gas permeable Internal
sample membrane ‘ electrolyte
C2 N ] C2
AC —1e— C
C, ----l-- -1 G
d m 7 -

Figure 4-2. Steady state mode! for electrode response.
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The electrode response time can be described by the following equation:

=dmyy, 9y AC .
t= G0+ s Ying ) (4-9)

where 1 denotes the elccnoiytc film thickness, m is the membrane thickness, D is the
diffusion coefficient of the COy throngh the membrane, k is the partition coefficient of
CO3 between the aqueous solution and the membrane material, Cz is the final
concentration of CQO21in the sample solution. AC is the difference of the initial and final
CO» concentrations in the sample solution, Cp is the sum of the concentrations of all the
other forms (i.e. HC03',C03'2) in the inner electrolyte film, C concentration of H2CO3 in
the inner electrolyte film and € is defined as the fractional approach 1o equilibrium
calculated by:

€= |%—;Q| (4-10)

For analytical purposes it is generally most convenient to speak of tg.o; as the ime
required to reach 99% of the equilibrium, where € = 0.01. In practice %ECE is considered in

two simple cases [11]:
dC
(@) F2 «1

{b) the range Cz - Cj is sufficiently small so that %(_:Cﬁ can be considered constant,

where C is the initial concentraton of COy in the sample solution.

From equation (4-12) we can find that the time respouse depends on the direction of
the concentration change. Going from a low to high concentration the time response
which is nearly independent of the magniwde of the concentration change is shorter than
that of the reverse process where the time response varies with the ratio % . The model as

described by equation (4-9) predicts the effecis of geometry, (I-m); membrane
characteristics, (D-k); electrolyte composition, -d—ccﬁ ; experimental conditions, %—(2:, on the

time response of the electrode.

Temperature sensitivity

The total remperature effect on the CO2 sensor is composed of effects of the
reference electrode, the chemical equilibrium, surface potentral caused by interaction in
the interface betwecn the electrolyte sclution and the sensitive layer, and the solid state
part of the ISFET. If the effects of the solid state and interaction in the interface are only
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taken into account, the temperature sensitivity is equal to the temperature sensitivity of the
pH-ISFET. An important part of the temperature sensitivity is due to the Ag/AgCl wire
reference electrode, in the inner electrolyte solution with a concentration of NaCl of 11
mmol/kg. It has a high temperature sensitivity. In this case the temperature sensitivity of

the sensor is given by:

MOST

v BVT OEs 0%, IpLb
) - YT e os @
“3‘«1‘\6 Tog(Pcoj)t oT 9T T aT pﬁ W CoTo VD

However the temperature coefficient of the chemical equilibrium which contains the
change of CQy solubility, chemical equilibrium between the CO7 and the electrolyte
solution and effects on the permeable membrane [12] changes the surface potential, so that
the Q%Q of the CO2 sensor is different from that of the individual ISFET.

4.4 Experimental

The basic structure of the device is illustrated in Figure 4-3. A pH-ISFET and a
temperature sensitive diode are integrated on the same chip with back-side contacts, A
detailed description of the fabrication process can be found elsewhere [7,13,15]. The
dimensions of the final chip are 1.5 mm *1.5 mm,

Only three contact wires are needed (drain, source/substrate/diode and diode},
which can be glued directly into the back-side contact holes. Two plastic tubes are now
used for the final assembly. The first one, with the same intemal diameter as the chip,
contains in the tip, the chip encapsulated with epoxy, with its surface aligned to the end of
the tube. A Ag/AgCl wire passes through the wall of this tube. Figure 4-4 shows a piciure
of the ISFET with reference elecrode (A g/AgCl wire) afier encapsulations.

The second tube into which the small tube with the ISFET and A g/AgCl wire can be
placed with the internal elecirolyte solution has a larger diameter. On top of this second
tube, a gas permeable membrane is solvent cast. The membrane material is a block
copolymer of dimethylsiloxane and bisphenol-A-carbonate (Petrarch Systems Inc.). The
active surface of the ISFET is placed as close as possible to this membrane. Finally the
device is filled up with the internal electrolyte solution. The CO; sensor is shown in
Figure 4-3.

The ISFET was operated in the constant current mode, at a drain current (Ip) of 100
MA and a drain-source voltage (Vps) of 0.5 V. The temperature sensitive diode was
operated with a current of 100 pA.
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The drift behavior of the ISFETs and Ag/AgCl reference electrode was measured in
the inner electrolyte solution (545216 Electolyte solution, RADIOMETER) against a
Ag/AgCl double junction reference electrode. The pH sensitivity of the ISFET was tested
by adding acid or base to a HCl-tris solution. A glass electrode was used as reference
systemn.

) inner
chip electrolyre

'

AP AL S A A
i A

Temp.
sensor

pH-1SFET

reference
elecrode

gas pemcable Ag/AgCl plastic
membrane tube

Figure 4-3. The CO7 sensor using a pH-ISFET as a sensing element.

The COy sensitivity S of the whole CO2 sensor was measured using a pH 4 buffer
solution through which gas mixtres with different concentrations of CO9 (2%, 10% and
20%) were bubbled. By transferring the sensor to different concenirations the response
time of the sensor was tested. The temperature sensitivity of the sensor was measured and
the temperatore response time of the sensor was determined using the temperature
sensitive diode. The sensors were tested several times and stored dry at room temperature
between measurements.

The temperature effect on the AgfAgCl wire which was the reference electrode of the
CQy sensor was tested in the inver electrolyte solution of the sensor with a temperature
range from 10 °C to 35 °C. It was determined by using the porential measurements
between Ag/AgCl wires and a glass electrode. In order 1o avoid the effect of the
temperature on the glass electrode, two glass cells were vsed. The glass electrode was
kept in one cell with the electrolyte solution at a constant temperature as well as constant
pH and the Ag/AgCl wires was put iv another measuring cell where the temperature was
changed. In order to connect these two cells, a liquid bridge was made with a U glass
tube fillcd up with electrolyte solution and the ends of the mbe were blocked up with
cotton plugs. When the ends of the mbe were put in these cells, a Iiquid junction of the
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¢lectrolyte solntion from one cell to the other was formed. This measuring system is
shown in Figure 4-6.

Voltage meter
Ag/AgCl wire ? (IP galss electrode
C A A A A A e A
3P s e s
//
T4
252 liguid bridge

NNENAS
NN NN

clectrolyte solution
for CO> sensor

ANANNNNNY
NN ENNNY

1

L]

)
RS, TR

[

temperature changed constant temperature
from 10 to 30 °C of 20 °C

Figure 6. Experimental set-up for the measurement of temperature effects of
the Ag/iAgCl wire electrode.

4.5 Resulis and discussion

The Figure 4-7 shows the pH sensitivity of the ISFET and Pco, sensitivity (nsing
the same ISFET as the pH sensing element) of the CO7 sensor. They have a sensitivity of
about 58 mV/pH for the 1SFET and - 56 mV/decade for CO2 measurement at 25 °C.
These results are in agreement with equation (4-8), the sensitivity of the pH is equal to
log(Pcoa).

The drift of the sensor is less than 0.23 mV/h (the pH-ISFET < 0.2 mV/h and the
Ag/AgClreference elecirode < 0.03 mV/h) and reproducible.

A fast equilibrium response time is critical for a CO; electrode used for continuous
measurement. Experimentally, response times of less than 1 min (90%) were obtained
when going from 20% to 10% CO» with the membrane made of the block copolymer. The
response of the COz sensor npon fast changes of COz is shown in figure 4-8.

The gap between the active surface of the ISFET and gas permeable membrane is
abont 100 pm and is dependent upon the handmade encapsulation of the chip. The
response time of the sensor is quite fast and comparable with other types of CO,
electrodes [5].
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Figure 4-7. The pH sensitivity of 58.2 mVIpH of the ISFET {0} and the
pCO2 sensitivity of -56.2 mVilog(Pco,) the COz sensor (x} with some

ISFET,

CO 3 concenmation
¢ A 2%
B: 0%
C.20%

I 10mv

—
1 min

Figure 4-8 Response time test of the CO; sensor.

In practice, the CO, concentration in the cell changes with temperatuze due 1o the
temperature dependence of the solubility of the CO5 in the sample solution, chemical
equilibrium and the effect on the membrane etc.. 1t resulis in changes of pH in the inner
electrolyte solution. The measurements of the temperature seunsitivity of the CO7 sensor
include all of these changes as well as the temperature coefficient of the pH-ISFET (ihe
pH temperature dependence is not taken into account) and reference electrode (Ag/AgCl
wire). Figure 4-9 shows the comparison of the temperature sensitivity of the pH-1SFET in
HCl-tris buffer solution and the CO5 sensor that "was measured in the pH 4 buffer
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solntion through which gas mixtores with 10% COa gas were bubbled. The same ISFET
was used in these measurements.

From this figare, we seen that the temperature sensitivities of the COz sensor and
pH-ISFET are much different. This difference is independent on the solid state part of
ISFET as the same ISFET was used.

130 160
- 5
f E)
120 F150 <
@
_ o
> 1 S
E P
O 1101 140 3
b . 5‘
100 v T T T - 130
0 10 20 30
T[°C]

Figore 4-9, Temperature sensitivity of -0.968 mVi°C for pH-ISFET (+) in the
HCl-tris buffer and of 1.055 mV/I°C for COp sensor (0} in 10% CQO2 with the
same ISFET os pH sensitive element.

In the measurements of the temperature sensitivity at different pH or pCO;, the
result of minimal influence on the temperature sensitivity in large steps of changes of pH
or CO; was obtained. Therefore we suppose that the pH value of the inner electrolyte
solotion, in the case that the 10% CO2 sample is measured, is equal to the pH value of the
HCl-tris boffer solntion at 25 °C for ISFET, because the ontputs of the ISFET in these
solutions are similar.

According to the same measuring mechanism of the pH temperature sensitivity of
the solution, the temperature sensitivity of this CO3 senser can be given by:

(9), = (5590, + TCE + 2ot (4-12)

TCE is the temperature coefficient of the chemical equilibrium of the CO; sensor.
Considering the results obtained with the ISFET and the CO9 sensor, the

temperature coefficient of the chemicat equilibrium (including effects on the solubility,

chemical reaction and permeable membrane etc.) can be calcnlated. The measured and
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calculated values of the temperaturc coefficients of each term for a CO, sensor and the
ISFET in the temperature range between 5 °C and 30 °C are listed in Table 4-1.

Table 4-1 The comparison of the temperature coefficient values for ISFET and CO;

sensor.
pH-ISFET HCl-tris CO; sensor  [10% COy inpH 4
—(?’g,irﬁ)sum 0968 mvrCT | S | 10samvrC!
g% 58.2mV/pH ! @?TZS_Q - 56.2 mV/pH !
%l (rofe. clec)|  0.013mVAC! | %R (Ag/AgCl) | 0.623mVrC!
ng_ﬁ - 0.027 pH/°C 1 (%G)mz 0.589 mV/°C 2
—‘)%g * % . 1‘.57 mv/pC 2 TCE™* -0.158 mV/°C2
('?}rﬁ)pn 0.589 mV/°C 2
aa,f,;’ln 0.01 mV/°CuA ! g;—ﬁ‘a’ll) 0.01 mV/°CuA !

** the temperature coefficient of the chemical equilibrium of the CO; sensor.
1. the measured value.
2.1he calculated valne.

In this temperature tange a temperature coefficient of 1.054 mV/°C on the CO2
sensor potential at 10 % COz in pH 4 buffer solution was obtained. When the temperature
dependence of the pH-ISFET, which is independent 10 pCOg, is removed, a temperature
sensitivity of 0.465 mV/°C was calculated, this includes the temperature effect on the
1eference electrode. This result is comparable to that of the temperature effect on the
potential of the pCO; electrode vsing the glass electrode as a pH sensitive element at 9.6
mol % CO; (factory premixed 10% gas mixture) in saline solution [12].

The temperature effect on the Ag/AgCl wires was found to be 0.623 + 0.063
mV/°C. This result and subsequent error limits refer to one standard deviation of the
staristical distribution of the measurements. Thus the temperature dependence of the
chemical equilibrium could be calculated as given in the Table 4-1. Our evaluation does
not allow an analysis of the individoal conribution of each of the factors effecting the

chemical equilibrium.
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The change in the CO4 sensitivity was 0.26 * 0.1 mV/log(Pco2)°C, equal 1o the
value given for similar pH-sensitive ISFETSs [14].

ln the Figore 4-10 the effect of fast temperature changes is shown. The sensor
needs abont three minutes 1o stabilize (terperature vs. time curve as measured with the
temperature sensitive dicde). The temperature off-set of Ve is also shown in this figure.
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Figure 4-10 (@) Temperature response time of the CO2 sensor. A=6°C and B = 21
°C. (b} Temperature changes of the whole sensor measured by the diode.

Comparing these two curves, it can be seen that the response time of the sensor to
the changing temperature is very fast in that it follows the sensor's temperature curve, i.e.
as the sensor's temperature increases the AVg curve increase almost immediately. It
indicates that the sensor has a very small heat capacity to be negligible between the
sensitive surface of the ISFET and the sample solution.

4.6 Conclusions

The application of a pH-ISFET with back-side contacts as part of 2 CO4 sensor has
resnlted in a sensor with good sensitivity. The very fast response time, to change in CO
concentration, and the smail stabilization time, with respect to fast changes of temperature,
result in a sensor which is capable of dealing with rapidiy changing circomstances. The
integration of the temperature sensitive diode enables the correction for the change in
sensitivity upon change in temperature and can aiso be used for the correction of

teraperature off-set.
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CHAPTER 5 A novel Method of pH Measurement Based on
Temperature Modulation on the ISFET

2.1 Abstract

One major problem of pH-ISFETs is the long term drift behavior, Here a novel
measurement technique will be presented, by which the pH response of the sensor signal
can be separated from solid-state effects which are responsible for the long term drift
behavior. In this technique, the temperature of the device is modulated at a frequency of
0.5 Hz with a typical amplitude of 1°C, A synchronous detection of the signal of the
ISFET gives directly the derivative of the ISFET response with respect to the temperature.
When the pH temperature dependence of the measured solution is taken into acconnt, a
surface sensitivity of 0.21mV/°C/pH is obtained, in good agreement with the expected
value of the surface investigated. The potential nse of this technique is restricted to
solutions with low pH sensitivity to the temperature. However this technique seems to be
very suitable for the characterization of the sensing surface of an ISFET. With this new
techrique, we were able to strongly reduce the influence of the long term drift.

2.2 Introduction

The problem of the long term drift of pH-ISFETs has prevented a large scale
commercialization of these devices. The progress achieved to solve the drift problem has
made possible the use of these sensors for recording relatively large changes of pH but
with a modest accuracy (typically in the range of a tenth of pH) as compared to their
potential sensitivity. However other applications, as for instance for pH blood
investigations, require a sensitivity over a small interval of pH. Unfortunately, the drift
problem has severely limited the possibility to use these sensors. A Iot of research has
addressed this basic question, and partial solutions were proposed to attenuate the effect
of the drift. It is generally admitted that this drift has a solid state origin located within the
sensing layer in the case of alumina pH-ISFETs [1,2,3], a conclusion supported by the
absence of any modification of the surface sensitivity of the sensing layer [4]. The slow
drift of the ISFET response as function of time is explained on the basis of an additional
small polarizability of the sensing layers. This additionzl polarizability has very large
relaxation times. Ong possibility to atienuate the drift is to apply a square shaped voliage
across the gate insulator of the ISFET [1]. Therefore the internal electric field is
altematively switched from zero to a fixed value with an expected reduction of the drift
proportional to the time ratio of this square signal. Another possibility to attennate the drift
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Is to use an ac modulation technique with a frequency of the sinuous signal larger than the
cut-off frequency of the polarizability. 1t gives the opportunity to separate the drift
contribution from the pH response of the ISFET. An optimal solution is found if the ac
signal is generated either by the quantity to be measured, i.e. pH of the soluton or by the
measurement mechanism, i.e. the sensitivity of the sensing layer. Since it would be
difficult to change quickly and in a reproducible way the pH of the sclution we have
investigated the possibility to change the sensitivity of the sensing layer by modulating its
temperature. In this contribution we present for the first time, experimental results carried
out with this so-called "Modulation Temperature Technique”. The pH sensitive of the
temperature modulation on the ISFET is based on that its temperature sensitivity is
changed by pH value of the solution. Its manifestation is that the amplitude of the ac
modulation signal is varied with pH.

Tem lat ing laver

Using the temperature and the pH characteristics of the 1SFET to determine the pH
of the electrolyte solution, a continuous modulation of the chip temperature is required.
This temperature modulation is realized with a heating resistor. An AC voltage signal at a
constant frequency and with a constant amplitude is applied to this resistor to achieve a
constant temperature modulation on the ISFET, and on the interface between the
clectrolyte solution and the sensitive layer of the ISFET. The measuring device is
composed of an ISFET, a heating resistor and a temperature sensing diode, as shown in
Figure 5-1.

THERMOMETER|——% \
(Diode) | ' Temp.

Thermal Link
ISFET Vg 1 Output Signal

-] i
(Rfa-ls?satt;;ce) o P(t) =R (1 sin (Zxft)) 2

T, T + AT, + AT,
Bath Temperature Sensor Temperature

Figure 5-1. Principle of the temperature oscillation of the ISFET.
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The device is held in a thermostated bath where the temperature is kept at a constant
value of 25 °C. In the heating process a thermal power P is consumed. This thermal
power is equal to the electric power provided to the resistor assuming no other sources of
power being dissipated. The heat transmission in the measuring chamber is illustrated in

Figure 5-1.
From conservation of the thermal energy, the thermal power transferred to the

system can be expressed by [8]:
p=c8likar (5-1)

where C is the heat capacity of the whole device, AT = T - T,, T temperature of the
device, T, the bath temperature, K the thermal link of the device. The power P is
modulated with the alternating potential on the heating resistor at the frequency wt. It is
czlcnlated by:

v v vl
PO =g sin? @i = 3R - 3R ©0S 20t = P - P2 (20) (5-2)

where R is the resistance of the heater, U, the amplitude of the alternating potential
applied to the resistor. The first term of the solution in equation (5-2) can be considered as
2
U
a mean power P| = -2-—;— which generates a temperatere offset ATpe over the bath
temperature T, on the device, such as:
dAT
Pl =C —d't'm +K ATDC (5-3)
The solution ATpe(t) that satisfies this differential equation is found:

ATp =2 (1 - o) (5-4)

This offset will be conswiant in the steady state when thermal equilibrivm in the
measuring cell is reached. The temperature offset is calcnlated taking the limit t § co:

U2
ATpe =k = 2= 5-5
DC=K = 3RK (5-3)
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This equation shows that the temperature offset ATp depends on the amplitude of
the alternating potential realized on the resistor in order to obtain the expected temperature

modulation of the ISFET.
The second part of the power transmitted to the system P, is modunlated at twice the

frequency of the AC voltage-with an amplitnde P;. A synchronous detection of the
temperature called AT 5¢ will be produced based on mean temperatnre T of the device.
Substituting P into equation (5-1), this temperature modulation AT 4 - can be calcnlated

by:

A
Py=P)cos2ut=C & ;;A )1 K ATxac (5-6)

Solving this equation, a common solution for AT s¢ is obtained:

P .
ATar= (2oCsin(2wt) + Kcos(2awt)) + Ae-KVC (5-7)
ACT (462C24K2)
Considering that the measurement is performed in a steady state, Ae"KVC becomes
zero. We introduce:

206
1ge=—% : 5-8)

Substitnting equztions (5-8) into equation (5-7), it can be written as:

ATpc = \l-—Pl__—_(cos(th - o) (5-9)
42C24+K2

where @ is the phase shift between the ac response of the ISFET and the ac power.

In this equation C and K are constant, the AT, amplitude S W is
proportional to Py and inversely propertional to the frequency . If the potential is limited
by the voltage sonrce, the frequency of the potential shonld be low to obtain enough
signal amplitude. Another restriction on the potential is that it will increase ATp which is
not desirable. This relationship between amplitnde of AT z¢ and offset of ATy can be
obtained from equation (5-5) and (5-9) and shown as:

AT =—2TDC (5-10)

V402CUK241
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From this equation we can see that when @ « K/C, the amplitude of AT o is similar to the
ATy This condition implies a small heat conduction relative to the heat capacity.

5471 . hani
a) pH and temperature sensitivity

When the ISFET nsing alumina as the pH layer is operated at a constant current
mode with a constant drain to source voltage Vp, the reference electrode (gate) to the
source voltage V¢ is nsed as the measurement signal of the 1SFET. In the linear operation
range Vg is given by [5]:

- Ipk__ Lo Qs Qe 1
VG_uRWCOVD+E,.=f-‘i‘o+x-q¢s,-CO +2‘i‘B-C0+§VD (5-11)
where [y denotes the clectron mobility, W the channel width, L the channel length, C, the
insulator capacitance per unit area, Ip the drain-sonrce current, Eef denotes the reference
eiectrode potential relative to vacuum, ¥y the potential difference between the insnlator
surface and the bulk of the solution (surface potential), ¥ the sprface dipole potential at the

insulator/solution interface, ql ®g; the silicon work function, Qg the charge inside the

insvlator, Qg is the charge per unit area in the silicon snrface at inversion and Wg the
Fermi potential difference ‘between doped and undoped silicon. The pH-sensitivity
mechanism of an ISFET is based on a surface reaction. The surface poential modulated
by pH of the clectrolyte solution at the insnlator-electrolyte interface, induces a pH
sensitivity of the 1SFET. The surface potential W is expressed by [4]:

8 2.303kT
"Po = m—-l- ——""'_q (pszc-pH) (5'12)

where B is a dimensionless sensitivity parameter, k is the Boltzmann constant, T is the
absolute temperature and pHpg, is the pH at point of zero charge of the oxide material.
From equations (5-11) and (5-12) the pH sensitivity S can be derived as:

Vo 8 KT _aV
S = - 55 = 2303 BTli_zéﬁiQ (5-13)

The AC surface potential indu'ccd by the temperature modulation ATa¢ and the
temperature dependence of the surface potential ¥, are given by:

o¥
(57 )p ATAC and
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a¥ k H
CoT Jpm = 2303 q B+1 (g B(B+1) ?f )(Pszc'pH) + TQ%T”Z&] (5-14)

The term ?ﬁﬁ is expressed by [5]:

o8 B ,AHaz-AHy, 29)

drf — T\ 2RT (5-15)

where AHy; and AHy, are the enthalpy changes for the surface proton dissociation

reactions (6] and R is the molar gas constant,

However the whaole change of the surface potential includes also the change of the
pH with the emperature i.e. Wo= Wo( T,pH(T)). Assuming that the temperature of the
solution at the interface and of the sensing layer are the same, we can apply the following
correction to get the true pH sensitivity of the temperature modulation sensing layer.

d¥ _ ¥, b
T = Gm+ 3—03 (5-16)

As a consequence, a low temperature dependence of the solution pH is required in
order to avoid an important correction to obtain the pH sensitivity of the layer.

The pH sensitivity of the AC surface potential induced by the temperature
modulation AT s is derived by:

2
2%, T BB) (5-17)

opH = % 303 § q 13+1 (gamyor

For large B parameters (Nernstian limit) the sensitivity at 300 °K is 199 pV/(K pH)
whereas for a real surface the deviation from the Nernstian behavior allows to determine
B.

In practice, Vg is measurement parameter. Using equation (5-11), the temperature
derivative of Vg can be expressed as:

QYWG"%;TQ’“%” (5-18)

I
where VSI(T) ZTB C !-1 WDCLOV ZVD+X d)Sl %§

V(T) is a temperature dependent solid state contribution of the ISFET. According
10 equation (5-16}, the output signal can be expressed as:
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Since the MAOSFET (Metal Alumina Oxide Semiconductor Field Effect Transistor)
has a similar temperatore dependence in the salid state part as the ISFET when they are
fabricated on one wafer, the MAOSFET can be nsed to compensate for the temperature
effect of the solid state part of the ISFET. The temperature sensitivity of the surface
' potential can be thus obtained [3]:

dAV a¥, ¥
G0 = - G 5o (5-20)

b) time behaviour

With normal measurement techniques, the pH measurement with the ISFET drifts
with exposure time. This base-line drift of the ISFET is mainly determined by the solid
state part of the sensor [1,2,3]. The drift phenomenon in alumina ISFETs, which is
attributed to solid state bulk polarization of the alumina layer, was found by
measurements on the MAOS capacitors. Therefore Eppf, Wq and y in eqoation (5-11) can
be considered to be independent of the exposure time. In the first hours of exposure to the
solution the empirical law [1] for the bulk polarization is expressed as:

%a (t>0) = x5 (T) ln(—t‘;+ 1 (5-21)

where ¥, is bulk polarizability of the alumina, the value of ty is determined by the
experimental procedure. A relation between the bulk polarizability ' (T) and temperature

T can be expressed as:
X'a (T) = xo e VKT (5-22)

where Uy is an activation energy. The temperature dependence of the bulk polarizability is
derived from eqnation (5-22):

%Txa X'a(T) ﬁm(— +1) (5-23)

Such a bulk polarization is equivalent to a surface charge at the alumina-oxide
interface that is included in the charge Qs inside the insulator:

Qss=Qox + €0 Xa Ea (5-24)
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where g4 is the permittivity of free space and E; is the electric field in the alumina layer.
Therefore the charge inside the insuolator contributes to the time dependence of the V.
The base-line drift of the ISFET can therefore be derived as:

oV 1

When the ISFET is modulated by the-temperature variation doring pH
measurement, the output signal is also dependent on the cxposure time. Based on
equation (5-25) the derivation of the time dependence of Vg as function of the temperature
modulation can be obtained by:

2 :
= Qs +-é—2 %o g (5-26)
0

In this equation the temperature dependence of the insulator capacitance per unit area
Co can be derived by :

2 120
WC" (E°") e (5-27)
where oy is the permittivity of oxides (silicon dioxide and alumina) and d is the the gate
oxide thickness. Note the thermal expansion effects in oxides are considered to be
negligible. Since the permittivity £oy is related to the total bulk polarization oy of the
oxide by the relation: €0y = €g)ox - €. We can have:

dox
—a—ae‘“ g0 A2 (5-28)

where & is the dielectric constant. According to a previous study on the MOSFET
the capacitance per unit area for silicon dioxide is independent on temperature [14]. This
ternperature effect acts only on the alumina layer for ISFET.

According to equations (5-21) and (5-23), the terms %tﬁ and ﬁ%s;s of equation
(5-26) are derived as:

W 3¢ E, = coarts M (5-29)

%2%& Eg s (T) 22 L. (5-30
¢ —Eo aXal )k.IQ Ty -30)
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With an alternating thermal excitation the drift effect of the bulk polarization is
frequency dependent as a function of the relaxation time. In a generalized model, Debye
equations as well as the plotted results [13] give the relation between relaxation time and
permitiivity which affect on the polarization. For the attempted mechanism of bulk
polarization the distribution of the relaxation times has to show a maximum for one typical
frequency. Therefore at a frequency which is low enough or high enough, the bulk
polarization could be independent of drift. In the simple model nsed in equations (5-26),
the time constant t, can be interpreted as the inverse of a cut-off frequency f. Equation

(5-26) reduces to:

PVg o Yoexp(UakT)(1 1 ode U fo
o =B t—g, (c_oa I ﬁ} T+fgr 3D

With a phase sensitive detection of the thermal excitation, the drift contribution
reduces to:

1

Yo exp(-UgkT) (1
kT2

de U -1,
T —&](1 +fot) 7 ATac
(5-32)

This equation is dependent on the excitation frequency f. If measurements are done
above this cut-off frequency, the drift contribution of Vg will be reduced at least by the

f,
function _fO_ .

1.3 Experimental

Combined sensors are obtained with a pH-ISFET, a temperature sensing diode and
a heater. In order to simplify the fabrication process and to use existing chips, an ISFET,
a heating resistor and a diode are fabricated on individual silicon chips. The pH-ISFETSs
with an alumina pH sensitive layer are fabricated using a standard process [9]. A resistor
of 1.5 k€ is nsed as the heater. A diffused junction diode is used as a temperature sensing
element. The ISFET and the temperature sensing diode were glued on to the heating
resistor chip with epoxy. The whole device was bonded and encapsulated on a suppon
with epoxy, only the sensitive part of the ISFET was exposed to the test solution. The
temperature on the ISFET and the diode is considered to be equal.

The ISFET was operated in the constant current mode with a constant drain-source
voltage, using a special amplifier system. The voltage (Vg) between the reference
electrode and the source was used as an output pararneter. A function generator supplied a
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signal to the heating resisior with an alternating potential (amplitnde 0-30 V) and a
synchronous signal for the reference channel of the lock-in amplifier. Thus the signal of
the ISFET was modnlated by the temperature variation introdnced by the heating resistor
and detected by 2 lock-in amplifier. The recorded output of the lock-in amplifier is
proportional to the temperature sensitivity of the gate to source voltage dVg/dT. The
amplitude of the temperature modnlation was controlled at about 1 °C by adjusting the
voltage on the heater, and was measnred by the temperature sensing diode. However,
lowering the frequency of excitation and detecting synchroncusly the temperature
modulatien of the ISFET signal Vg at twice the frequency poses some instrumentational
probltems. This lower limit depends on the limits of the lock-in amplifier nsed for the
signal detection. Therefore a frequency of 0.25 Hz for the heating potential has been
chosen. The output voltage of Vg with a frequency of (.5 Hz was measured by a lock-in
amplifier at its lower limit. The amplitnde of the altemating temperature variation was
adjusted at about 1 *C.

When the heat resistor was connected to the voltage sonrce, the temperature ATpe
stabilized in 3 minutes. The temperature offset ATp is about 3.3°C. Since the elements
of the device were fabricated on individual chips, the size of the device and the response
time of heat were limited. If an integrated chip was made, the device could be operated at
a condition with higher frequency due to the short heat response time and decreased
thermal losses. The measuring technigue would be easier.

Current source Funcion Lock-in Amplifier |
o Generator o —O channel A
? ? . ©Q channel B
{ refomee signal
| heater
thermometer '
tass electrode diode output
reference electrode ISFET and reference electrode
6 o et 1| ez ISFET amplifier
oy (oo | v | 52 Z|Eas
PH meier AL ¢ 9
J | S

Fignre 5-2. The setting of the measuring system.

The signal of the diode was detected by the same lock-in amplifier. All cutput
signals, i.e. from the 1SFET amplifier, the voltage of the diode and from the lock-in
amplifier were recorded.
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Standard pH buffer solutions (MERCK) from pH 2 to pH 9 and a HCI-Tris bnffer
solution (pH 7.6) were used. The pH values of the HCI-Tris solutions were changed by
adding HC] and NaOH. The pH values of the solutions were measured in function of bath
temperature by an independent pH meter with a glass electrode (Metrohm) and a separate
double-junction reference electrode (Metrohm). The glass electrode and reference
electrode were recalibrated with MERCK buffers solutions over the whole measnrement
temperature range. Figure 5-2 shows a diagram of the whole measnring system.

5.6 Results and Discussi

The temperature sensitive diodes were tested in the temperature range from 10 °C 1o
30 °C. They had a sensitivity of 2.3 mV/°C when operased at a current of 100 pA . In the
measuring system the ISFET response with respect to the temperature modnlation at g
frequency of 0.5 Hz with a typical amplitude of 1 °C was observed at different pH values.
Since the amplitude of the temperature modulation is quite small and the reference
electrode was located far away from the device, the temperature of the reference electrode
can be considered as to be independent of the temperature modulation.

A more important and interesting result is the long term drift measnrement, This
measurement was performed in the first hours where the ISFETSs usuvally show the largest
drift. Figure 5-3 shows the resulting curves incloding the signal of the ISFET with the
variations made by the heater and the signal measured by a lock-in amplifier on the
alternating signal of V.

During the measnrement the mean temperature of the device was very stable. The
amplimde of the temperature modnlation was about 1 °C with a frequency of 0.5 Hz, This
figure shows a baseline drift rate of the ISFET is more than 1.2 mV/hr, The synchronous
detection of the alternating signal of Vi is constant with time. This resnit presents the drift
term expressed in equation (5-26). According to egnations (5-27) and {5-28) the drift
terms in this equation are dependent on the bulk polarization of the alnmina. Since the
ISFET is operated in an alternating temperature excitation, during measnrements the bulk
polarization can not follow the temperature modulation at the applied frequency. An
explanation for this is that the valve tp measnred by previons studies [1,2,11,12] at room
temperature ranges from 15 seconds to several minntes. The corresponding relaxation
time is much greater than t,. Comparing the curves of Debye equations the time
dependence of the permittivity of alumina is so small as to be negligible in this measoring
condition. And the valne of the temperature dependence of the insulator capacitance per
unit area Cy ts very small at room temperature. The drift with terperature modulation can
be considered to be undetectable. The resnlt of equation (5-32) is therefore in good
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agreement with a detected drift equal to zero according to the function of the lock-in

amplifier.

AVgs[mV] ApH
14 0.140
12 ' 0.105
§ 0.070
4 0.035
Q 0

0 1 Time [hours] 2
0Y)
AVgyr V] (RMS) ApH
7 0.035
0 0
0 1  Time [hours] 2
2)

Figure 5-3. Comparison of the long-term drift between (1) the normal drift of
the ISFET with the alternating variation caused by temperature change of 1
°C with a frequency of 0.5 Hz, (2) the drift of the alternating signal measured
by a lock-in amplifier .
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Table 5-1. Overview of the results in two buffer solution. The
temperature sensitivity of an IGFET i5 -1.455 mV/°C.

pH  dVG/dTm| 3pHAT |S*apHAT| aVGAT | -0%oeT
25°C)! [mvrey1| GHPO) 1 |mvreo) 2 | mvrc) 2| mvrc)?

Device No.? in HC)-Tris buffer. S = 57.0 mV/pH } a1 25°C

7.092 -1.470 | -0.02711 | -1.545 0.075 1.530

7.405 -1.422 | -0.02732 | -1.557 0.135 1.590

8.177 -1.337 | -0.02821 | -1.608 0.271 1,726

9.105 -1.070 | -0.02757 | -1.571 0.501 1.956

Device No.7 in Merck buffer. § = 56.7 mV/pH 1 at 25°C

2.008 -0.957 | 0.00276 | 0.156 -1.113 0.342

2.992 -0.986 | 0.00042 | 0.023 -1.009 0.446

4.007 -0.819 { 0.00090 | 0.051 -0.870 0.585
5.064 -0.621 | 0.00000 | 0.000 -0.621 0.834
6.082 -0.371 | 0.00112 | 0.063 -0.435 1.020

7.034 -0.364 | -0.00498 | -0.283 -0.081 1.374

8.934 -0.288 | -0.00850 | -0.482 0.195 1.650

Device No.10.1 in Merck buffer. § = 56 mV/pH ! at 25°C
4.007 -3.619 0.00090 | 0.045 -0.664 0.791
6.082 -0.257 0.00112 | 0.056 -0.313 1.142

7.034 -0.228 | -0.00498 | -0.250 0.022 1.477

8.934 -0.126 | -0.00850( -0.427 0.301 1.756
S is the pH sensitivity.

1. measured.

2. calculated.

The ISFETs had a normal pH sensitivity of 56.7 mV/pH measured in standard pH
buffer sclution (MERCK) and of 57.0 mV/pH measured in HCI-Tiis buffer solution from
pH 2 to pH 9 at 25 °C with standard method.
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According to equation (5-20), results of the AC temperature dependence of the
surface patential were obtained by that the AC signals of the ISFET were compensated for
the temperature dependence of the IGFET. In order to calculate the difference of the
temperature dependences of the 1ISFETs and of the 1GFETS, the temperature dependence
of IGFETs was measured. As a result, a mean value of dVg/aT = -1.455 mV/°C was
observed in a temperature range from 10 °C to 30 °C for the IGFETs fabricated on the
same wafer as ISFETs. The results in terms of equation {5-19) and (5-20) were measured
in different pH values of the HCI-Tris buffer solution and the pH standard buffer
solutions of MERCK and calculated, as shown in Table 5-1.

Using these results the pH dependence of the B_\% was plotted in Figure 5-4.

From these results we obtain:

2
- % = E’TZ‘;H = 0.204 £ 0.081 mV/(°C-pH) (5-33)

(=av, 19Ty
(mVFrC)

2+ o

PH of solutions

Figure 5-4. The pH dependence of the temperaiure derivative of the surface
potential ar 25°C, (o) ISFET No.7 in HCI-Tris buffer solution, sensitivity
0.210 mVI(°CpH), (*) ISFET No.7 in MERCK buffer solution, sensitivity
0.201 mVI({°CpH), and (+) ISFET No. 10 in MERCK buffer solution,
sensitivity 0202 mVi(°CpH).

According to equation (5-19), the drain current Ip can shift the temperature
dependence of the 1SFET, but can't change its sensitivity. The same measurement with a
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different drain current Ip was performed in two different electrolyte solutions. We found
that the current Ip made an offset of Q%Q at different pH, but that the slope was always

the same.
As a theory of the temperature dependent pH sensitivity of the ISFET shows the

same result as the pH sensitivity of the temperature dependent Vg, as expressed by:
a B‘Po T
) = 2.303 & qB+l (zmﬁ) (5-34)

the measurement of the temperature dependent pH sensitivity can be used to calibrate our
tesults. Based on this theory, the pH sensitivities at different temperatures were measured
and the resnlts are shown in Figure 5-5. The slope of the line passing throngh these

2
points, which expresses the term gﬁ, ts - 0.20 mV/pH°C. It corresponds to the result

32V, 02%¥, .

3—.1:5% as well as - JTopH: Therefore we prove experimentally that the temperature
dependence of the ISFETS is sensitive to the pH of the solution. This sensitvity can be
determined when a correction for the pH temperature dependence of the measured
solution is made.

59
58 1
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- )
& 561
o
o r
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54 T T v r v
10 20 30 40
Temperature °C
Figure 5-5. The temperaiure dependence of the pH sensitivity for an ISFET.
The slape is 02 mVIpH°C.

The results shown in Figure (5-4) are in good agreement with the expected value for
the alumina surface. The calculation using equations (5-14) and (5-15) with one of these
results: B = 27.08 corresponding to a pH sensitivity of 57.0 mV/pH observed in HCI-Tris
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buffer solution and the surface sensitivity of 0.210 mV/(pH°C), shows a resnlts of the
entropy charge AHgo-AHg = 7.6 RT. This result is similar to a previously investigated

result AHap-AH, = (7.8 + L.4)RT [3,7]. However, the sun of the enthalpy charges
AHg2+AHy; conld not be calculated, due to errors of offset of these measurements.

nclusion

When the pH temperature dependence of the measured solution is taken into
account, a surface sensitivity of about 0.21 mV/°C/pH was obtained. It is concluded that
pH of the solution can be mezsured with this new method. This valne is comparable with
the resnlts measured by the normal method [3,7] and corresponds with the calculated
value. Using the new method, the influence of long term drift can be strongly reduced.
This new technique seemns to be very snitable for characterization of the sensing surface of
an ISFET and application to studies on the surface ionization enthalpies of materials.
However, the measurements shonld be done in solutions with a constant mean
temperature.

The pH temperature dependences are specific for each solution, the measurements
in the HC)-Tris buffer solution and Merck standard buffer solntions. But similar values of
pH sensitivity were obtained after compeusation for the term %’P%‘I. Two suitable

applications are: a) measurements preformed in a small range of the pH, where the pH
temperature dependences can be considered as to be linear; b) where the sample has a well
known temperature dependence for the pH. For example in the pH measurement of blood
it is guite important for the biomedical applications. The relationship between pH of the
blood and temperature is given by [9):-

PH(T) = pH(To) + (T-To) * (a (b -pH(To)) - <) (5-35)

where To =37 °C, a = 0.0065, b= 7.4 and ¢ = 0.0146.

Using this equation we can easily calculate the temperature sensitivity of the blood
pH. Therefore nsing this method to measure pH of the blood the errors made by the drift
of the ISFET can be avoided and recalibrations during measurement are not needed.
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CHAPTER 6 Reduction of the Drift Rate of the pH-ISFET with
Al203 as a pH Sensitive Material

6.1 Abstract

In this chapter the reduction of the drift rate which is a major problem of pH-
ISFETs, is discussed for the pH-ISFET with alumina Al,O3 as the pH sensitive Jayer.
The assumption that the hydrogen in the alumina layer is responsible for the drift is
confirmed by drift measurements on the pH-1SFET and MAQSFET with an alumina layer
deposited in a low hydrogen content. From these measurements, we conclude thart a
reduction of the drift rate can be obtained by diffusion of aluminum atoms during the
anncaling procedure,

6 2 Introducti

The characteristics of the long term drift in pH measurement with ISFETS has been
mentioned in chapters 2, 3 and 4. This drift behavior influences the accuracy of the
measurement and impedes the application of ISFETS, especially in the biomedical field
where very high accuracy is needed and recalibrations have to be avoided. Over the past
years several materials as the pH sensitive layer on the ISFET have been investigated with
respect to their drift behavior, such as Si03, SisNg, AlpO3 and TayOs. The ISFET with
Al203 as a sensitive tayer shows a better stability than do the ISFET with 5i07 and SizNg
[1]. The drift rate of an ISFET with SigNg is about 0.6mV/h and with AlyO3 is about 0.3
mV/h after 10 hours of stabilization. The ISFET with Si0; was not stable at all. Matsuo ¢t
al. [2] compared Si09, Si3Na, AloO3 and TapOs materials where they found a drift rate of
1 mV/h for SizNg4, and a drift rate of 0.1 - 0.2 mV/h for Aly0O5 and TapOs5 after 1000 min
of operation at pH 7. This value corresponds to the result which was observed on the
ISFET with an Al203 layer in HCI-Tris buffer solution [3)]. Therefore, AloO3 and Ta205
are good materials to use as the pH sensitive layer for ISFETs, and the drift rate of the
ISFET with Al,03 is quite reproducible and independent of the fabrication and the
measuring technique.

In order to understand the drift behavior, the mechanism of the base-line drift has
been studied during the last several years. The drift behavior of the ISFET with S§i0; can
be explained by the theory of buried sites at the periphery of the electrolyte interface as far
as chemical drift is concerned [4].
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The drift of the ISFET with alumina as the pH sensitive layer is mainly cansed by
solid state effects that are present both on the 1SFET and on the MAQOSFET (metal
alumina silicondioxide semiconductor field effect transistor) structures. This has been
observed by a similar drift behavior for both ISFETs and MAOSFETs [5,6). Further
investigation of the MAOS structure which had been subjected to bias temperature time
stress experiments (BTTS), showed that the drift is attributable to a solid state bulk
polarization of the alumnina layer {3]. )

V' In asimilar study, charge injection in metal-Al;05-Si0;-silicon (MAOS) structures
was investigated by Balk and Stephany [7] using the capacitance-voltage technigue. They
found that the threshold voltage shifts with positive voltage are roughly logarithmic with
time. They claim that induced charge, trapped in the alumina layer cavses the drift.

Another similar study confirmed that the drift is a solid state effect and is localized
within the alumina layer by Dr. Amoux [6]. In this study the alumina layer was
investigated. The resalts show that this layer is poly-crystalline with a y-Al203 structure
and that the typical grain size is 30-50 vm. The y-structure of AlpO3 is formed by a face
centered cubic closed-packed lattice (spinel structure) of oxygen atoms, where aluminam
ions do not completely fill op all the interstitial spaces. The drift of the flatband voltage
was then interpreted as a diffusion of positive charges through the Al205 layer, According
to this theary the first assumption was that the hydrogen ions could be responsible for the
drift, becanse hydrogen was used during the fabrication process. It was concluded that
the drift is atxibuted to two components which are mainly the balk polarization due to H*
tons in the jnterstitial position of the y-Al20O4 structure and a small component may be due
to migration of the other charges along grain bonndaries.

A considerable amoaut of the research has been directed towards avalyzing the drift
problem of the alumina Jayer. A reduction of the drift rate of the ISFET with alumina was
reported for ISFETSs encapsnlated with glass by the anodic bonding method by Dr. van
den Viekkert [9]. A later study showed that this reduction was caused only by the high
ternperature treatment during the anodic bouding [10]. It was conclnded that the drift is
caused by a diffusion of the hydrogen along the grain boundaries. The annealing alters the
wap density.

Following these investigations, rednction of the drift with low hydrogen content
manufacturing process and annealing treatment has been studied. In this study two steps
were performed. In the first step a normal thickness (600 A) of alumina was used {11].
The alnmina layer was deposited with lower hydrogen concentration and the 1SFETS with
the gate area covered by aluminum during various annealing treatments were compared.
The results showed that the long term drift of the MAOSFETs with low Hj alumina was
evidently reduced, bat the drift reduction of the ISFETs with low Hy could be observed
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only after the anncaling treatment with the gate area covered by aluminium. It was
confirmed that the hydrogen ions are responsible for the drift of the MAQSFET. It was
concloded that the hydrogen ions could diffused or migrate along the grain boundaries of
the alumina layer and the anneal could be the remedy becanse the grain size is enlarged. It
was proposed to make the alumina layer thicker with lower hydrogen content, in order to
avoid the diffnsion or migration of the jons. In accordance with this theory the second
step with a thicker alumina and low hydrogen content was tried. The differences between
this study and studies of Dr. Arnoux and Dr. van den Vlekkert were that the drift of the
alumina layer with low hydrogen content was observed directly on the pH-ISFETs and
the MAOSFETS, and the effects of the different thicknesses of alumina layer and the
anneal with the gate area covered by aluminium at different temperature on the 1SFETs
were observed. We obtained that the drift of the ISFETSs could be reduced by decrease of
hydrogen content in the alumina with a diffusion of aluminum ions. The c¢ffects of this
diffnsion were filling np the interstitial spaces in alumina, increasing grain sides and
decreasing grain boundaries, and preventing the migration of H ions.

In this chapter, the method of differential measurements for reducing drift rates will
also be discnssed.

6.3 Experimental
The fabrication of ISFETs and MAOSFET: for comparison of the different Hp
concentration in the AlaO3 layer followed a standard procedure upto deposition of the

alumina layer [3]. The alumina layer was deposited in an APCVD reactor at 900 °C using
the AIBr; - Hy - NO system [8] with the following chemical reactions:

700
INO+2Hy & C Ny +2HyO (6-1)
2 AlBry + 3 H;0 ¢ ALO; + 6 HBr (6-2)

In order to verify the influence of hydrogen content with a thicker alumina layer on
the drift rate, an alumina layer with a thickness of 1000 A was deposited and the
hydrogen was varied according to the procedure described by Arnoux et al. [6,12]. The
propertics of the formed layers are summarized in table 6-1.

After deposition of the alumina layer, the contact windows for the source, the drain
and the substrate had been opened. Simultaneously, the aluminum contacts and several
ISFETs gates covered with aluminum, thereby forming the MAOSFETs distributed
dispersedly on the wafer, had been performed after the metallization. The last step on the
wafer is an anneal under nitrogen at 450 °C during 30 minutes to form low ohmic
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contacts. After dicing of the wafer some of the remaining MAOSFET chips had been
annealed at 400 °C for 10 minutes under ambient atmosphere [11]. These MAOSFET can
then be tested and transformed into ISFET by eiching the metal gate with a
phosphoric/acetic acid solution at 70 °C, the metal contacts should be protected during the
etching.

Table 6-1. Properties of the alumina layer [6].

‘High H2 content low H2 content
refractive index 1,75 1.75
growth rate (A/min) 61 42
pin-hole density (nb/cm?) 0.4 6.5
grain size .(nm) 50 35

The drift of the ISFETs and MAQOSFETs fabncated with low Hz and thicker Alz03
layer were measunred with a standard amplifier and the standard measuring conditions
[3,11]. The drift rates are counted after 5 hours of operation at the third exposure to the

solution .

ISFET

instrumentation
Vg1 amplifier

Channel 1

AVg

MAOSFET

,’I |:|‘ | Channel 2

Figure 6-1. Arrangement of the amplifier for the differential measurements.

Vg 2

The method using differential pairs reducing the drifi rate had been observed. The
FET pairs with normal thickness (600 A} and high hydrogen content of the alumina layer
were measured by a special amplifier which operates the 1SFET and MAQSFET at a
constant drain source voltage and a constant drain source carrent (Vp =0.5 Vand Ip =
100p.A) at 25 °C, in pH 7 buffer solution (MERCK). With this amplifter the drifts of Vg
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for individual MAOSFETs and ISFETs can be measured at the same time. The
arrangement of the measuring system is illustrated in figure 6-1.

6.4 Results

The long term drifts of an ISFET and of a MAQSFET as well as their differential
signals, which were measured at the same time, are shown in figure 6-2,

20

{a)

Vgoffset (mV)

' ' I r ’ . r .
0 5 10 15 20 25
Exposure time (hours)

Figure 6-2. The lang term drift af (a) an ISFET, (b} a MAOSFET and (c) the
differential measurement of this pair.

Table 6-2.The drift rate for ISFETs and MAOSFETs fabricated with low Ha
content after 5 hours af aperatian.

normal thickness of the alumina layer (600 A) [11]

ISFETs (n) MAQSFETs (n)

low Ha 0.28 [mV/h] (12) 0.03 [mV/h] (8)

low Hp + anneal 400 °C 0.15 [mV/h] (12)

thicker alumina layer (1000 A)
ISFETS (n) MAOSFET:S {n)
low Hj 0.25 [mV/h] (8) 0.03 [mV/h] (10)
low Hj + anneal 400 °C 0.08 [mV/h] (6) 0.05 [mV/h] (2)

{n) : number of the FETs measured.
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This result shows that long term drift is reduced with differential measurement. In
this measurement, we found that the drift rate of the ISFET is higher than that of the
MAQOSFET for the pairs when the same stabilization time is taken,

This difference in the drift rates between 1SFETs and MAQSFETS also appears in
other investigations. During stndies on reduction of the drift with low hydrogen content
and anneal treatment, the 1SFETs and MAOSFETs have different drift rates when ISFETs
and MAOSFETs are fabricated in an atmosphere of low hydrogen content. The results of
these studies are snmmarized in table 6-2,

6.5 Discussion

The results of the drift rates with only low hydrogen content show an anomalons
difference between the 1SFETS and the MAOSFETs. According to previons studies the
drift of the ISFETs is cansed by solid state effects [5,6], the drift behavior of MAQSFETs
is the same as for ISFETs. It can be expressed as [10,13]:

%%ﬁ _ 5‘2%% (6-3)

where Qg is the charge inside the insnlator and Cg is the insulator capacitance per unit
area. If the hydrogen content of the alumina only was considered to effect the drift rate,
the drift rates of the ISFET and MAOSFET should be similar when the hydrogen content
was reduced. Therefore a canse for this difference in drift rates originating in the
fabrication procedure has to be considered. It makes a difference of charges inside the
insulator between the ISFET and the MAOSFET.

Analyzing every step of the fabrication, a difference between the 1SFETSs and the
MAGQSFETs, which are only located in the gates, is found. Before metallization of the
gates for the MAOSFETs and contacts of devices, ISFETs and MAOSFETS are identical,
After aluminum etching the metal gates of the MAOSFET are formed. In order to obtain
good contact between aluminum and silicon, an anneal at 450 °C has to be carried out at
the end of the process. This high temperature treatment with and without aluminum gate
makes the only difference between the ISFETS and the MAOSFETSs. If we look throngh
the results during the rednction procedure, as shown in table 6-2 and combine all resnlts,
the very interesting phenomenon that the drift rate changes with Hy content and anneal
steps can be found (table 6-3).

From this table we find that when the hydrogen content is reduced and the normal
anneal is performed on MAOSFETs, their drift rate is decreased. This result corresponds
to drift measurements on the MAOS capacitor [6,12]. 1t confirms that the hydrogen in the
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alumina layer is mainly responsible for the drift of MAOSFETSs. However, the drift rate
of the modified ISFETs is still similar to that of normal 1SFETs when the hydrogen
content is low and a normal anneal is performed. Therefore, this difference of the dnft
rates between the 1SFET and the MAOSFET is assumed to be made by annealing with
aluminum over the gate. The resalts for the ISFET with an additional annealing at 400 °C
with the gate area covered by aluminum in table 6-3 confirms this assumption. This resnlt
explains that the low Ha content can rednce the drift rate only together with the 2luminym
anneal. The surface of the alumina layer is changed by this anneal.

Table 6-3. The drift rate changes with Hz content and anneal steps.

ISFETs MAGQSFETs
_high Hy normal anncal X
low Ha normal anneal
low Hy +anneal 400 °C 1

Legend:  x: normal drift rate (0.2- 0.3 mV/h).
d : drift rate is reduced.

Based on these results and previous studies, an explanation for drift phenomenaons
can be obtained. When the hydrogen content is reduced during the fabrication procedure
of the ISFET and the MAOSFET, drift cansed by bulk polarization due to hydrogen ions
in the interstitial position is reduced; however the grain size of the alumina is dependent
on the hydrogen content during deposition of the alumina layer, as explained by the
properties of alumina layer shown in table 6-1. Lowering hydrogen content resolts in
enlarged grain boundaries in the alumina layer. The drift by migration of other ions along
the grain boundaries becomes & major component of the drift now. Therefore the drift rate
of the ISFETs without annealing with the gate area covered by alnminam is not reduced.
When a normal anneal with aluminum gate is performed on the MAOSFET, the aluminum
atoms diffuse into the ainmina layer to change the morphology of the alomina grain, The
grain boundaries on the surface of the alumina are made narrow. Ion migration along the
grain boondaries is prevented, so that the drift rate of the MAOSFET with low hydrogen
content is reduced. The drift rate of the ISFETs on which an additional anneal with the
gate arca covered by aluminum is performed is also rednced.

1n addition, a test of the anneal with alumicum on the MAOSFETs and the ISFETs
with a high pH content in the AlpO3 layer was performed. It was found that the drift raies
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can not be reduced. From this result we conclude that the hydrogen content of the alumina
is the mainly influencing the drift, at high concentration of hydrogen. The drift rate for the
MAOSFETs and the ISFET can therefore not be much improved by an additional anneal
for diffusion of alnominum into the alumina layer,

The effcct of annealing the 1SFETs with a higher temperature (450 °C, 10 min)
{dal0, = 1000 A with low Hyp content) was also tested. The drift rate is higher than that
measured on normal 1SFETs. This phenomenon is probably caused by the remaining
aluominum ions in the alumina, due to deeper diffusion as a resule of the higher
temperature.

Thesc resnlts also show that the drift phenomena are cansed by the migration of
other ions along the grain boundaries localized in a thin layer near the alumina surface.
The changes in thickness of the alumina layer do not change the drift rate of the
MAOSFET and the ISFET.

nclusion

A rednction in the drift rate for the pH sensitive ISFETs with alumina as the pH
sensitive layer is realized by decreasing the Hy content during deposition of the Al,O3
layer, followed by an anneal with a layer of aluminum on top of the alumina. This study
confirms that the base-line drift of the alumina ISFET is mainly caused by solid state
effects of the alumina. It inclndes two components: (a) the hydrogen trapped in the
alumina with y-structure, where alnominnm ions do not completely fill up all the interstitial
space during the deposition process of Al2Q3 layer, and (b) the ion migration along the
grain boundaries which are localized near the surface of the alomina layer, The annealing
process plays a major role in the diffusion of aluminum.

It has been shown that differential measurement with an ISFET-MAOQOSFET pair can
reduce the drift rate in pH measurements with the pH-ISFETs.

Although the drift rate can be reduced by these methods, the drift effect sill remains
after 5 hours and a third exposure to the test solution. That is becanse the different ions
diffused into alumina during the fabrication process are polarized in a static electrical field
and the control of the ion diffusion is difficult. It still effects the stability of the ISFET.
Therefore the changing measurement method from static way to dynamic way, such as the
pH measurement method, based on AC temperature mednation of the ISFET, is a
possibility to eliminate the drift of the ISFET.
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CHAPTER 7 Distribution of AVT of Dual FETs in View of Thier
Application to Differential Measurements with ISFET-
MAOSFET Pairs

1.1 Abstract

A dual FET (ISFET-MAOSFET) using Al;04 on 8i0, as the gate insulator has
been fabricated. The influences of the interfaces between 8i0; and AlyO4, and between
Al;03 and the electrolyte solution on the uniformity of the Vy (threshold voltage) for
individual FETs and AV- (the difference of the V between two FETS of the pair) overa
wafer have been studied. The distributions of AV have shown comparable standard
deviations for MOSFET (metal silicon dioxide semiconductor field ¢ffect transistor) pairs
(31 mV), for the MAOSFET (metal alumina silicon dioxide semiconductor field effect
transistor) pairs (29 mV) and for the ISFET-MAOSFET pairs (29 mV). These results
have led to the conclusion that the packaging and the Aly04/5i0; and liquid/solid
interfaces do not change the uniformity of the threshold voltages.

1.2 Introduction

Since the first pH-ISFET was presented (1], many investigations on the pH
sensitivity, long-term drift and temperature response of the ISFETs have been carried out.
A pH sensitivity of 55mV/pH and a long-term drift of 0.2 mV/hr were measured for the
ISFET with Al,O3 as a sensitive layer [2]. The temperature response and the long-term
drift of the ISFET affect the accuracy of the sensor. Comparison of the results of the long
term drift measurements on pH-ISFET and MAOSFET as shown in Figure 7-1, after a
period of the stabilization in a buffer solution, the drift on ISFET is similar with the drift
on MAOSFET. This can be explained that the effect is mainly due to solid-state effects as
shown before [3,4]. A part of the temperatare response of 1SFET is caused by solid-state
effect alsa. Therefore these effects can be compensated by a differential measurement set
up using a MAOSFET and an 1SFET [5], as is shown in Figure 7-2. In principle the pH
value of the test solution (pHx) can be expressed by [4):

V{pHx)-V{pHo)
S (7‘ 1 )

PHx = pHo -
where pHo is the pH value of the solution in which the ISFET is calibrated, pHx is the
pH value of the solution to be determined, V1(pHo) is the threshold voltage of the 1SFET
calibrated at pHo, V{pHx) is the threshold voltage measured at pHx, and § is the pH
sensitivity of the ISFET. S is expressed by [6):
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Figure 7-1. The long term drift measuremenis on {a) ISFET and (b) MAOSFET.
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Figure 7-2. The structure of the pH-sensitive FET pair.
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where o denotes the potentiai difference between the insulator surface and the bulk of
the solution, k the Boltzmann constant, T the absolute temperature, q the nnit charge and
B the sensitivity parameter {6]. Since V1(pHo) is snbjected to drift and temperatore
effects, the exact value of pHx in (1) is only known immediately after calibration.

When snbracting from the eguation (7-1) the threshold voltage of a MAQSFET,
which is subjected to drift and temperature effects comparable to those of the ISFET,
expression {7-1) can be transformed to:

(VT(pHx)-VTu'Lm) - (VT(pHo)-VTa"‘ )
pHx = pHo - 3

= pHo- (AVT(PHX);“’T(PHO)) (7-3)

where AVy(pHx) denotes the difference in threshold voltage between the ISFET in a
solution with pHx and the MAQSFET ,and AV t{pHo), the difference in threshold voltage
between the ISFET in the calibration solntion with pHo and the MAOSFET.

If the fabrication process has a good reprodocibility of AV+p, the dnift and
temperature effects are eliminated. If AV were a constant valoe, calibration wouid no
longer be necessary. In practice however, FET pairs fabricated on the same chip have
different AVy's which are not nniformly distribnted over the wafer, cspecially for
ISFET/MAOSFET pairs [7]. The nonuniform distributions of surface impurides of the
substrate and of charges in the insnlator Jayers are considered to be responsible for these
varations. Threshold voltage control introdnced by boron ion implantation throngh the
oxide layer for n-channel FETs can make the distribntion of surface impurities of the
snbsirate more uniform. In this work, the reproducibility of AV and the inflnences of the
fabrication process and of the interfaces (8i05/Al;Q5, Al,Q4/electrolyte solution) on the
reproducibility have been investigated.

1.3 Experimental

The 1SFETSs are operated in constant corrent mode. The gate-source voltage Vg is
measured at a constant drain current Ip of 100 A and a constant drain-source voltage Vp
of 0.5 V. In the linear region, the gate- source voltage is:

-_Jol 1 -
VG_unWCiVD+VT+2VD (7-4)
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where |1, dcnotes the electron mobility, W the channel width, L the channel length
and C; the insulator capacitance per unit area. Since mainly the term Vo is subject to
change, AVy for FET pairs is approximately equnal to AVg. Therefore, in all
measurements, ¥V of the FET's was measored. The ISFET characteristics were measored
in a pH7 boffer solution with a Ag/AgC] reference electrode. The MOSFET and
MAOSFET characteristics were measured with a needle prober connected to an HP
parameter analyzer. '

The contribution of dielectric and metallization layers to the gate-source voltage Vg
of individual FETs and 10 AVg of FET pairs was investigated statistically by establishing
their distributions over the wafer. Three different FET pairs (FET1-FET2) were
fabricated: two MOSFETSs, two MAOSFETSs and an ISFET-MAQOSFET pair. They are
shown in Table 7-1 with their successive gate layers.

All wafers were made in the same fabrication run, following identical steps {3],
until the last ones which were specific for cach device. A SiQ; layer doped with boron
was deposited on a p-type silicon wafer . The windows of source and drain were opened
to the silicon and a deposition of the 8i0O5 layer doped with phosphorous was made. After
the gate areas, which were 15 um long and 500 pm wide, were opencd, an oxidation of
800 A on the gate areas and the diffusion for the channel stopper, source and drain
occorred at the same time. An Al,O7 ion-selective layer was deposited for MAQSFETS
and ISFETs. They were fabricated on one wafer. All connections and gate regions for
MAOSFETs and MOSFETs were then metallized after the contact holes were opened.
Two different metal gates for the MOSFET and MACOSFET were formed: one (¢alled the
"large" gate) had a contact pad for wire bonding and the other {called the "short” gate)
only covered the gate area and had no contact pad. The different gates have been made for
previous measurements; they were not relevant to these experiments. The ISFETs were
encapsulated on PCB strips with epoxy, leaving only the active parts of the [SFETs
exposed to the solution.

In order to test the effect of ion implantation through the gate oxide on the
uniformity of the Vg and AV, after gate oxidation, boron was implanted on one half of
each wafer. The other half was protected by photoresist during the implantation.

7.4 Results and Discussion

The VG measurements for individual FETs and FET pairs are represented by
normal distributions. A typical distribntion is shown in Figure 7-3 for the case of
MAOQSFETs without implantation. The mean valve and standard deviation (S§D) of all
MOSFET and MAOSFET measurements are listed in Table 7-2. It is indicated that the
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Table 7-1: device matrix: gate layers.

: FET 1 FET 2
() [MOSFET] [MOSFET]
Al Al
Si0, Si0,
(b) [MAOSFET] [MAOSFET)
Al Al
AlOy ALO;
5i0, Si0,
(c) [MAOSFET] [ISFET]
Al
AlOy AlLG;
Si0, : 5i0y

10

o0

Number of MAQSFET pairs

80 63 46 30  -13 3 20
AVgg [mV]

Figure 7-3. The distribution of the Source-Gate voltage difference (AVg) of
MAQSFET pairs without implantation.

MAOSFET pairs have the same standard deviation of AVg as the MOSFETs. The
MOSFETs and MAOSFETs with boron implantation of 2.5 * 10" ions/cm? show lower
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SDs (about 4 mV less) than those without implantation. However, this difference is small
compared to the magnitudes of the SDs and thus not statistically relevant.

Table 7-2. The mean value and the standard deviation of Ve for individual FETs
Vgl and Vg2) and FET pairs (AVg) of the MOSFET and MAOSFET pairs.

Vgl short (mV) Vg2 large (mV) AVg (Vgl1-Vg2)

n X SD X SD X SD

MOSFET |(28)] 1044.1 | 49.4 1046.4 | 450 23 31.0
MOSFET* [(28)] 178491 479 17777 | 469 7.2 27.8
MAOSFET |(32)] 684.4 37.4 722.6 36.9 -38.1 28.6
MAOSFETH(32)|" 1556.3 | 69.3 16224 | 67.5 -66.2 23.6

* jon implanted through gate oxide on half part of the wafer (2.5 E11 ions/cm? of

Boron)

In order to evaluate the measurement error of Vg, 18 measurements were carried
out on the same MAOSFET over several days. An error of + 6 mV was observed. The
error was considered to be due to the varying contact resistances of the needle
connections. Therefore the sensors were bonded and encapsulated, which allowed
reduction of the measurement error to 1 mV.

The AVG of ISFET-MAOQSFET pairs have a standard deviation of 29 mV as shown
in Table 7-3. They were measured after bonding and encapsulation. The uniformity is the
same as for the MAOSFET pairs. This indicates that there is no influence of the
solid/liquid interface on the distribution. The same MAOSFETSs (large gate) were used
for both the MAQSFET pair measurements (before encapsulation) and for the ISFET-
MAQSFET pair measurements (after encapsulation). Although a shift in the mean value
of Vg for the MAQSFETs was observed between the two measurements, the standard
deviations of individual FETs (Vg) and dual FETs (AVg) were the same (see Table 3).
Hence, the packaging does not change the uniformity. From these resnlts we aiso found
that the change of interface from Al/Al,O3 to electrolyte-solution/Al;O5 does not

influence the uniformity of AVg.



Chapter 7 88

Table 7-3. The mean value and the standard deviation of the measuremenis for
individual FETs (V] and Vg2) and FETs pairs (AVg) of the MAOSFETs and
ISFET-MAOSFET pairs.

Vgl short (mV) Vg2 large (mV) AVG (VG1-VG2)

n X SD X SD X 8D
MAOSFET |(32)| 684.4 | 37.4 7226 36.9 -38.1 28.6
IS-MAOSFET|(29)| 1727.3 | 29.7 693.4 37.5 10339 29.3

The results discossed above were obtained from devices fabricated in the same
batch. The results are not always reproducible between different batches, but the general
conclusions remain valid. The lowest observed standard deviations of AV were 11 mV
withont implantation and 6.8 mV with implantation. As before, ion implantation
improved the uniformity of distribution, and the difference of standard deviation with or
withont implantation is the same as the results in Table 7-2 (about 4 mV).

1.5 Conclusions

The previously discussed results are summarized in Table 7-4. The following
conclusions can be drawn:

1) The deposition of the Al O3 layer on SiO; does not change the standard deviation
of AV for FET pairs. The rather high standard deviation for every kind of FET
pair is caused by fabrication steps before the deposition of Al,O5 layer.

2} The packaging with normal bonding and encapsulation processes reduces the
measurement error, but has no significant effect on the distribution of AVg.

3) The uniformity of AV can be slightly improved by boron implantation.

4) The interface between AlyO3 and electrolyte solution does not change the
uniformity of AVg.

Therefore the nniformity of AV is mainly determined by the MOSFET fabrication
process. If a pH accuracy of £ 0.1 pH unit (§D) is required, the SD of AV shonld not
exceed £ 5 mV. Chenng et al.{7] demonstrated that the MOSFET fabrication process can
be improved so as to meet this specification. In that case only a limited number of dnal
FET sensors on one wafer shoud be measured in order to determine the average AVg of
the wafer, and the other FET pairs can be used without calibration.
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Table 7-4. The collecting measurements of the dual MOSFETs, MAOSFETs and

ISFET-MAOSFETs.
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Vgl short (mV) Vg2 large (mV) AVg (VG1-Vg2)

n X SD X SD X SD

MOSFET (28)| 1044.1 | 49.4 10464 |  45.0 2.3 31.0
MOSFET* |(28)| 17849 | 479 17777 1 469 7.2 27.8
MAOSFET [(32)| 684.4 37.4 722.6 36.9 -38.1 28.6
MAOSFET* [(32)| 15563 | 69.3 16224 |  67.5 -66.2 23.6
IS-MAOSFET [29)| 1727.3 | 29.7 693.4 37.5 1033.9 | 293

* jon implanted throngh gate oxide on half part of the wafer.
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CHAPTER 8
Conclusions

8.1 Fabrication and application of the back-side contacts

8.2 Reducing the drift rate of the pH-ISFET
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CHAPTER 8 Conclusions

The packaging and long term drift behavior are two major problems in the
applications of the 1SFET. In this thesis we have realized a technigue, using back-side
contacts, which has been actively and effectively used in the packaging of miniaturized
biomedical and biochemical sensors. And the drift problems of the pH-ISFET have been

improved.
1_Fabrication an lication of the pH-IS with the back-side contac

In order to realize a possibility to avoid packaging problems, due to the bonding
wires and encapsalation, as well as simplifying the packaging process, the pH-1SFET and
the combined ISFET/Temperature sensor with back-side contacts have been studied. A
simple fabrication technique, etching holes with anisotropic ctchent followed by deep
diffusion in silicon membranes for the inner cross sections of the contacts, was nsed. It
gave a possibility to glue the electric wires directly into the contact holes on the back side
of the sensor chip. It avoided to increase the size of the sensor cansed by bonding wires
and encapsulation. The sensors had a small size and a smooth sorface. The results
showed the same characteristics for the pH-1SFET with standard bonding technignes.
Using this contacts technique the sensor was nsed in measurements of interdental plaque
pH, where the sensor was mounted into a human enamel piece flash with the surface, and
a pH-ISFET was integrated with a pressure sensor.

A very important and very nseful application of the pH sensor is using it as an
internal pH sensing element for a gas sensor based on the Severinghaus principle [1). A
stody of the implementation of the pH-ISFET with back-side contacts, in place of the
glass ¢electrode in a traditional OO gas sensor has been presented. A good sensitvity of
56 mV/log(Pco;) was found. Using back-side contacts on the pH-I1SFET the packaging
of the sensor was simplified and the active surface of the ISFET conld be placed moch
closer to the gas permeable membrane of the senser. It resulted in a faster response time
and a fast temperature response time. The sensor could be made very small without the
effect of increasing the impedance and response time associated with the reduced size, that
is apparent in the case of gas sensors with a glass electrode as pH sensitive ¢clement. This
stndy can also be extended to other kinds of the gas sensors based on the Severinghags
principle, by changing the inner electrolyte solntion and the gas permeable membrane.

2R ing the drif; f the pHi-I
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The pH-1SFETs, with Al30O3 as a pH seasitive material have a long term drift of
0.2-0.3 mV/h after a stabilization time of 5 hours. In cases that require a high accuaracy,
this stability is not acceptable. In this thesis two method to reduce the drift rate were
congidered: in the fabrication process and in the measoring mechanism. With these
different methods the drift rate was reduced drastically.

In their fabrication process we found that the drift rate was reduced by decreasing
the Hp content during deposition of the Al03 layer, followed by an anneal with a layer of
alnminom on top of the alumina. A drift of less than 0.1 mV/h after a stabilization of 5
hours was obtained. With the resnlts of this stady we concluded that the drift of the
alumina ISFET is mainly caused by the hydrogen trapped in the alumina with y-structure,
where aluminum ions do not completely fill up all the interstitial space doring the
depositon process of the AlpQ3 layer, and the ion migration along the grain bonndaries
which are localized near the surface of the alumina layer. The annealing process plays a
major role in the diffosion of the aluminom. Such results are first obtained directly on the
ISFET.

The results of the drift measorements on the ISFETs and MAOSFETs have shown
that the anneal temperature has an effect on the drift rate and that the drift rate of the
ISFET is not always the same as that of the MAQSFET, it was often higher than that of
the MAQSFET. This can be considered as a result of the diffusion of the aluminnm in the
Al203 layer. In order to contrel this diffusion we propose an investigation into the
concentration of alnminum and the depth of the diffusion layer in the Al;O3 layer, as well
as effective diffusion methods soch as ion implantation.

Until now, even we have a good coatrol of the diffusion of aluminom into alamina
layer, the drift of the ISFET can not be eliminated completely. In the first hours of the
measurement the drift behavior of the ISFET is still one problem in its applications. It can
be considered that it is a problem of the ISFET measurement with the static method.

A novel pH measurement technique with pH-ISFETSs has been presented. It shows
ns a dynamic measurement technique. For improving the drift of the ISFET it is mach
better than the static measorement method. The sensor consists of an ISFET, a heating
resistor and a temperature sensing diode. The temperatore of the device was modulated,
and the derivative of the ISFET response with respect to the temperature was detected
directly on the 1SFET signal. This temperature modulation of the ISFET was sensitive to
the pH. When the temperature dependence of the measnred solntion was taken into
account, a surface sensitivity of 0.21 mV/°CpH was obtained, in good agreement with
expected value of the surface investigated. Using the new method, the influence of long
term drift can be reduced. The modulation temperature measurement mechanism shows
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clear evidence for the solid state origin of the drift of the ISFET with the alumina sensitive
layer. With a smaller temperature gradient between the ISFET and the sclution, this new
technique seems to be very suitable for the characterization of the sensing surface of an
ISFET. Application to the study on the snrface ionization enthalpies of the materials are
possible. To achieve this, a Peltier element has to be integrated within the device 1o
generate temperature osciliations without any shift between the mean temperature of the
solution and the mean temperature of the device. Since this method js based on the
temperature characteristics of the 18FET, the temperawre of the sample directly effecis on
the amplitude of the temperature medulation signal and the mcasurement resules. In this
study, the temperature of the device and the modulating variation of the temperature were
measured by a diode, and the temperature of the sample and the modulation temperature
variation were kept at constant (25 °C and 1 °C). But in the applications the temperature
condition of the measurements is not always constant. We need to improve this method
and to develop a compensating system for the changes of the temperature.

The pH differential measurement with an ISFET-MAOQOSFET pair was used to
reduce the drift effect since the solid state effects were responsible for the drift of the
ISFET. Since the drift was rednced, an ideal device would not require calibration, if AVT
could be controlled and made constant. Therefore the influence on the nniformity of the
V1 and AV for the 1SFET and MAOSFET was studied. The nniformity of the AV is
mainly determined by the MOSFET fabrication process.
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Summary

Since the first 1ISFET (lon Sensitve Field Effect Transistors) was presented in 1970
by Bergveld, the pH-1SFETs with alumina as pH sensitive material have been largely
improved in their performance. However, some problems still impede the applications of
the ISFET especially in the biomedical fields. Example of the problems in the
miniaturization of the sensors are the packaging and the baseline drift of the ISFETs,

In order to overcome these problems, a special encapsulation and bonding
technigue is presented in chapter 3, There the contacts are fabricated on the back side of
the chip and the ¢lectrical connection wires can be connected directly onto these contacts
for making a probe which has as small a diameter as possible after bonding and
encapsulation. Furthermore a combined pH/temperature sensor with the above mentioned
contact technigue is proposed. Following this investigation of the pH-ISFET with back-
side contacts, a novel carbon dioxide sensing electrode based on the Severinghaus
principle has been developed, which is presented in chapter 4. In this electrode a pH-
ISFET with back-side contacts is used as an internal pH sensing element and a
temperature sensitive diode is integrated on the same chip, a Ag/AgCl wire is used as a
reference clectrode. The realization of such an electrode enlarges 1SFETs field of the
application and shows a possibility to minaturize such gas sensors.

Another major problem of pH-1SFETs is their long term drift behavior. A novel
measurement technigue is presented in this thesis by which the pH response of the sensor
signal can be separated from solid-state effects that are responsible for its long term drift.
In this method, the temperature of the device is modulated at a frequency of 0.5 Hz with a
typical amplitude of 1°C. A synchronous detection of the signal of the ISFET gives
directly the derivative of the ISFET response with respect to the temperature. When the
pH temperature dependence of the measured solution is taken into account, a surface
sensitivity of 0.21mV/C/pH is obtained. This method seems o be very suitable for
characterization of the sensing surface of an ISFET and for studying the surface
ionization enthalpies of materials.

In chapter 6 the drift behavior is further discussed and different methods of
reducing the drift rate of the pH-ISFET with alumina as the pH sensitive material are
proposed. It is confirmed that the base-line drift of the ISFET is mainly caused by solid
state effects due to the alumina layer. The bulk polarization due to H* ions in the
interstitial position of the y-AlpQ3 strocture and the slight ion migration along grain
bonndaries cansing the drift is found by the measurements on the ISFETs and
MAOSFETs. When the hydrogen content is reduced, the jon migratdon along grain
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bonndaries becomes a major effect on the drift. It indicated an equal or higher drift rate
for an ISFET with low hydrogen content than the ISFET with high hydrogen conteat.
This problem can be solved by the diffusion of aluminnm into the alumina layer during an
annealing procedure. After these stndies a conclusion conld be obtained that the drift
caused by ion migration along the grain boundaries is localized in a thin layer near the

alumina surface.
In chapter 7 the inflnences of the interfaces berween §i0; and Al;O3, and between

Al,O7 and the electrolyte solution on the uniformity of the V (threshold voltage) for
individual FETs, and AVr (the difference of the Vp between paired ISFET and
MAOSFET) over a wafer is discunssed, in order to improve the drift effect with
differential measurement and to study the necessity of calibration.
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