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Abstract

Biochemical sensors that are low cost, small in size and compatible with integrated circuit
technology play an essential part in the drive towards personalised healthcare and the
research described in this thesis is concerned with this area of medical instrumentation. A
new biochemical measurement system able to sense key properties of biochemical fluids
is presented. This new integrated circuit biochemical sensor, called the Chemical Current-
Conveyor, uses the ion sensitive field effect transistor as the input sensor combined with
the current-conveyor, an analog building-block, to produce a range of measurement

systems.

The concept of the Chemical Current-Conveyor is presented together with the design and
subsequent fabrication of a demonstrator integrated circuit built on conventional 0.35um
CMOS silicon technology. The silicon area of the Chemical Current-Conveyor is (92um
X 172pm) for the N-channel version and (99um x 165um) for the P-channel version.
Power consumption for the N-channel version is 30uW and 43uW for the P-channel
version with a full load of 1MQ. The maximum sensitivity achieved for pH measurement

was 46mV per pH.

The potential of the Chemical Current Conveyor as a versatile biochemical integrated
circuit, able to produce output information in an appropriate form for direct clinical use
has been confirmed by applications including measurement of (i) pH, (ii) buffer index
(B), (iii) urea, (iv) creatinine and (v) urea:creatinine ratio. In all five cases the device has
been demonstrated successfully, confirming the validity of the original aim of this
research project, namely to produce a versatile and flexible analog circuit for many
biochemical measurement applications. Finally, the thesis closes with discussion of
another potential application area for the Chemical Current Conveyor and the main

contributions can be summarised by the design and development of the first:

e ISFET based current-conveyor biochemical sensor, called ‘Chemical Current
Conveyor, CCCII+’ has been designed and developed. It is a general purpose

biochemical analog building-block for several biochemical measurements.

e Real-time buffer capacity measurement system, based on the CCCII+, which

exploits the imbedded analog computation capability of the CCClI+.



e Real-time enzyme based CCCIl+ namely, Creatinine-CCCIl+ and Urea-CCClII+
for real-time monitoring system of renal system. The system can provide outputs
of 3 important parameters of the renal system, namely (i) urea concentration, (ii)

creatinine concentration, and (ii) urea to creatinine ratio.
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Chapter 1

Introduction

1.1 Motivation and achievements

The continuing trend towards personalised healthcare coupled with the parallel
development of low-cost, small-sized and disposable biomedical sensors have focused
research effort in recent years on the development of electronic integrated circuit sensors.
The research described in this thesis is the application of the very versatile current-
conveyor to the design and development of a new biochemical measurement system able
to sense key properties of biochemical fluids and presenting output information in a
meaningful and useful form for clinical use. There are several drivers/enablers for this
work, namely (i) the recognition of the value to society of a healthy population with
increasing standard of living and life expectancy, (ii) the move towards personalised
healthcare, which reflects the shift towards a greater emphasis for disease prevention and
healthcare (iii) the development of a reliable integrated circuit biochemical electronic

sensor, and the availability of mature semiconductor technology, which can produce high
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quality, miniature, low-cost, and potentially low-power signal processing and signal

computational hardware.

The two main electronic elements brought together in this research work are (i) the lon
Sensitive Field Effect Transistor (ISFET) and (ii) the current-conveyor type Il. They are
combined to form the basis of a new biochemical sensing system, which the author has
called the ‘Chemical Current-Conveyor’, (CCCII+). The motivation of combining these
two elements was to produce a low complexity, and hence potentially low-cost, integrated
measurement system that builds on the analog computational capability of the versatile

current-conveyor.

There has been extensive research in recent years on the design and development of the
ISFET, and in particular the fully integrate-able CMOS ISFET, towards improving the
sensitive and stability of the device. The initial concept of the chemical current-conveyor
is described, developed into a practical integrated circuit design and applied to the
measurement of several biochemical fluid parameters, the first being measurement of pH
[1]. Because of the in-built analogue capability within the CCCIlI+ consideration was then
given to measurement of related biochemical fluid parameters, such as buffer capacity.
Being able to produce a ‘real-time’ value for buffer capacity together with pH is
significantly more useful for clinical diagnosis than simply pH alone. This prompted the
second application development of the CCCII+ which leads to the first reported ‘real-

time’ buffer index/capacity measurement device [2].

The next area to be considered as a contender for exploitation of the CCCIlI+ was the
renal system. The value of urea, creatinine and urea to creatinine ratio are the key
parameters in a renal measurement system. Again because of the inherent computational

capability the CCCII+ was considered potentially suitable as the basis for the
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development of a monolithic off-the-shelf device to obtain these parameters. Research in
this application of the CCCII+ leads to the development of a successful measurement
system providing these three parameters [3]. Further exploration of the CCClI+ leads to
the final application reported in this thesis, namely a verification system to confirm that
capability of the ISFET for rapid DNA sequencing and chemical synapse measurement

[Paper submitted for publication, see list of publications].

1.2 Overview and structure of the thesis

The ISFET is the first key element in the design and development of the CCCIl+. The
ISFET is an extremely effective biomedical sensor and has been the subject of extensive
development over more than 40 years [4]. Recent research work has focussed on
development of integrated circuit sensors with an ISFET to form a biosensor microchip,
generally with an on-chip operational amplifier to give the required analog system gain
[5-10]. The structure, operation, performance and limitations of the ISFET, in particular
the CMOS ISFET is essential to the design of the CCClI+ and reviewed in Chapter 2

together with published read-out circuits.

The second key element in the CCCII+ is the current-conveyor type 11, CCII [11]. It is an
essential element in the CCCII+, particularly because the CCIlI+ has inherent and versatile
analogue computational ability which is exploited in the application of the CCCII+ to a
range of biochemical parameter measurements described in the latter part of the thesis. To
appreciate the evolution of the CCCIlI+ in Chapter 3, the author reviews the current-
conveyor concept and operation and its versatility as an analog building block capable of
being configured to provide many analog circuit functions, including amplifiers, analog
computation, impedance conversion and filters. In addition a range of application CClI

circuits are examined, including the relationship between the current-feedback op-amp
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and the ‘ideal transistor’, the majority of which are exploited in CCCII+ applications.
Also this chapter may be a useful review of the CCII for bio-chemists and any future
potential applications of the CCCIl+ where the versatility of the CCIlI may be exploited to
advantage. Thus Chapters 2 and 3 provide background, understanding and limitations of
both the ISFET and the CCII and therefore underpin the next stage of the research which

is the design and development of the first CCCII+.

The concept, design and development of the first CCCIll+ for pH measurement is
described in Chapter 4 together with the development of an integrated circuit
implementation using CMOS technology. Also included in Chapter 4 are the initial circuit
design and simulation, the development of a design suitable for practical implementation,
circuit layout and silicon fabrication, integrated circuit test and evaluation, and
subsequent testing in a range of application scenarios. The results of this CCCIl+ for pH
measurement were first presented by the author at IEEE ISCAS-2008 [1]. Also presented
in Chapter 4 is the concept of a composite or ‘super-ISFET’, which stems from the ‘ideal

transistor’ based on the current-conveyor [12].

The second application area of the CCCII+ is measurement of ‘real-time’ buffer capacity,
B, [2, 13], which is the subject of Chapter 5. This is a novel application which confirms
the potential for using the CCCII+ for continuous in-vivo measurement of both pH and £5.
Also included in Chapter 5 is the third application of the CCCII+ for verification of the
capability of the ISFET for fast response measurement of ‘local’ biochemical fluid

parameter measurements for synapse and rapid DNA sequencing.

Renal dysfunction leads to an increase in the urea concentration. Thus the measurement
of urea and creatinine, together with the ratio of urea to creatinine are very useful

indicators for diagnostic purposes. In Chapter 6, the fourth application of the CCCII+ to
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be explored is for ‘real-time’ measurement of these three parameters [3]. Obtaining all

three parameters is made possible by exploitation of the analog computational capabilities

of the CCII+ that is imbedded within the CCCII+, thus drawing on the underpinning

review of the CCII contained in Chapter 3.

The thesis closes with a discussion of the achievements of the research on the CCClII+

and its various applications, together with the author’s thoughts and reflections on related

areas of interest for future exploration of the CCClI+.
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Chapter 2

Using lon Sensitive Field Effect Transistors (ISFETYS)

in Biochemical Instrumentation

2.1 Introduction

One of the key physiological parameters is pH and ISFET based sensors have been
exploited for pH measurement since their invention almost 40 years ago by Bergveld [1].
In 1970, Bergveld [2] introduced the new solid-state chemical sensors which has an
exposed membrane which can chemically react with the hydrogen ions in a chemical
solution. As a result, it forms the pH-dependent interfacial potential between the
membrane and the solution. This device is fabricated in silicon technology and called an

lon Sensitive Field Effect Transistor (ISFET).

Despite inherent problems with the ISFET, in particular drift, threshold variation [3] and
temperature dependence [4], this sensing-transistor is particularly well suited for

exploitation in development of CMOS integrated circuit pH sensing. In recent
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publications [5-6] the ISFET has been incorporated into CMOS technology to produce

successful monolithic pH sensors.

Table 2-1. Sensing characteristic of ion-sensing membranes of pH ISFETS [7]

Characteristics Sio, Si3N, Al,04 T,a0;
Range of pH 4-10 1-13 1-13 2.5-13
Sensitivity (mV/pH) 25-46 46-56 53-56 55-57
Response time <1 min <1s <1s <1s

Van Der Wal et al [8] and Abe et al [9] explored different types of materials in producing
the ISFET ion sensitive membranes. Their findings are summarised in Table 2-1 from
which it can be seen that tantalum pentoxide (T'a,0s) can achieve the sensitivity closest
to a Nernstain sensitive of 59mV/pH. Whereas silicon dioxide Si0,, which is the common
dielectric in standard CMOS technology has the poorest sensitivity of 25mV/pH.
Furthermore, it had been shown that such ISFETs can be used with more selective
membranes, such as those with immobilised enzymes, allowing a wide variety of
applications. By choosing the right and appropriate inorganic or organic insulator,

ISFETS can be sensitive to different ions [10-11].

This chapter begins with the operating of the traditional ISFET is reviewed, as well as the
CMOS-based ISFET sensors where passivation layer is used as the ion sensitive
membrane. Then the choice of selecting the reference electrode will be discussed,
followed by the nonidealities of the ISFET, including drift, hysteresis and lifetime. The

temperature sensitivity, trapped charge and noise effects in ISFETs will also be reviewed
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This chapter concludes with the analysis of existing ISFET readout circuits, some of

which have a topology that is better suited to integrated circuit fabrication than others.

2.2 Operation of the ISFET

The structure of the ISFET is shown in Figure 2-1 and it can be seen to be almost
identical to the MOSFET. Both devices have gate, source, drain and body terminals. The
gate of a MOSFET is insulated from the channel by a silicon dioxide insulator covered
with a polysilicon conducting gate layer, metalised and connected to the external gate
lead. In the traditional ISFET, first reported by Bergveld [2], the polysilicon gate and
metal are removed from the body and replaced with a chemically sensitive insulating
membrane, G’, and a reference electrode, G, which is immersed in an electrolyte aqueous
solution, as shown in Figure 2-1 (b). Any field effects from ionic charge interaction at the
insulator membrane surface the value of the threshold voltage of the ISFET changes [1].
Thus the value of the threshold voltage of the ISFET is now proportional to the pH value
of the aqueous solution, and a direct means of pH sensing has been obtained [1]. The

change of I~V characteristics of the ISFET device is shown in Figure 2-2.
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Figure 2-1. [1] Comparison of (a) MOSFET and (b) ISFET cross section

It should be noted that the ISFET can be regarded as a ‘floating-gate MOS transistor’
where the insulating membrane is the floating gate and the reference electrode is the
control gate. Furthermore, this insulator membrane is chosen according to its chemical
properties and sensitivity to a particular ion and for pH sensing, silicon nitride (SizN,)
and aluminium oxide (Al,03;) membranes are commonly used due to their wide ranging
sensitivity to pH and low drift [8-9]. Matsuo and Esashi [12] show experimental results
from different gate materials from which it can be concluded that tantalum oxide (Ta,0s)
and aluminium oxide (Al,05) give the closest to bench-mark Nernstian pH-sensitivity.
On the other hand, silicon nitride (SizN,) and silicon oxynitride (SiOxNy) are also used
because these materials are readily availability in semiconductor device fabrication

facilities.
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Figure 2-2. Measured (a) I, ~V;s characteristic for pH = 7 using commercial Al,0; ISFET obtained from

Sentron Europe (Roden, The Netherlands, part no, OEM-679) and (b) leakage on reference electrode

As in the MOSFET, with no bias voltage applied to the gate of the ISFET, two back-to-
back diodes exist in series between the drain and source terminals. These back-to-back
diodes prevent current flow from drain to source when a voltage Vjs is applied [13].
However, when the proper voltage bias, V,..r, is applied between the gate and the source
such that the applied gate source voltage exceeds the threshold of the ISFET device, a
channel is formed enabling current flow between drain and source and hence the drain
current depends on the voltage between gate and source (V) [13]. The threshold

equation for a typical MOSFET is shown in Equation 2-1

¢ - ¢ i Q + QSS + QB
Vinmosrery = — 7 e Cox + 2¢¢

Equation 2-1
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where its parameters consist of three potential terms, namely (i) the difference in work-
function between the gate metal contact (¢,,) and the silicon surface (¢y;), (ii) the
accumulated charge in the oxide (Q,,), at the oxide-silicon interface (Qss) and the
deplation in silicon (Qg) per unit area Cpx as well as (iii) the Fermi potential of the

semiconductor (¢ ).

In case of the ISFET, the same fabrication process is used, resulting in the same constant
physical part of the threshold voltage [1], as shown in Equation 2-2. It should be noted
that the gate metal work-function, ¢,,, is replaced by the constant potential of the
reference electrode, E,.r, and the interfacial potential, 1, + x4, at the solution/oxide
interface of which x,; is the potential due to the existence of dipole molecules in the
solution. Also note that 1, is the only chemical potential term related to pH, and hence

the expression of ISFET threshold voltage becomes

¢si _ Qox + QSS + QB

Vinasrery = Erer — Yo + X501 — T

+ 2
Cox Z

Equation 2-2

which can be expressed as

Vinasrer) = Venem + Venmosrer)
Equation 2-3

where V.,..m 1S @ grouping of the chemical potentials of which i, is the only pH-

dependent term. This term is given by

Pm

Vehem = ref — Yo + Xso1 — 7

Equation 2-4
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Notably, that the metal work function, ¢,,/q, is also included in the V.., expression to

be subtracted from V;,mosrer) beCause of the absence of gate metal on the ISFET.

The Nernstian equation defines the potential generated due to ion activity on either side of
a semi-permeable membrane and is always used as benchmark for pH sensitivity achieved

by any pH measurement systems. The Nernstian equation is given below

RT ai,sample
Epem = —In————
nF Qi int

Equation 2-5

where a; sampie 1S the activity of the sample solution, a; ;,,, is the activity of the reference
solution, R is the universal gas constant, T is the temperature in degrees Kevin, F is the
Faraday constant and n is the charge of ion i. Therefore, when the activity of the
reference is constant the following relationship exits which is defined as the Nernstian

sensitivity for pH sensors

0Emem  2.303RT
= = 2.303U; = 59mV
OpH nF t m

Equation 2-6

Furthermore electrode potentiometric systems, which consist of metal references in
contact with ionic solutions giving stable potentials, are easily defined in terms of Nernst
potentials. For a glass pH electrode, the measurement signal of 59mV per unit change in
pH is expected. However, in the ISFET there are more complex mechanisms which occur
on the surface that give a potential related to pH. There is an electrolyte in contact with an
insulator on semiconductor (EIS)* [14], therefore dependence of the electrolyte-insulator

interface potential on pH is modelled using two phenomena, (i) the site binding of ions at

! EIS: Electrolyte Insulator Semiconductor boundary
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the insulator surface [15], and (ii) the Gouy-Chapman-Helmholtz capacitive double layer

formed [16].

According to the site binding model when the ISFET surface is immersed in the chemical
solution, the insulating membrane of the device interacts with the ions present in the
solution. As a result the membrane can be hydrolysed and contains discrete surface sites
which are neutral, positive or negative allowing binding of ions from the solution. These
discrete surface sites are defined as the amphoteric, and the basic sites [17-19] are as

shown in Figure 2-3.

insulator solution

Si \

O proton acceptor
%

OH neutral site
!

OH2+ proton donor
Si /

surface

Figure 2-3. Surface sites available on insulator silicon dioxide membrane when immersed in solution

In the case of Figure 2-3, the amphoteric site of the Si0, insulating membrane would be
SiOH which would either accept or donate hydrogen ions, whereas SiNH, would be the
basic site as it can only accept hydrogen ions from its surrounding solution. Hence, the

surface of the insulating membrane can be positively or negatively charged, depending on
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whether the hydrogen ions are leaving or entering the membrane. By the law of
conservation of charge, the insulator surface charge build-up at the insulating membrane
iIs matched by an equal amount but of opposite charge ions which accumulated over the
electrolyte. These two groups of opposite charges form a double layer capacitor [1, 16] on
the surface of the ISFET as a result of the presence of ions creating a Helmholz plane and
a Gouy-Chapman layer, show in Figure 2-4. The Helmholz plane is a compact layer of
tightly-packed charge closest to the insulator surface and consisting of two planes. Firstly,
there is the inner Helmholz plane (IHP), defined as the line of charge attracted to the
surface site of the insulator membrane, and secondly, the outer Helmholz plane (OHP) is
defined as the line through the centres of the hydrated ions which are at their distance of
closest approach to the solid due to the water molecules bound to them not allowing them
to get very close. The combination of these two planes results in the almost linear voltage
drop of the potential in the solution and is modelled with the linear Helmholtz capacitor,

Cyerm, Which is given as [20]

Agyée,
CHelm d
OHP

Equation 2-7

where A is the surface area of the insulator, ¢, is the permittivity of free space, ¢, is the
relative permittivity of the electrolyte and finally, d,yp is the distance of the OHP from

the insulator surface.

To the right of the OHP in Figure 2-4 is the diffuse layer, also referred to as Gouy-
Chapman layer, which consists of diffuse charge falling-off exponentially from OHP to
the electrolyte bulk. This charge follows a Boltzmann distribution before an even

distribution of charge is reached at the imaginary boundary of the double layer. The non-
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linear charge distribution in this region is represented in the Gouy-Chapman theory [16]

by a capacitor, Cgoy,,, described by Equation 2-8 below

do,
Coouy = Wdl = —/8kT e, eon’sinh (%)

1
Equation 2-8

where 1, is the potential across the diffuse layer and n° is the bulk number concentration

of ions in the electrolyte.
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Figure 2-4. Charge and potential distribution across the electrical double layer [21]
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According to the Boltzmann distribution in the Gouy-Chapman layer, the hydrogen ion
concentration at the surface of the insulator, [H* ], is related to the bulk hydrogen ion

concentration, [H™* ]y, [22] by

Equation 2-9

Converting Equation 2-9 to a pH-scale, where pH = —log,o[H*] and rearranging this

gives a Nernstian potential response shown below in Equation 2-10

_ dys :_23k_T
dpHpyk T q

Sn

Equation 2-10

However, ISFET pH-sensitivity is non-Nernstian, but as proposed in [23] the site binding
and double layer models can be used to modified Equation 2-10 to derive the ISFET pH-

sensitivity expression [23], which is

_ diy, ——23 kT
ISEET ™ dpHpyik - a q

Equation 2-11

and,

(ngTCdl N 1>_1
a=\——r—m—
qzﬁint

Equation 2-12
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where «a is a dimensionless sensitivity reflecting the, S;,:2, as the intrinsic buffer capacity
of the oxide surface from the site binding model and the total capacitance, Cy;3,in the
electrical double layer capacitor model as defined in [22-23]. It should be noted that « is a
Nernstian response and varies between 0 and 1. Nernstian sensitivity where a =1, is
equal to 59mV/pH at room temperature [1] which can be realized in the materials of the
insulating membrane having a large buffer capacity, Bi.., while the double layer
capacitance, C,;, value is small. In addition [1], with a large buffer capacity material, such
as tantalum pentoxide (Ta,0s), a Nernstian response of 59mV is obtained over a unit pH
change whilst a smaller buffer capacity material like silicon nitride (Si;N,) only achieves

a sensitivity of 45 to 46 mV/pH.

Finally, Equation 2-11 can be substituted into Equation 2-4, resulting in a simpler

expression for V.., as

Vehem =y + 2.3aUrpH
Equation 2-13

where y is a group of non-pH related variables and Uy is the thermal voltage and equal to
kT /q or RT /F. Note that in obtaining this expression, the assumption is made that the pH
of the chemical solution is larger than the point-of-zero charge(pHpZC) at the insulating
membrane [1]. The final Equation 2-13 can only be used therefore when the insulating
membrane is negatively charged. A silicon nitride insulating membrane, for example,
consists of a pH,,,. at approximately 2.2 [24], so Equation 2-13 is only valid when the pH

of the solution is larger than 2.2.

PP ot

2 Bint = d(lsio”)+[stotz]) and defines as the change in number of surface sites available for a given change
dpHg

in pH

3 1 1 1

= +
Cal CGouy CHelm
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The operation of ISFET can be represented with a behavioural macromodel such that
described by Martinoia et al [25], in which a standard MOSFET model is modified to
include the various chemical related components as shown in Figure 2-5. This modelling

approach is used as a ‘standard’ ISFET macromodel for different MOSFET technologies.

Vchem
/\ ’
G ‘ CGouy G’
+] =
| o
Eref w | Jj
. Os

¥, = f(pH) |

CGouy, Nonlinear capacitance solution | semiconductor
CHe|m, linear capacitance

Figure 2-5. ISFET Behavioural Macromodel [25]

By comparing the ISFET behavioural macromodel to a standard MOSFET, some
distinctions between them can be identified. Firstly, the gate bias is transferred into the
solution via reference electrode at the G-node in the term of E,.., which is in series with
the pH-dependent voltage source, ¥, = f(pH). Secondly, this ¥, is not only dependent
on pH concentration but it is also temperature dependent and exhibits drift. Thirdly, the
double layer capacitor is connected in series with the insulating membrane at the G’-node.

These double layer capacitors consist of linear capacitor Cy,;,,, and non-linear capacitor,

CGouey-



lon Sensitive Field Effect Transistor |20

2.2.1 ISFETSs in an unmodified CMOS process

The fabrication of ISFETs in an unmodified CMOS process has been pursued over the
last decade in an effort to merge the advantages of miniaturised solid-state sensors with
those of a CMOS process, resulting in ‘Smart Chemical Systems-On-Chip’ [18, 24, 26-

27].

The original ISFET introduced by Bergveld [2] required the addition of a dedicated
customised step to etch away the passivation layer, intra-metals, intra-dielectrics and
polysilicon gate, to a precise shape [28]. As a result of these requirements this made the
custom fabrication of the ISFET incompatible with the standard CMOS processes, due to
the absence of polysilicon gate for alignment of the source and drain diffusions.
Therefore, the separation of the n* implantation regions for the source and the drain had
to be done using lithographic methods, thus making the deposition of a pH insulating

membrane directly on the substrate possible.

The method of the deposition of the insulating layer is achieved using Low Pressure
Chemical Vapour Deposition (LPCVD) at high temperature on a thinner re-growth silicon
dioxide layer on the substrate [29-30]. The metallisation layers are made silicon rich with
tungsten silicide rather than aluminium, which provides source and drain contacts capable

of withstanding the high temperatures required for the LPCVD deposition of the nitride.

These original ISFET extra post processes are able to produce reliable ISFET devices
with pH sensitivities around the Nernstian value of 59mV/pH, achieved with a single
(Ta,05/Si0,) gate ISFET [29]. However, these methods added technical complexity and
added extra cost making the early ISFET process less attractive than building ISFETs

with full (unmodified) CMOS process.
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Cane et al [26] proposed using an unmodified CMOS process for ISFET production.
Later Bausells et al [27], adopted this method of using the extended gate approach to
develop the floating electrode CMOS ISFETs, as shown in Figure 2-6 (b). The
polysilicon gate is left intact to provide and hence enable registration of the source and
drain regions. The top passivation material, typically, Si;N, or SiO,N, used in standard
CMOS processes, forms the pH insulator membrane. This top passivation layer is added
by Plasma Enhanced Chemical Vapour Deposition (PECVD) at low temperature and the
formation of the floating gate is achieved by extending the polysilicon gate to the
passivation layer through the intra-metal layers using metal via-connected layers shown
in Figure 2-6 (b). Therefore, charges built up at the passivation layer will be coupled to

the polysilicon through the metal layers.
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Figure 2-6. Comparison between (a) original ISFET design [1] and (b) extended gate ISFET approach for

CMOS [31]
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The main differences between the original ISFET design and the extended gate ISFET
can also be seen clearly from their macromodels by comparing, Figure 2-6 (a) and Figure
2-6 (b). It can be seen that there are two more capacitors connected in series with Cyeim
and Cgoyy- These two additional capacitors are the passivation capacitor, C, s, and gate
oxide capacitor, Cg4s. Furthermore, the polysilicon gate does not affect the basic operation
of the ISFET [27]. Also, the polysilicon gate conveniently shields the channel of the
ISFET from any external light source which is essential as an unshielded ISFET would be

light sensitive [27].

One particular disadvantage of using an unmodified CMOS process for ISFET fabrication
is that the threshold voltage obtained is considerably higher in comparison with the
traditional ‘Bergveld ISFET’ fabrication method. This is thought to be due to (i) the extra
thick passivation layer and (ii) the trapped charge occurring during the fabrication
process. The trapped charge phenomena will be discussed in greater detail later in Section

2.6 together with a possible way to ameliorate this problem.

A comparison published key parameters of unmodified ISFETs is shown in Table 2-2,
progressing from 1996 through to 2010, using a range of different semiconductor
technologies and including both P-channel as well as N-channel. None reported the
Nernstian response of 59mV/pH. The sensitivities are all in the range 25mV to 47mV
with the notable exception of one at 0.22mV/pH, this poor performance may well be due
to an unstable passivation layer. It is interesting to observe that the sensitivity does not
degrade significantly with shorter channel devices, suggesting that high frequency or

rapid changes in pH measurements with the ISFET are feasible.
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Table 2-2. ISFETs in commercial CMOS technologies

Year Type Passivation thickness ~ Threshold  Sensitivity Technology Ref
(um) voltage (V) (mV/pH)

1996 n-type 15 3.5 41 Atmel 1pm 1P2M [4]

1999 n-type 15 -7t06.5 47 Atmel 1um 1P2M [5]

2000 n-type 0.75-5i0,/SisN, 8.5 25 AMS 0.6um [9]
2P3M

2002 p-type 0.4-Si3N,/0.6-SiON,, -8 t0 -33 42 AMS 0.6um [10]
1P2M

2004 n-type 1-Al, 04 <0.4 0.22 AMS 1.6um [11]
1P2M

2004 p-type 0.4-Si3N,/0.6-SiO,N,, -5 42 AMS 0.6um [12]
2P3M

2005 n-type - - 31,51 AMS 1.5um [13]
1P2M

2008 p-type 1.03-Si0,/Si3N, -4t0-1 46 AMS 0.35um [14]
2P3M

2008 n-type 0.5-5i0,/0.7-Si5N, -1.03to 4.17 33.2 UMC 0.18um [15]
1P6M

2008 n-type 0.6-5i0,/0.7-Si3N, -10t0 -0.03 33.6 UMC 0.25um [15]
1P5M

2008 n-type 1.03-Si0,/Si;N, 0.97t0 1.73 31.7 AMS 0.35um [15]
2PAM

2010 p-type 0.5-5i0,/0.7-Si3N, 0.8 37 UMC 0.18um [32]

1P6M
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2.3 Reference Electrode

One of the very important factors influencing ISFET sensor design is the reference
electrode. The initial assumption was that the ISFET would successfully measure ion
activity without applying a reference electrode in the solution [1]. However, several
experiments performed in a later stage of the development of the ISFET demonstrated
that for correct operation and accurate measurement of changes in ion concentration, a
constant well-defined electrical potential (voltage bias) is needed in a chemical solution
[7]. Normally, the standard method used to set-up this potential is with a silver/silver
chloride, Ag/AgCl, reference electrode. The standard macroscopic Ag/AgCl electrode
consists of three parts, namely (i) a silver wire providing a contact for the applied
reference voltage, V.., (ii) a solid coating of silver chloride, and (iii) a concentrated
chloride solution, normally saturated potassium chloride (KCI) electrolyte, as shown in

Figure 2-7.

D)

Ag(s)

AgCl(s)

¢ glass vessel

chemical solution

AgCl(aq)

porous
glass frit

Figure 2-7. Schematic of the reference electrode and photo of a practical reference electrode
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As shown in [33] the following chemical reaction will take place in the silver chloride

electrode

Equation 2-14

When a transfer of electrons between the silver chloride electrode and the aqueous
solution happens, a small electrical potential is set-up at the interface between the silver-
chloride electrode and the surrounding chloride solution such that the liquid junction
potential of the chloride solution is very near the potential of the silver chloride electrode.
Furthermore, this potential of the chloride is coupled to the external chemical solution via
the porous glass frit fitted at the end of glass vessel container as shown in Figure 2-7. In
addition, this porous glass frit allows electrical conduction between the chemical solution
and the internal chloride solution, while preventing convective mixing of the two

solutions.

The miniaturisation process is mostly applied to the ISFET sensor, whereas standard
macroscopic reference electrodes are still used. In order to take the full advantage of the
micro size of the overall system, there is a need for miniaturising the reference electrode.
Generally speaking, there are two approaches adopted. First, the miniaturisation of a
conventional reference electrode on-chip using micromachining as shown by Huang et al
[34] and Suzuki et al [35]. This process is incompatible with the standard CMOS process
as it requires photolithography and chemical etching in order to fabricate a micro-
chamber with a silver chloride electrode in a concentrated chloride electrolyte solution.
The complexity of the fabrication is the realisation of the liquid junction membrane of the
micro-chamber between the inner chloride electrolyte, KCI, and the sample solution. A

further drawback of this approach is the uncertainly in maintaining the significantly small
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amount of the electrolyte solution in the chamber, as leakage may occur and cause the

potential between the electrode and the electrolyte to drift as reported by [34] and [35].

The second approach is the development of an integrated pseudo-reference electrode on
chip. This electrode is a noble metal electrode such as platinum [36] and gold [37],
instead of relying on the fact that the inner chemical fluids contain a constant and
relatively high concentration of chloride ions [38-39]. However, this pseudo-reference
electrode is intended to be used with a differential measurement device, one consisting of
an input ISFET and the other one consisting of an input REFET, or an ion-insensitive
reference FET, as shown in Figure 2-8. In addition, the use of a differential mode can
help improve common mode noise, which originates from the interfacial potential
between the electrode and the chemical solution [33]. Moreover, any differences between
the sensitivity of the ISFET and the REFET will stimulate the output of the differential

readout to respond to the pH change in the chemical solution.

Difference amplifier

Figure 2-8. Pseudo-reference electrode with differential circuit configuration [24]
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Both ISFET and REFET, in Figure 2-8, are biased with a fixed drain current, I, by the
current sink Ig;,s,. While the drain-source voltage, Vjg, of both ISFET and REFET are
kept constant by the bootstrap technique via the two voltage-follower configured op-
amps, A1/A2 for the ISFET sensor and A3/A4 for the REFET sensor, where Vps =
IgiasiRps- The outputs of both sensors are taken as voltages from the source of the
sensors, namely Vi, ;sper and Vo rerer for ISFET and REFET, respectively. Finally,
Vout 1srer @and Vo rerper are fed into the difference amplifier AS with voltage output of
Vout = Vout 1srer — Vour rerer [40]. However, it should be noted that this ISFET/REFET
differential configuration can only be successfully used when the electrical characteristics

of both devices are well matched [41].

Ideally, the REFET should respond identically to the ISFET in the term of drift and noise
but the RFET needs to be insensitive to pH, as first proposed by Janata and Comte in
1978 [42]. However, one drawback of the REFET is that making a chemically inert
REFET is difficult. Some approaches used in making an REFET are to cover an ISFET
insulating membrane with a pH-insensitive layer, as such a blocking polymer layer of
teflon, parylene [43] or polyvinyl chloride (PVC) [44]. Unfortunately, this additional
surface layer applied in creating REFET, results in an extra capacitance and different
insulating membrane properties, which then leads to a different response between ISFET

and RFET in terms of DC bias and drift and thus the output signal may be inaccurate.

Nonetheless, a totally new approach of implementing an on-chip reference electrode is
reported in [45] by Kim et al. In their work, the solid-state reference electrode now has a
Nernstian response of pH and the pH sensor is now REFET. The chosen material for a
pH-sensitive electrode is iridium oxide as it exhibits good chemical stability, insolubility

in solution, is stable and has a fast response time over a wide pH range [46]. Furthermore,
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iridium oxide can be simply prepared by using an electroplating method as shown in [47].
The advantages of the reported configuration are not only its integrated-ability but also
the complicated circuitry and well-matched device requirements for the ISFET and
REFET in the differential measurement system are no longer required. The new approach
to the design and incorporation of the reference electrode taken by [45] shows
considerable promise, but more work is still needed, especially to achieve the ultimate

goal of providing a fully integrated miniaturised monolithic ISFET pH sensing device.

2.4 Drift, hysteresis and lifetime in ISFETs

The drift means the temporal shift of the output voltage under constant conditions like
temperature, pH value and concentration of the chemical solution [48]. In addition to
drift, hysteresis also exists in the ISFET [49]. Both these non-ideal effects degrade the
ISFET and need to be considered when using the ISFET as a sensor in medical
applications. The long term accuracy required for biomedical pH sensors is very high. As
reported in [50], ISFET sensors which have a pH membrane made of Si;N, appears to
have a long term drift in accuracy of typically 0.02-0.06 pH per hour, but the initial drift
or short term drift is often far higher and may even reach 0.1-0.2 pH per hour during the
first hour of testing. Typically, a pH sensor should be capable of measuring to an
accuracy of better than 0.03 pH over a period of one hour [51]. The origin of drift has yet
to be fully understood, however there are many theories proposed to explain the cause
and behaviour of drift, which include the following (i) enhanced ion migration within the
gate insulting membrane, (ii) ejection of electrons from the chemical solution, (iii) slow

surface effects and (iv) hydration of the insulting surface [52].

Jamasb et al proposed that ISFET transient response both in the terms of drift and

hysteresis are dependant on the material used for the gate insulating membrane as well as
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the gate deposition method and reported that Si;N,-gate ISFETs exhibited a higher drift
and hysteresis than those with an insulating membrane are made of Al,05 and Ta,0¢ [51-
53]. Usually, in practice the ISFET is immersed in solution and burnt-in for several hours
in order to minimise the effect of short term drift. Furthermore, mathematical models are
also being proposed for these transient properties of the ISFET, with the objective of then
being able to compensate for these effects [52, 54-58]. As such an empirical model can be

realised using a stretched-exponential time dependence which is given in [52] as

M(®) = M(e0) (1 ~ exp (— (;)ﬁ))

Equation 2-15

where M (t) represents the molecule numbers of the gate insulator membrane undergoing
the hydration at the time t, M (o) is the total number molecules allow for hydration
transformation, t is the time constant of the model and finally the dispersion parameter is
presented by . It should be noted that the equation describes the rate of growth of the
hydrated ion-sensitive layer, from which it can be seen that this change in chemical
property of the insulating membrane layer is a slow and monotonic process. Moreover,
most of the post-process drift corrections [51, 59] were based on the assumption that the
drift is insignificant during the relatively short time that measurements are taken. In other
words as long as the rate of pH change in the sample solution is much larger than 0.1 pH
per hour, the consecutive measurements taken between short intervals are reasonably free

of drift [51].

Finally, a lifetime or ageing effect, described by Palan [7], showed a degradation in the
terms of the ISFET response time from a few seconds to several tens of seconds. On the

other hand, the lifetime of the ISFETs is often limited due to encapsulation breakdown,
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insulating membrane degradation or bond-wire corrosion, all of which result in loss of

sensitivity in ISFETS.

2.5 Temperature sensitivity in ISFETSs

The standard MOSFET theory and the site-binding theory, together with pH temperature
characteristics of the electrolyte itself, can be used to explain the temperature dependence
of ISFETs [60]. The factors most affected by temperature in MOSFETSs and ISFETS are
the threshold voltage and the carrier mobility, u, within the channel of the transistor [61].
The mobility is an inverse function of the absolute temperature, T, according to the

empirical expression [62]
u(T) = u(300K)(300/T)*
Equation 2-16

where the exponent « is between 1.0 and 1.5 and this term depends on the impurity
concentration in the channel of the transistor. However, the temperature dependence of

threshold voltage is mainly in the Fermi potential, (¢r), given by

kT N
¢F — —In SUB
q n;

Equation 2-17

where Ngyp is the substrate doping and kT /q is the thermal voltage. Note that the

intrinsic carrier n;, is also temperature dependent and assumed to be giving by

—qE (0
n; = BT Sexp (_q o )>

2kT

Equation 2-18
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where B is a constant dependent on T, and E,4(0) is the energy gap at 0°K. In addition,

the temperature influence on site-binding and the electrolyte is reflected in the expression

of pH sensitivity of the ISFET in Equation 2-11 and rewritten again as

9 kT
Yo _ —23—a
OpH q

Equation 2-19

where «a is the sensitivity coefficient and the equation suggests that the sensitivity is
linearly proportion to the thermal voltage. As can be seen, the temperature dependencies
are complex and involved multiple sources. Therefore many of the commercial devices

use some kind of temperature compensation method to minimise temperature effects.

Shown here are two different approaches to compensate the temperature dependency of
ISFETSs. The first implementation is based on a compensation software approach [63-64]
reported by Chung et al. In this approach, two analog input stages are included. The first
input stage is a V- extractor temperature sensor which measures the temperature of the
circuits as V; comprises ¢ which is directly proportion to the thermal voltage and
therefore the absolute temperature [65]. The second input is a bridge-type floating-source
ion sensing circuit, first report in [66], which shows a linear response for pH of the
solution [64]. A data acquisition card is used in order to register the two inputs.
Furthermore, the second input is processed using compensation software which has been

developed by using LabVIEW® to correct any temperature variation in the output [64].

The second implementation proposed by Shepherd and Toumazou, is based on an analog
approach using weak-inversion bias for the ISFET and translinear current-mode circuit
techniques then applied [5, 67]. The ISFET sensor in the circuit when operated in weak-

inversion results in significantly lower current and voltage operation. Furthermore, the
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drain current of the ISFET in weak-inversion is exponentially related to its threshold
voltage, which is proportional to pH, and since pH is logarithmically related to hydrogen
ion concentration. A direct relationship between ISFET drain current and hydrogen ion
concentration can be obtained as [5], shown as a function of ISFET drain current

expression below
Ip(Vro + AVenem) = IpgA[H*]%/™
Equation 2-20

where « is the sensitivity coefficient, V, is the threshold voltage for Vgg = 0, AV, e IS @
grouping of chemical potentials at the ISFET insulator surface, n is the sub-threshold slop
factor and I, is a constant. Finally, Equation 2-20 suggested that the drain current of the
ISFET in weak-inversion is scaled by a known change in hydrogen ion concentration and

more importantly it is temperature insensitive [67].

2.6 Trapped charges in CMOS ISFETs

In CMOS ISFETS, trapped charges left by fabrication can exist either in the passivation
layer or on the floating gate. As the polysilicon gate is only connected to the floating
metal where the path to ground is eliminated, any charge in the gate oxide will remain
trapped. In addition, this is also true for the passivation layer which forms a stack with no
path to ground where charge can also remain trapped for a long period. Furthermore, this
trapped charge has been proposed to be the main reason for a large variation in the
threshold voltage of the ISFET [68]. For instance, in [27] Bausells et al reported a
threshold voltage deviation of -7V to 6V in their N-channel ISFET and Hammond et al
[24] reported the threshold voltage variation as wide as -33V to -8V with their P-channel

ISFETS.
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Several different approaches were proposed to minimise the affect of the trapped charges
in CMOS ISFETSs. The first approach used UV radiation to remove the excess electrons
either by tunnelling out of the polysilicon gate to the floating metal where the electrons
will later be discharged via the metal contact, or by tunnelling out of the passivation layer
as shown in Figure 2-9. This technique works because the UV radiation gives the
electrons enough energy to excite, or tunnel out from, these layers to their surrounding
[69-70]. Furthermore, this technique shows satisfactory results in improving the threshold
voltage of the device as reported in [24], where the P-channel threshold voltage was

changed from -22V to -2V.
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Figure 2-9. Trapped charge removal using UV radiation [24]

The second approach was proposed by Georgiou and Toumazou [71]. They used hot-
electron injection as a non-volatile method to modulate the charge on the floating gate of

the P-channel ISFET. Hot-electron injection can arise in the device when the drain to
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source potential is sufficiently high to create a large lateral electric field in the transistor.
This results in electrons within the substrate being injected into the floating gate such that
they counteract the effect of trapped positive charges and thus lower the threshold voltage
of the ISFET. Georgiou and Toumazou achieved threshold voltage shifts of up to 2.8V in

a standard pH 7 buffer solution.

The third and final technique is also from the same two authors, Georgiou and Toumazou
[72]. In this work, they proposed a new approach referred to as a programmable gate
ISFET (PG-ISFET). The new device is based on the CMOS ISFET shown in Figure 2-6
(b) with an additional control-gate capacitor, C., attached to the floating gate of the
device as shown in Figure 2-10 where Vg, is the effective gate voltage given by the
combination of the voltage applied to the reference electrode, the input referred trapped

charge and the pH dependent potential.
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Figure 2-10. Programmable gate ISFET (PG-ISFET) device [72]

By doing so, a reduction in large threshold voltages is achieved. The compensation of

trapped charge follows the expression below
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Cpasthc = —CcecVee
Equation 2-21

where V. is the equivalent voltage modelled of the trapped charges of the device, Cpqss IS

the capacitance due to the passivation. Therefore, by biasing the control-gate with

Equation 2-22

the large threshold voltage of the device due to trapped charge can be reduced.

2.7 Noise in CMOS ISFETs

This section deals with the effects of electrical noise in ISFETs particularly at low
frequencies. The two main noise sources are (i) thermal noise and (ii) flicker noise, also
known as 1/f noise. Noise phenomena are inherent within all physical devices. They may
be reduced but never eliminated completely [73]. Thermal noise is generated by the
thermal excitation of the charge carriers in a conducting material and consequently
proportional to the absolute temperature and consistent over the frequency spectrum. As
in a MOSFET, the thermal noise of an ISFET can be expressed in terms of the drain

current of the device, as given in the follow expression [74]

) 2
(F) = 4KT (5) gm
Equation 2-23

where k and T are Boltzmann’s constant and absolute temperature, respectively, and g,,

is the transconductance of the ISFET.
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Flicker noise is found in all active devices. The origin of flicker noise varies, but in FETS,
both MOSFETs and ISFETSs, it is mainly caused by energy-band traps within the
conducting channel where charge carriers are captured and released in a random fashion.
Furthermore, it is known that a P-channel device has a lower flicker noise than a N-
channel device. The flicker noise can be represented as the gate voltage within the device,
given by [74]

o (D =wic f

Equation 2-24

where K is a constant for a particular FET, W and L is the width and length of the device
gate, C,, is the gate oxide capacitance and f is the frequency. Moreover, the above
expression also suggests that for a good design practice the gate width, W and length, L
and gate oxide capacitance C,, of the device should be maximised in order to achieve the

minimum flicker noise.

Correlated double sampling, or chopper stabilization circuit techniques, are used to
reduce noise in active devices [75]. Both techniques are particularly effective in dealing
with low frequency flicker noise, however, both can result in an increase in in-band noise
of the system. An alternative approach has been proposed by Chan et al [32], which
exploits the principle of averaging the ISFET front-end interface to reduce noise in
general. Chan’s new concept uses 64 ISFET sensors in a CMOS array configuration with
global current feedback. Not only is the reduction of overall noise achieved but also the
improvement in long-term drift and linearity owing to averaging and negative feedback is

also obtained.
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2.8 ISFET interfacing techniques

This section covers a review of existing ISFET readout circuits some of which have a
topology that is better suited to integrated circuit fabrication than others. Before
considering specific interface circuit designs, the operating regions of the ISFET will be

reviewed with reference to the large signal equations applicable for each region.

As stated already in this thesis, the underpinning parameter of interest in development of
a biochemical sensor using an ISFET is the device threshold voltage, Vi, [74, 76] where
Vr is the threshold voltage of the ISFET and Vi = Vipem + Vinmosrery- The other
ISFET parameters are (i) u,, which is surface mobility of electrons under the gate, (ii) C,,
which is the gate oxide capacitance per unit area, (iii) W and L are the gate width and
length respectively, (iv) y is the body effect coefficient, (v) ¢ is the Fermi level of the
semiconductor, and finally, (vi) the term A represents channel-length modulation between

the drain source terminals of the transistor.

There are four regions of operation in an ISFET, as there are in any field effect transistor,
namely (i) Cut-Off, (ii) Weak Inversion or Sub-Threshold, (iii) Triode, and (iv)

Saturation. The key features of each region of operation are described below.

Cut-off region: This is where V¢, < V; and the surface potential, ¢, is less than Fermi

level, ¢ < ¢, and essentially no source to drain electron flow takes place, hence
Ip=0
Equation 2-25

Weak inversion (or sub-threshold) region: This is where Vg < Vr, ¢p < ¢ps < 2¢b5

and Vg »> 100mV, then the drain current of the ISFET is given
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W Ves—Vy
ID—ItTGXpn—UT

Equation 2-26

where I, is a pre-exponential multiplier, n is the subthreshold slope factor and U, =
KT /q is the thermal voltage, where K is the Boltzmann constant, T is the absolute

temperature and q is the electronic charge.

Triode (or linear) region: This is where Vs > Vi and 0 < Vps < Vg — Vp and the drain

current is given by

1w

— UnCox[2(Vgs — V1) — VpslVps

I, ==
b=a2

Equation 2-27

Saturation region: this is where Vg > V- and 0 < V5 — Vi < Vpg and the drain current

IS given by

1w
_.unCox(VGS - VT)Z(1 + AVDS)

I, ==
D=2

Equation 2-28

Vr is the parameter of the ISFET sensitive to and directly proportional to the biochemical
fluid input. Consequently, ISFET sensors are used either in the triode region or in the
saturation region as in both regions V; is readily accessed. The weak-inversion region
could be used for very low power biochemical sensing. In this region, as seen from

Equation 2-26, V; is in the exponent of the exponential I, term.
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In this thesis the ISFET is used primarily for sensing pH, Urea and Creatinine, and so
‘linear’ access to V; is required. Therefore, operation of the ISFET will be confined to the

Triode and Saturation regions.

The first ISFET interface circuit to be reviewed, is shown in Figure 2-11 was proposed by
[77]. The circuit is an ISFET source and drain follower design connected with an
instrumentation amplifier (1A) realized with op-amps Al, A2 and A3. The ISFET is
placed at the IA terminals where the gain determining resistor would normally be
connected. As a result the voltage, Vpg, of the ISFET is kept at a constant value of
Vps = IgiasRy1. Thus, any change in the ion concentration will cause a change in the
output voltage of the instrumentation amplifier, V. 43y = Vis. The difference between
this output and a fixed reference voltage, V.., will be amplified by op-amp A4, and acts
as a feedback signal that adjust the common mode level of Vs to continuously keep a
constant drain current running through ISFET. Analysis of the circuit, see [77], concludes

that the voltage output is

Vr

Vour = R_Z

Equation 2-29
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Figure 2-11. Instrumentation amplifier ISFET readout circuit [77]

This design is claimed to work well and is used widely in discrete implementations.
Another good feature of the design, as identified earlier, is that the reference electrode is
grounded and not used as a feedback terminal. This has the advantage that multiple
ISFETS could be used with the same reference electrode. However, the fact that four op-
amps are required together with nine resistors and one current source makes it an
unattractive circuit from the view point of total component count. In particular, in
biomedical micro-system where only limited silicon area is available for implementing an

interface circuit, this design has limited value.

The second ISFET interface circuit to be considered is shown in Figure 2-12. It was
proposed in [78] is a very interesting and an elegant alternative. It operates in a similar

way to the Figure 2-11 design in that the feedback from source to drain maintains a
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constant Vps = Ip;4s1- 5k1 and the drain current, I, of the ISFET is fixed by the current

sink, Igigs2-

Ref.Electroder\J

Figure 2-12. Fixed V¢ and I, ISFET readout circuit [78]

Again the design has the advantage of not applying feed-back to the reference electrode
which is held at ground potential. This circuit requires two op-amps, however as they are
simply unit-gain voltage followers, in a monolithic realisation of the complete circuit
their design could be much simpler than a full op-amp. The output voltage is the inverse
of the gate-source voltage thus the closed-loop voltage gain of the circuit with respect to

the gate to source voltage is Ay, = —1.

A change in ion concentration will result in a change of common mode level of Vs

therefore when the ISFET is working in the linear (triode) region of strong inversion, the
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voltage output will track the modulation of threshold voltage or V., linearly as shown

in the analysis below
Ves = =Vs = —Vowr
Equation 2-30

The drain current of the ISFET in the triode region as given in Equation 2-27 can be

rewritten as

Vis
Ip=p (_Vout - VT)VDS - T

Equation 2-31

where

Equation 2-32

Finally, V,,; can be obtain from Equation 2-31 and reference to Figure 2-12 as

IBiasZ IBiaslsKl

Voo = =V — _
out T Blpias15K1 2

Equation 2-33

where Ig;.s1, Igias1 @nd B are constants, making

Vout X VT

Equation 2-34

In addition, as a direct consequence of using negative feed-back to force the output

voltage to be linearly proportional to V;, then V,,,; is also proportion to pH in the weak-
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inversion, the triode and the saturation operating regions. It should be noted that this
circuit is easily modified for P-channel ISFET, all that is needed is to reverse the current
source and sink. So far neither of the circuits described offer any temperature
compensation beyond biasing of the ISFET as close as possible to its isothermal point.
Furthermore, these circuits were originally intended for discrete components
implementation in which case any potential advantages of the ISFET being an integrated
sensor with the potential to integrate the entire readout circuit is lost. Incidentally in an
integrated implementation, unless triple well technology is used, the body effect will

affect the operation degrading the linearity of the output signal.

The third ISFET interface circuit, shown in Figure 2-13, exploits the ability to
monolithically integrate the ISFET and MOSFET in a differential pair topology which
has the advantage of inherent temperature compensation [60, 79]. The ISFET and
MOSFET are best created on the same substrate to achieve a matched pair of devices,
particular in the term of geometry, structure and temperature. The drain current of both
FETs will be almost equal and therefore virtually constant, Ips = I;,s/2 as a result of a

high amplification of op-amp Al and negative feedback to the gate of the MOSFET.

Any changes in ion concentration of the solution, result in a change in the threshold
voltage, V., of the ISFET. Because the high output impedance of the I;,s current sink
together with the close-loop feedback from the output of op-amp Al to the gate of
transistor M1, this forces an equal change in the gate voltage of M1, in order to keep Vp¢
and I of both devices the same. Therefore, the gate voltage of M1 is used as a circuit
signal output due to its ability to perfectly duplicate the threshold voltage, V;, of the
ISFET. Furthermore, with well matched transistors, the temperature effect and body

effect tend to cancel.
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Figure 2-13. differential pair ISFET readout circuit [79]

Again an op-amp is required for the circuit of Figure 2-13, but this time only one.

Assuming that the Vy,mos) Of both devices is the same, then output voltage will be

Vout x Vchem
Equation 2-35

However, this will only be true if both the electrical characteristics of the two FETSs are
the same and they also need to be at the same temperature. In practice, the circuit can
only offer a reasonable degree of temperature compensation [77] and would exhibit a
relatively large input offset voltage due to the difference in threshold voltage between the
ISFET and the MOSFET as a result of the chemical potential across the electrolyte

solution [77] and any trapped charge in the ISFET.
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The fourth ISFET interface circuit, shown in Figure 2-14 also exploits the advantage of
integrating the ISFET within a CMOS environment, but this time as part of the voltage
buffer operational amplifier [37, 80]. In fact the circuit is functionally the same as the
third example above, but the op-amp function is now realised at transistor level. The input
stage is differential and consists of the ISFET/MOSFET M1 long-tail pair, where the
ISFET is the non-inverting input transistor. The output of this differential stage drives the
second stage common-source amplifier M6. By connecting the output of the common-
source amplifier to the gate of the inverting transistor input M1, the amplifier now

operated as a voltage buffer and thus the close-loop gain obtained is unity.

Ref.Electrode

T
Vref _

Figure 2-14. Operational amplifier ISFET readout circuit [37]
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Any differences in the threshold voltages between the ISFET/MOSFET differential pair
at the input stage will appear at the output. As a result, the output voltage expression,

V,ue» Can be approximated as [37]

Vour = Vos + Venem

Equation 2-36

where V, is the input referred offset voltage, which is temperature and light sensitive but

chemically insensitive.

The fifth ISFET interface circuit is shown in Figure 2-15. This circuit is an alternative
current-feedback approach to the voltage-mode feedback system of Figure 2-13 and
Figure 2-14. The operation can be seen most easily from the small-signal equivalent

circuit of Figure 2-15 (a), which is shown in Figure 2-15 (b).

M2 M3

out

Ref.Electrode
~

Vout
O

Vin

(@) (b)

Figure 2-15. [81] (a) Current feedback op-amp ISFET readout circuit and (b) its macromodel
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There are parallels in this design with the circuit in Figure 2-13 and Figure 2-14 which
use the ISFET as one half of the long-tail pair input stage of a voltage op-amp, with the
significant problem of requiring close matching between the ISFET and its MOSFET
input pair. However, the circuit of Figure 2-15 uses a current feedback type of op-amp
topology with the ISFET at the input stage. Comparing the current feedback op-amp with
a voltage op-amp, the most significant difference is that it does not use long-tail pair at
the input, which means that there is no requirement in this circuit for matching between
the ISFET and a counterpart MOSFET. The circuit is closed-loop in structure with current
feed-back applied to the low impedance source of the ISFET, with the reference
electrode, as for all the previous designs, is connected to ground. From the feedback
topology, using small signal analysis, the closed-loop gain, A.;yse, IS given by [81]

A _ aVout _ Aopen
close aVin 1+ ﬁAopen

Equation 2-37
where,

A — Imi r
open 1 +gmlRf o

Equation 2-38

and since ry5ms) > Ry,

_ Tasms)y 1
Tasms) T Ry

Equation 2-39

Finally, by substituting Equation 2-39 into Equation 2-37 the close-loop gain of the

circuit obtained is unity, thus the output expression is given as
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Equation 2-40

The sixth and final ISFET interface circuit, shown in Figure 2-16, uses a reference
electrode feedback configuration [82]. In both Figure 2-16 (a) and (b), the source voltage
is held at zero which means that V35 can be made zero by grounding the bulk, thus
removing the body effect. It was demonstrated in [77] that changes in the ion
concentration of the solution are compensated by an equal and opposite change of
reference electrode potential. Thus the drain current, I, of the ISFET is kept constant and
the reference electrode voltage, V,..r can be taken as the output signal, proportional to the

pH of the solution.

Ref.Electrode
~

@) (b)

Figure 2-16. [82] Feedback through reference electrode ISFET readout circuit, (a) where Vgiqs = Vpsusrer)

Of |SFET and (b) Where VBias = VS(ISFET)
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In the circuit of Figure 2-16 (a) the net operation is similar to that of Figure 2-16 (b), the
main difference is that the op-amp feedback connections are reversed because the ISFET
in the Figure 2-16 (a) circuit introduces an additional phase inversion in the feedback

path. The output voltage for Figure 2-16 (a) and Figure 2-16 (b) is

Vour = Vr

Equation 2-41

Both Figure 2-16 (a) and Figure 2-16 (b) are relatively simple topologies but the fact that
the reference electrodes cannot be held at constant voltage, ideally or ground is a
disadvantage. The feed-back signal in both cases is applied to the reference electrode and
as such the reference electrode is closing the loop. This is highly undesirable because in a
practical application the feedback loop will be broken if (i) bubbles form in the cells or
(if) when dipping the electrode into different solution that are being analysed. When such
a break occurs, the feed-back potential becomes large and positive. As soon as the
feedback is re-established, a high voltage transients may cause the temporarily
polarisation of the reference electrode or the intrinsic gate resulting in an offset potential
and sometimes this can cause the breakdown of the ISFET encapsulation [79].
Furthermore, the use of the reference electrode as a control signal terminal means that this
design is not suitable for applications with many ISFET sensors where the individual
control of each ISFET is now required. Moreover, this design certainly cannot be used for
a differential configuration, since two reference electrodes are then needed in the same
solution and thus cannot be separately controlled. Lastly, a circuit configuration with non-
ground potential reference electrodes may cause undesired ions to be produced in the

chemical solution [81] leading to an inaccurate reading of pH.
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2.9 Summary of Chapter 2

This chapter has focused on the biochemical sensing element of the CCCIl+, namely the
ISFET. The origins, structure, evolution and operation of the ISFET have been described
in some detail to serve as a knowledge base for the input part of the CCCII+. Both the
traditional ISFET and the unmodified CMOS ISFET have been reviewed including
appropriate macromodels. Like all sensors, the ISFET is not ideal and issues of
nonideality have been considered, including drift, temperature sensitivity, trapped charge
effects and noise. The chapter closes with a review of several interface, or read-out
circuits, that are potential contenders for a fully integrated biochemical ISFET instrument.
The next key element of the CCCII+, namely the CClI+, is the subject of the next chapter

of this thesis, Chapter 3.
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Chapter 3

Current-Conveyor: The Current Mode Approach

3.1 Introduction

The focus of the last chapter is on the first key element in the CCCll+, namely the ISFET.
In this chapter, the focus moves to the second key element of the CCCIl+, namely the
CCII. This device is a versatile analog building-block which was originally designed to be
used with other circuit components to perform a wide variety of analog signal processing
functions. The current-conveyor may be considered as an analog circuit building-block
rather like a voltage op-amp (VOA), operating in a different way to achieve a range of
analog systems which classically have been based on VOAs. The different approach leads
to new methods of realising analog transfer functions, and in several cases the conveyor-
based implementation provides improved performance over the VOA based designs in
accuracy, bandwidth and also convenience. Circuits based on VOAs are generally simple
to design because the behaviour of a VOA can be described with a few straightforward

design rules. In much the same way, the current-conveyor can be described with a few
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simple design rules and having appreciated their operation, current-conveyor-based

circuits be designed just as easily.

The current-conveyor was first proposed by Sedra and Smith in 1968 [1], however mainly
for technology reasons it took almost 20 years for the current-conveyor to reach maturity
with the first single-chip designed by LTP Electronics and produced by Elantec Inc. The
realisation of the current-conveyor as a monolithic device with good performance has
stimulated a resurgence of research resulting in a better understanding of the operation

and applications of device and its potential for analog signal processing.

The current-conveyor is one of the key parts of the chemical current-conveyor and in this
chapter the operation of the current-conveyor and analysis of various application circuits
and systems will be presented. The main purpose of this section of the thesis is to obtain a
full understanding of the current-conveyor and its versatility in preparation for the
Chapter 4 which focuses on the design and development of the first chemical current-

conveyor realisation.

3.2 Background

After the first generation current-conveyor or CCI, shown in Figure 3-1 was introduced,
the more versatile second generation current-conveyor, or CCII, shown in Figure 3-2 was
proposed by the same two authors, Sedra and Smith, in 1970 [2], as an extension of their

first generation conveyor.
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Figure 3-1. First generation [1] current-conveyor (CCII) (a) system diagram and (b) hybrid matrix

Figure 3-1 (a) shows the schematic normally used for the CCI without the power supply
connections and Figure 3-1 (b) the I~V, describing matrix for the CCI is shown. The
input current at X-node, I, was reflected to input Y-node, that is, the two inputs had
equal currents. Furthermore, the sign ‘+’ with number ‘1’ indicates ‘polarity’ and the
‘current gain’, respectively between output current Z-node, I, with respect to Iy of either
+1 or -1. Although the devices aroused considerable interest, it was not until the much
more versatile second generation current-conveyor, CCII, that the circuits’ community

world-wide took the current-conveyor concept really seriously.

|
Vy “Ov Iy 0 0 0}V,
Iz —
ccl zo—ov, (Ve |=|L 0 0pl
LI L, | o z1 ofv,

(@) (b)

Figure 3-2. Second generation [2] current-conveyor (CCII) (a) system diagram and (b) hybrid matrix

The CCII, shown schematically in Figure 3-2 (a), is described by the I~V matrix in

Figure 3-2 (b). Again two possible implementations can be constructed with current gain
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between Iy and I, of either +1 or -1. As will be shown below the more useful CCII is so
called CCIlI+ which has +1 current gain Iy and I, with respect to the current directions
shown in Figure 3-2 (b). The relationship between the terminal voltages and currents of

CCII can be described by the three equations below, rather than a matrix description.

Iy =0

Equation 3-1
Vy =Vy

Equation 3-2
I; =1y

Equation 3-3

By inspection of Equation 3-1 to Equation 3-3, it is clear that the CCII is the combination
of a voltage-follower, between input voltage, Vy, and output voltage, Vy, and a current-
follower between Iy and I, either negative unity gain for CCII- or positive for the CClI+.
Furthermore, since the input Y-node draws no current hence, I, = 0, this implies that
ideally Z;yy = oo. Similarly, because the X-node has two functional uses either for

voltage output or current input, then ideally Zy = 0, and to obtain I, = Iy implies that

Zoyrz = .

Note that while Y-node is clearly a voltage input terminal and Z-node is a current output
terminal. The X-node has dual function, that is, input for current and output for voltage.
At the first sight this may seem unusual. Nevertheless, because of the combined voltage
and current following properties, the CCII has proved to be much more adaptable and

versatile than its first generation predecessor (CCl) and can be used to produce a wide-
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range of analog circuit functions as shown in Figure 3-3, some of which are not easily

realised using conventional VOA.

Figure 3-3. Current-conveyor applications

The applications of the current-conveyor shown in Figure 3-3 excited considerable
interest from the analog circuit community and resulting in many publications in this
general area, many of which can be found in [3], and subsequent IEEE publications
throughout the 1990°s. To date, the potential of the current-conveyor for biomedical uses
has received little attention. The ‘new’ application area in Figure 3-3 is ‘Biochemical

computation’ which is the focus of the research programme described in this thesis. To
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obtain an appreciation of the full versatility of the CCIll+, a number of application circuits

will now be described.

3.3 Current-Conveyor implementation

As mentioned above practical implementations of the CCII took a long time to appear
following the initial proposal of the concept. The op-amp based realisation below was
first proposed by Toumazou and Lidgey [4] using the technique of accessing the output
current from an op-amp by sensing the supply currents using current-mirrors in the power
supply leads of a VOA and coupling them together to provide a high output impedance Z-

node, shown in Figure 3-4.

Current Mirror Current Mirror

O—+

I VOA
o -
X

Current Mirror

I,=-Ix

Current Mirror

Figure 3-4. Negative current-conveyor [3-4]

The VOA is connected as a voltage-follower and the non-inverting terminal forms the

high input impedance Y-node, and the inverting terminal the low impedance X-node.
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Since the current flowing into the Y-node is almost zero, any current flowing out of the
X-node will be copied and at the current-mirror connection which forms the Z-node and
will be drawn into the Z-node. The net effect is that a CCII- has been produced. One
transistor implementation of this CCII- is shown in Figure 3-4, where the output current
has been taken more directly from the output terminal of the VOA, and copied to the Z-

node using two cross-coupled current mirrors.

MP4

vdd
Y

VOA

Iz—'lx

Vss

MN4

Figure 3-5. Negative current-conveyor implementation [3-4]

As already mentioned the CCII+ is in fact more useful than the CCII- and the same
technique of sensing the power supply current from a VOA can be used, as shown in

Figure 3-6, with one practical realisation being shown in Figure 3-7. Comparing Figure
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3-5 and Figure 3-7, it can be seen that the only difference is the removal from Figure 3-5
of the second cross-coupled current mirrors pair, and the versatile CCIll+ is formed. It
should be noted that both Figure 3-5 and Figure 3-7 are not optimal designs. They have
been included here simply to illustrate the approach used in creating a transistor level

CCIl.

Vdd

Current Mirror

o)
Ix

XW
Y

12=Ix

Current Mirror

Vss

Figure 3-6. Positive current-conveyor [3-4]
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MP2

vdd
Y

VOA

I=Ix

Vss

MN2

Figure 3-7. Positive current-conveyor implementation [3-4]

3.4 Current-Conveyor (CCI1) applications

To assist the reader in understanding the operation of a range of CCII application circuits

presented below, Table 3-1 which shows the impedance and I~V operation of the ideal

CClIlI has been included.
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Table 3-1. Impedance and I~V operation of the ideal CClI

Impedance and 1~V operation of the ideal CCII

Zny e
Zy 0

Zoyrz e
Iy 0
Vx Vy
IZ iIX

3.4.1 Voltage and current readout amplifiers using the CCllI

The Table 3-2 shows 5 different readout amplifiers. Circuit (a) is a unity gain voltage
controlled voltage source (VCVS) or voltage-follower. The Z-node is grounded to
provide reference of zero voltage and thus ensure that the output transistors remain active.
Circuit (b) is a unity gain current controlled current source (CCCS) or current-follower.
Grounding the Y-node ensures that the X-node is a virtual ground input. The next circuit
(c) is a voltage controlled current source (VCVS) with transconductance gain 1/Ry. Input
voltage applied to the Y-node results in the same voltage appearing at the X-node and
hence Iy =V;,/Ry and because Iy =I,, then I, = I,,; = V;,/Rx. The next circuit
shown in Circuit (d) which is a voltage controlled voltage source (VCVS) with gain
determined by the resistor ratio R;/Ry. In fact the circuit is simply circuit (c) with an
output voltage-follower, and the resistor at the Z-node is used to convert I, into an output
voltage V, =V,,,; = IR, = R;/RxV;,,. The circuit (e) is a current controlled current
source with gain Ry/Ry. The role of Ry is to convert the input current into a voltage

VY = IiTlRY’ WhICh rESU|tS in IX = Iout = RY/RXIiTl'
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Table 3-2. Applications of current conveyors to amplifier [3]

(a) Voltage Controlled
Voltage Source

(VCVS unity gain)

(b) Current controlled

current source (CCCS

unity gain)

(c) Voltage Controlled
Current Source (VCCS

with gain)

(d) Voltage Controlled
Voltage Source

(VCVS gain)

(e) Current Controlled
Current Source (CCCS

with gain)

Function

Loyt = lin

Rx

Realization using Current-Conveyor

Z Iout O

CCllI+

CCll+

z

CCll+ z

Rz X
Vout

Table 3-3 shows two differential amplifiers based on the VCCS of Table 3-2, circuit (c)

by coupling two CCI+ devices, the input becomes differential as only a voltage difference

between the upper and lower Y-nodes results in any current flow through Ry. The current
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is conveyed to the output Z-nodes differentially. The resultant differential
transconductance is 1/Ry. The second circuit (b) of Table 3-3 is an extension of circuit
(a) using the same addition of a grounded resistor R, and output voltage-follower as in
Table 3-2 circuit (d). This provides a single ended output voltage V,,; = (Rz/Rx)V;, or

instrumentation amplifier.

Table 3-3. Applications of current conveyors to differential and instrumentation amplifier [3]

Functional Element Function Realization using Current-Conveyor
(a) Differential V to | V; v
loue = R_ i
X + Z O—0
converter cCll
X
Vin RX Iout
X
CCll+ Z <9
Y
(b) Instrumentation v Ry v Y
==V A
3 out Ry in A ccl+ z v
amplifier X CCll+ z
X
Vin| < Rx Rz Vou
X —
CCli+ z
Y

It is worth noting that in all of the above circuits in both Table 3-2 and Table 3-3 that the
function of the resistors is to convert voltage to current and vice-a-versa. They are not

feedback components and as such have no direct influence on the bandwidth.
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3.4.2 Analog computation using the CClI

The CCII can be used for analog computation, and Table 3-4 shows several application
circuits. The first two, circuits (a) and (b) provide input current summing and output
current summing, respectively. Input current summing is readily achieved in circuit (a)
because of the low input impedance into the X-node. Similarly output current summing is
achieved by connecting the outputs on two or more CClls together, the output currents
simply add because of the high output impedances from each Z-node. The remaining
circuits in Table 3-4 are voltage and current differentiation and integration circuits. Using

similar analysis as above, the input/output transfer functions given in Table 3-4 can be

obtained.
Table 3-4. Applications of current conveyors to analog computation [3]
Functional Function Realization using Current-Conveyor
Element

(a) Input current

Wops = =0k 5 Mo 2 )

lin1

Iin2

summing o "
CCll+  z oo
Y
(b) Output Loyt = (Iy + 1)
Iy
IOU
current summing cCi+ z ¢
cCli+  z o2
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(c) Current >
integrator CCll+ z
X
(d) Current dl;, () _
Loyt (t) = CxRy Z‘—t I Y ”
differentiator Ry ) CCll+ z ¢—0
Cx

(e) Voltage ”

CCll+ z Y
integrator X ccl+  z

X

(f) Voltage AVi, (t)

Vout(t) = CxR; T
differentiator

3.4.3 Impedance conversion using the CClIlI

Much of the research in the area of the current-conveyors has focused on the
implementation of impedance converters and filters. Many VOA-based impedance
converters required complicated circuitry and tight component matching requirements.
With its combined voltage and current following properties, the CCII is a more flexible

alternative to implement these functions.

Impedance converters are found to be useful in many of active circuit designs, for

example in active filters and inductance simulation. Also, negative resistors that are




Current-Conveyor |71

frequency dependent, the so called FDNR, can be obtained and used in place of inductors
to achieve high order filter functions. In addition negative resistance and capacitance can

be created and used to cancel losses in capacitance to improve filter Q values [5-6].

CCll+ z

Figure 3-8. Grounded negative impedance converters (NIC) [2, 7-8]

o0 Y
CCl+ z
X
Zn z
O l

Figure 3-9. Current-controlled NIC [7-8]

CCi+ =z

Zn X
LN

Zr

(©

Figure 3-10. Voltage-controlled NIC [7-8]
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Sedra and Smith [2] presented the negative impedance converter shown in Figure 3-8. If
the Z-node of Figure 3-8 is connected to a grounded impedance, Z;, as shown in Figure
3-9, the net effect is an input impedance into the circuit of —Z;. Alternatively, if the
impedance Z; is connected to the X-node, as shown in Figure 3-10, then again the net
result is an input impedance of —Z;. The circuit of Figure 3-9 is a current-controlled
negative impedance converter (NIC) whereas the circuit of Figure 3-10 is a voltage

controlled NIC.

CCll z Y
X ccll z

Zl Z3 22

Figure 3-11. Generalised impedance converter (GIC) [2, 7-8]

Using two CClls as shown in Figure 3-11, more general impedance conversion (GIC) can
be implemented, depending on the nature of the circuit components chosen. In addition, if
both conveyors are of equal polarity, that is both CCIlI+ or both CCII-, then a negative
GIC is obtained. The resulting input impedance at V, is Z;y = —(Z; Z,/Z3). Conversely,

if the two conveyors are of opposite polarity, then a positive GIC is obtained.
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3.4.4 Filters

Circuit designers concerned with the implementation of active filters have paid
considerable attention to current-conveyor implementations, since voltage op-amp based
filters suffer from bandwidth limited by the voltage op-amps themselves. Many of the
earlier CCII- based filter designs required floating capacitors but these filters have
inherently poor sensitivity and were only able to realise one particular filter type [9-10].
The emergence of GICs described in the previous section allowed for a wider range of
filters to be implemented, based on simulated inductors, for example, various types of

Butterworth filters as well as elliptic ladder filters.

To illustrate the field of CCII filter design, two circuits will be described, the first being
an approach based on converting a classical second-order voltage mode circuit into a
current-mode equivalent and the second being a third-order filter that uses grounded

capacitors,; the latter being particularly attractive for monolithic implementation.

Many voltage mode active RC-filters use VOAs configured as a unity gain VCVS, or
voltage-follower, to maximise the useable bandwidth of the circuit. Current-mode filters
can be derived from these voltage buffer-based filters using the adjoint circuit method. To
find the adjoint circuit of any network, a replica of the original circuit must be constructed
first. All elements in this replica circuit are then replaced by their adjoint elements.
Passive components such as resistors and capacitors remain the same, while unity gain
voltage buffers are replaced by the unity gain current buffers, or current-conveyors.
Voltage input and output signals are replaced by current output and input signals, hence
the two adjoint circuits are exactly equivalent in the voltage-mode and current-mode. The
new current-mode circuit will have the same component sensitivities as the voltage-mode

original, so low sensitivity current-mode circuits can be obtained from low sensitivity
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voltage-mode circuits which have already been developed. The Sallen-key active biquad

(SAB) [11] of Figure 3-12 (a) would be, therefore transformed to the CCll-based circuit
of Figure 3-12 (b) by the adjoint circuit method.

Ry

Y
R1

| (D

(@ (b)

Figure 3-12. [11] (a) Voltage-mode SAB (b) Current-Mode SAB

A third-order low-pass Butterworth filter reported by Nandi [12] which is particularly

attractive, due to its use of grounded capacitors and equal valued components, is shown in
Figure 3-13.
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R>
CCll+ z Y

X CCll+ z

C, X
: Cy
11 e T

R

Figure 3-13. Butterworth low-pass filter using CCll+ [12]

As reported in [12] the voltage transfer function of the filter can be obtained as

Vout — R3/R4
V; azs3 +a,s?+a;s+1

Equation 3-4

where,

az = Ry{C1R,C,R5C;

a; = RiC1R,C; + RyC,R3C3 + RiR3C5(C — ()

and

a, = Rl(Cl - Cz) + chz + R3C3

Using the standard filter design approach of normalising the resistors to 1Q and
capacitors to 1F, then since equal valued components are used, and letting (R, = R, =
R; = 1Q) and (C; = C, = C3 = 1F), then the above equations simplify to a third-order

low-pass voltage transfer function, given by
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Vout — 1
V; s3+2s2+2s+1

Equation 3-5

Furthermore, the resulting filter has low sensitivity to component values. There are many
more active filter CCll-based designs, but the two examples above are more than
adequate to show that filter functions can be created using the CCIlI with no more
complexity, indeed often with less complexity, than conventional VOA-based designs,

confirming again the universality of the CCII.

It should be noted that in practice an input DC current path must be provided for all active
devices employed. As for all analog circuits and in the circuits described in the
impedance converter and filter sections above, any such additional DC bias components

have not been included in the circuit diagrams.
3.4.5 The relationship between the ideal transistor and current-conveyor

An alternative and useful perspective of designing with CClls is to consider the
relationship between the CCII and an ideal transistor. As a reminder, the I~V transfer

relationship for the CCII given in Table 3-1 is given here again as

VX=VY
I, =0
IZ=IX

As mention before, these equations show that there is a simple voltage-follower or
voltage buffer action between the input Y-node and the voltage output X-node. Also,

there is a simple current-follower or current buffer action between current input X-node
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and current output Z-node. In addition, these equations imply that the ideal impedance

relationships for the CCII are

Ziny = ®
Zy =0
Zoyrz = ®

Consequently, the current-conveyor can be considered to behave as an ideal transistor,
either in BJT or MOSFET as illustrated in Figure 3-14. If the transistors were ideal, as
shown in Figure 3-14 (a), the V;s would approach zero. As a result when driving into the
gate of an MOSFET, it would give exactly unity voltage gain from input gate to output
source. Hence the gate terminal of the MOSFET, which is close to an open circuit, is
equivalent to the Y-node of a CCII. In the case of an ideal MOSFET, the source terminal
would exhibit zero impedance, just as the X-node of an ideal CCII should. Consider now
the current gain between source and drain of a MOSFET. Driving current into the source
gives almost exactly unity current-gain from source input to drain output where the
impedance level would ideally be infinite, just as the Z-node of an ideal CCII. In addition,
the direct of the current flow from drain to source follows that an ideal MOSFET behaves

as a negative current-conveyor (CCII-), as shown in Figure 3-14 (b).
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D(Z
2) lID c@
Vy 1225 A RO Iz
B (Y)
G(Y) o CCll-  z 2o Vy
Vy b d y
lls IX
S (X) Vx
E (X)

@ (b) ©

Figure 3-14. [3, 7-8] Comparison of (a) single NMQOS transistor, (b) CClI- and (c) single BJT

Figure 3-14 (c) shows a BJT representation of a CCII- and on reflection it is clear that the
current-conveyor can be considered as effectively an ideal BJT as shown in the voltage-
gain and current-gain equations below, where the current gain, £, and the

transconductance, g,,, are ideally infinite. The voltage output at X-node can be obtained

Vy

i)

Vx

Equation 3-6
since, g, Rx > 1, therefore
Vy = Vy
Equation 3-7
and the current output at the Z-node can be obtained as
I; = _(ﬁl‘+1)lx
Equation 3-8

and since f > 1, therefore
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Equation 3-9

Undoubtedly, a single transistor cannot function alone as a complete current-conveyor as
only unipolar signals can be handled by an unbiased single transistor. Also, the high
accuracy unity voltage gain together with unity current gain required for a high
performance current-conveyor cannot be achieved. However, the generic relationship
between either a MOSFET or BJT and the current-conveyor is valid. Furthermore, it does
provide valuable insight into the operation and development of monolithic current-

conveyors [7].

3.4.6 The relationship between the current-conveyor and the current-

feedback operational amplifier (CFOA)

The CFOA architecture is basically a transimpedance amplifier, or a current-controlled
voltage source, while the classical voltage-feedback operational amplifier (VFOA) is a
voltage-controlled voltage source. There are two major advantages of the CFOA
compared with its voltage-feedback counter part. Firstly, the closed-loop bandwidth of
the CFOA is larger than that of classical voltage-feedback design for comparable open-
loop voltage gain. Secondly, the CFOA is able to provide a constant closed-loop
bandwidth for close-loop voltage gains up to about 10. A further advantage of the current-
feedback architecture is an almost unlimited slew-rate due to the class-AB input stage,
which does not limit the amount of current available to charge up the internal
compensation capacitor, unlike the conventional VFOA. This high speed performance of
the CFOA is extremely useful for analog signal processing applications within video and
telecommunication systems [13]. As a result, the monolithic CFOA became commercially

available as an alternative to the VOA.
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The CFOA and CCII were conceived independently. The research and development of
these two devices progressed through to the early 1990s before the close relationship was
recognised. Simple circuit level macromodels of the conventional VOA are useful in
analysis and give the applications engineer valuable insight into the operation of the

VOA, and the same is true for the CFOA [8] as shown in Figure 3-15 (a).

T-node Output
X1

Voltage-followers

Output
=0

(@) (b)

Figure 3-15. Current-feedback (a) macromodel [13] and (b) op-amp structure [7-8]

Having constructed the macromodel of the CFOA, shown in Figure 3-15, the generic
relationship between the CCIl+ and the CFOA is evident; in fact it is extremely close and
several of the features offered by the CCII are also present in the CFOA. The basic
structure of the CFOA is essentially that of a CCIl+ with the now internal Z-node
connected directly to the input stage of an output voltage-follower, as shown in Figure
3-15 (b). Any current flowing into the low impedance inverting input is conveyed to the
internal gain node, Z;, and the resulting voltage is then buffered to the output. Z; is, thus,
the open-loop transimpedance gain of the CFOA, which in practice is equal to the parallel
combination of the output impedance of the CCII+, the final stage voltage buffer input

impedance and any additional compensation capacitance at that internal gain Z-node. In
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most CFOAs gain node is not connected to an external pin, and so the internal CCIll+
within the CFOA is not available. However, there are some commercially produced
CFOAs that do provide access to the internal Z-node, so it is possible to obtain a CClI+

function by using one of these devices.

3.5 Summary of Chapter 3

In this chapter, the CCIl has been examined together with a wide range of possible
application circuits. Undoubtedly the CCII is both versatile and convenient for many
applications. Those described here demonstrate the ease with which complex analog
functions can be realised using CClls. Often fewer parts are needed than its op-amp
counter part, due to the very attractive combined voltage/current capability of the device.
There are many applications where op-amp realisations are significantly less practical
than the equivalent CCII realisation, such as voltage controlled current sources or
transconductance amplifiers. Furthermore, the CCIl can provide high performance
operation as a result of the inherent local feedback of the follower-based structure of the

device.

The main point that has been shown in this chapter is the very versatile capability of the
CCII, which is the second key element in the CCCII+. Indeed, if we applied only a small
fraction of this versatility to the CCCIl+, many useful biochemical computations may be
possible. The remainder of this thesis will be devoted to the development of the CCClI+

and several biochemical sensing applications.
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Chapter 4

Chemical  Current-Conveyor for  Biochemical

Computation

4.1 Introduction

In this chapter the ISFET sensor, that was covered in Chapter 2, and the CCIl+ that was
covered in Chapter 3 are brought together to form a new biochemical microchip, the
Chemical Current-Conveyor or CCClI+. In developing this device, a new approach to the
design of an ISFET pH biosensor microchip has been taken, in that it incorporates an
integrated current-conveyor type two, CCIlI+, [1-2], rather than an operational amplifier.
One of the major advantages offered with this circuit topology is that the reference
electrode can be at constant potential and feedback readily applied to the source of the
ISFET, unlike other operational amplifier reported techniques where the ISFET forms
part of the differential pair input stage and so feedback cannot be applied directly to the
ISFETs source or gate [3-6]. Further advantages arise from using the CCIlI+ as the
primary basis for the design, namely [7] (i) it is a relatively simple circuit with a lower

parts count than an operational amplifier, (ii) it does not require frequency compensation
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and is therefore inherently stable, and (iii) finally, not only it can readily be configured to
provide an output directly proportional pH and with the choice of gain but also a
multitude of linear and non-linear computational functions can be produced and so the
concept can be used for excellent real-time process biochemistry. In addition, extending
the design by adding an output voltage buffer creates the potential to produce a current-
feedback operational amplifier (CFOA) architecture to enable overall feedback to be

applied, thus producing an accurate closed-loop gain.

In this chapter, the initial CCCII+ concept is described followed by the design, simulation
layout and evaluation of a monolithic device implemented using conventional 0.35um
CMOS technology. The final part of the chapter discusses evaluation of the practical
CCCIll+ as a pH measuring instrument and its direct computational capability is

presented.

4.2 Concept of the CCClI+: Topology and analysis

The diagram shown in Figure 4-1 is a system diagram of the chemical current-conveyor,
having their outputs related to pH. The device incorporates an input ISFET pH
sensor/transistor in the Y-node circuitry of a current-conveyor type 11, commonly referred

to as a CClI+. Figure 4-2 is the ideal performance hybrid matrix for the CCClI+.

Ref.Electrode
pHY

CCCll+ ZO—0

Figure 4-1. System overview of CCClI+ [8]
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It can be seen that the voltage, Vy, at the low impedance X-node follows that at the high
impedance input ISFET sensor node ‘pHY”’ (VpH), while the input current at the X-node
is mirrored or conveyed to the high impedance output node ‘Z’. The sign ‘+’ indicates the
polarity of the output current with respect to the input current. In this case the CCCIl+
indicates that both the input and output currents simultaneously flow into, or out of, the

device.

pHY

0
0

>

o O O

+1

<
N

Figure 4-2. Describing pH~V~I matrix of CCCII+ [8]

In practice, the ISFET sensor at pHY-node is biased with an appropriate reference
electrode, typically silver/silver-chloride (Ag/AgCl) which defines the potential of the
electrolyte solution. lons in solution bind to the exposed insulating membrane causing an
accumulation of charge, which in turn modulates the threshold voltage of the ISFET
device. V, gy is equal to the X-node voltage as can be seen from the matrix in Figure 4-2.
Therefore, the output voltage taken at the X-node is directly proportional to the sensed pH

value at pHY-node making,
Vy = VpHY
Equation 4-1

thus,
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%

pHY = IISFET_source X rISFET_source
Equation 4-2

where Ijsper source 1S the source current and 7isrer source 1S the equivalent source
resistance of the input ISFET sensor and as illustrated in Chapter 2, Ijsrer source

expression can be written as

1

w 2
IISFET_source = COX.“T [(Vgs - (Vth(MOSFET) + Vchem)) Vds - E Vds]

Equation 4-3

where Vipmosrer) 1S the grouping of conventional MOSFET parameters, Vipe,, is the
grouping of chemical potentials at the surface of ISFET sensor insulating membrane, Cpx
is the oxide capacity per unit area, W and L are the width and the length of the channel,
respectively, and u is the electron mobility in the channel, [9]. And finally, the currents
which flow into, or out of, X-node and Z-node are given in general by

Iy = =—1
X 7y A

Equation 4-4

where Zy is the impedance connected between the X-node and ground. The output can be
taken either as voltage from the low output impedance X-node, or alternatively as current

I, from the high output impedance Z-node.
4.3 Design and implementation of Chemical Current-Conveyor

The next step in development of the CCCIl+ is to take the above concept and construct a

macro/behavioural model that matches the hybrid matrix shown in Figure 4-2. What is
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required is essentially a voltage-follower (voltage-buffer) between the pHY-node and the
voltage output X-node, and a current-follower (current-buffer) between the X-node and

the current output Z-node, as shown in Figure 4-3.

pHYo——— ’ z

X1

rOZ

X

pH to Voltage buffer Current buffer stage
stage

Figure 4-3. CCCIll+ macromodel

Referring again to the ideal hybrid matrix of Figure 4-2, the primary voltage and current

equations can be obtained, namely

IPHY =0
Vy = VpHY
IX = IZ

Clearly, the input/output impedance from the X-node (r,x) should be as low as possible
(ideally zero) and the gain between V,yy and Vy should be unity, and the output
impedance from the Z-node (r,;) should be very high (ideally infinite) and the gain

between Iy and I, should be unity. The next step is realisation of Figure 4-3 at transistor

level.
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4.3.1 The basic initial design of the Chemical Current-Conveyor

Clearly, there are two essential circuit building blocks require, namely a voltage-follower
and a current-follower. Figure 4-4 shows two typical single transistor source-followers or
common-drain configurations. In both cases, the bias currents are provided by current
source Igas. On the left is the NMOS configuration and on the right is the PMOS
configuration operating as voltage buffers with both inputs at the gate of M1 and outputs
at the source of M1. In both cases, the “unity-gain’ performance can be approached by
maximising the transconductance of the MOS device utilized, confirmed below by small

signal analysis.

M1

V| 4{ Igias

Vo
Vo M1

IBias

(@) (b)

Figure 4-4. Common-Drain or Source follower amplifier

In the case of NMOS or PMOS common-drain (or source-follower) configuration, small

signal analysis reveals

Y22 = 9m + YGas

V21 = Im
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Vout _ Im
VUin Im + Yds

Equation 4-5

where g,., gas are the small signal transconductance and the drain-source conductance of
M1 respectively and normally g,s < g, causing the output impedance looking into the

source of M1 which is given by the inverse of y,, parameter to become [10]

Tout = ——

Equation 4-6

From the above Equation 4-5 and Equation 4-6, it is clear that the higher the

transconductance of the transistor will achieve better unity gain and lower output

impedance. Since g,, = \/ZunCox\/W/L \/I_ it is necessary to increase the bias current
Isias in order to increase the transconductance of M1. This results in increased power
dissipation. Alternatively, the dimensions (W /L) of M1 can be increased. This, however,
increases the size of the transistor and results in additional parasitic capacitances, and thus
inferior frequency performance. An improved circuit replacing Figure 4-4 (a), which
achieves higher transconductance than the single transistor source-follower configuration

for the same bias current, is shown in Figure 4-5.
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Figure 4-5. Initial implementation of the voltage-buffer stage [11]

The design is based on the CMOS voltage output buffer first proposed by Manetakis and
Toumazou [11]. It comprises two source-followers, one implemented with a NMOS
transistor M1 and the other implemented with a PMOS transistor M2. The source of M1
Is biased with the current-feedback loop from the drain of M2 via the current-mirror (CM)
which has a unity gain current transfer ratio. This configuration can be viewed as a
compound transistor, with the gate of M1 and the compound source, is the source of M2.
A drain terminal can be obtained by duplicating the current of M2. A consequence of
using two source-followers, the first being NMOS followed by a second PMOS device is
that the DC voltage step-down of ,;(M1) is compensated by the step-up V,;(M2), which
reduces the bias offset voltage. The second and very positive reason the circuit was
chosen because the current-feedback loop preformed by CM results in a significant
reduction in the output node impedance, which is confirmed below by small signal

analysis of the circuit.
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T@ 91
gmlvgsl

im Om1Vgs1-| im

Jo1= 1/fus1

d2 i=im

dy
OmaVgs2 go2=1/ fdszl
i+gm2V952
% M2

Figure 4-6. Small signal equivalent circuit of the voltage-buffer stage

A first order small signal equivalent circuit, assuming a simple model for each transistor
and ignoring the small signal capacitors for determining the output impedance, is shown
in Figure 4-6. Note that, the transistors and their corresponding parameters are numbered
according to Figure 4-5. The input node at the gate of M1 is grounded and a voltage

source (v) is now connected to the output node at the source of M2.

To proceed with the analysis, the current-mirror is assumed to be ideal, that is, it has the

following properties

Tin=0
T, t=oo
gaina = —1

The voltage across the gate and source terminals of M1 and M2 are

Vgs1 = Vg1 — Us1
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Vgs2 = Vg2 — Vs
respectively, thus the gate (Vgl) of M1 is grounded and equal to zero making
Vgs1 = 0 — Vg
Equation 4-7

and the source (v,;) of M1 is connected to the gate (vgz) of M2 and the source (vg,) of

M2 is connected to voltage source (v) resulting in
Vgs2 = Vs1 —V
Equation 4-8

Furthermore, from inspection of the equivalent-circuit of M1, the source voltage (vy;)

can be defined as

1
Us1 = (gmlvgsl - L)E

which can be simplified as

—i

Vgg =5——————
= (Gor + gm1)

Equation 4-9

and thus from M2, the source voltage (v,,) or output voltage (v,,,;) is given as

1

Vs = Voyut =V = (L + gmzvgsz) g
02

Equation 4-10
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but since vy, = (vs; — v) from Equation 4-8 and substituting (vs;) from Equation 4-9

then the voltage across gate and source of M2 is obtained by

—i
Vye =——————7
gs2 (Go1 + Im1)

Equation 4-11

In addition, substituting (Ugsz) from Equation 4-11 into Equation 4-10 we can compute

the output as follows

_ { (gmz) ( —1 > <9m2>
v=—+ —v([==
9oz 9oz’ \go1 T Im1 9oz

Equation 4-12

resulting in

v(1+@);#(1_—gm2 >
9oz 9oz (Go1 + Im1)
Equation 4-13

Finally, using Equation 4-13 the output impedance of the voltage-buffer stage can be

found as

v_ _ ( 9m2 ) 1
- = Tout — 1-
l (Go1 + gm1)/ (Goz + Gm2)

_ (Go1 + Gm1 — Im2)
(Go1 + Im1) oz + Gm2)

Tout

Equation 4-14

however, the voltage-buffer transconductance is given by the inverse of r,,; then
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1 _ (Go1 + Im1) (Goz2 + Gmz)
Tout (Go1 + Gm1 — Gm2)

Im_out =

Equation 4-15

Normally go; <K gm1 and go2 < gm2, Which enables Equation 4-15 to be approximated

by

_Im1Gmz
Im1 — Im2

gm_out =

Equation 4-16

The final Equation 4-16 emphasizes the fact that by having a unity gain current-mirror
transfer ratio and by matching the transconductance of M1 with M2, then the output
impedance looking into the source of M2 becomes very small indeed. At the same time,
the transconductance becomes very large. A simpler technique has been reported in [12]
for reducing the impedance at the voltage-buffer stage of the current-conveyors
implemented with bipolar transistors (BJTs). However, current-feedback with BJTS
reduces not only the output impedance but also the input impedance as well. Since MOS
devices will only be used, the input impedance will remain high, which is a major

advantage over the bipolar case.

The device implementation of the system level chemical current-conveyor (CCCII+)
described in section 4.2 is shown in Figure 4-7. This was used in simulation as the initial
circuit for the CCCII+ to verify the concept and explore its potential applications.
Notably, the circuit only used a signal rail power supply due to the primary potential
application of sensing pH that will never go below zero, thus, removing the need of

negative power supply and reducing the power consummation of the device.
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paN
vdd(+3.3)

IBias 1 IBias 2

M1

M3 &—°

M2 M4

M5

Figure 4-7. Transistor schematic of the initial integrated CCCII+ [13]

The design shown in Figure 4-7 is based on the voltage-buffer previously described in
Figure 4-5 and benefits from the improved features namely having a very high input
resistance, a relatively low output resistance at X-node and low power dissipation, a
voltage gain that is close to unity. It can be seen that the current-mirror in Figure 4-5 has
been implemented with the M2 diode connected transistor and M4 (the classic Widlar
current-mirror) and further more transistor M1 is now replaced with an ISFET sensor. In
addition, transistor M5 and the current source bias, Ig;45., have been introduced to form

the current output Z-node of the CCCII+. This circuit was simulated and functionally
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behaved as expected. The next phase of development of the CCClI+ is the design of a full

transistor level circuit.
4.3.2 Full implementation of the Chemical Current-Conveyor

The circuit diagram of the full CCCII+, based on Figure 4-7, is shown below in Figure
4-8. It can be seen that, in the full implementation diagram, the current output transistor
M11 has been cascoded with M9 and M10 to achieve higher output impedance at the Z-
node. Diode connected transistors M15 and M16 bias the gates of M9 and M10
respectively. Also the equal bias currents, Iz 451 and Ig;45,, have now been implemented
at transistor level with cascode current-mirror, M12/M13 and M5/M6 for Ig;45,, and
M12/M13 and M7/M8 for Ig;,s,. Both are derived from the DC current-mirror M14/M17

and equal to the current flowing through R_POT.
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Figure 4-8. Full transistor implementation of the N-channel ISFET CCCIlI+ [13]

Although the NMOS ISFET is generally more prevalent in industrial application circuits
because of better NMOS performance compared with PMOS, due largely to the higher
electron mobility in silicon compared with hole mobility, it was considered worthwhile
simulating and fabricating a P-channel ISFET CCCII+ for comparison purposes. Figure

4-9 shows this alternative topology version of the CCCIl+, where the input now is an
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PMOS ISFET. Functionally, all elements of the circuit shown in Figure 4-8 have been

replaced with their complementary counterpart.

T vdd (+3.3)

MZE me M14E M17
M11
\
\
M3 M10, [<4M16
‘K \ \
\
Z
e — —O
Y M1_P-ISFET X M9 M15
~ \ E
~ | \
M6
\
]‘
M8 M13
\ \ 5
| \ o
|
M5 @
\
|
M7 M12
\ \
| \

Figure 4-9. Full transistor implementation of the P-channel ISFET CCCII+
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4.4 Simulation results

Both N-channel and P-channel ISFET CCCII+ designs shown above were simulated
using Cadence. The designs were based on the AMS technology pack below, in readiness
for the next stage of taking the CCCII+ to silicon implementation. This technology pack
was chosen because it is readily available for prototype production and evaluation.
Operating speed is not a major concern for all the envisaged applications, so the 0.35um
minimum gate length of this technology is considered more than adequate. The
simulation parameters of the designs are shown in Table 4-1 and Table 4-2, followed by
the simulation results showing key characteristics of both N-channel and P-channel

ISFET CCCII+ devices.

Table 4-1. N-channel ISFET CCCII+ Simulation parameters

N-channel ISFET CCCII+ Simulation parameters

Technology Cadence AMS 0.35um (CMOS, 3-metal)
Power Supply 3.3V
Igias 2uA
WIL of M1 (ISFET) 200p/1p
M3 600p/1pt
M10, M16 30p/2u

M2, M4, M5-9, M11-15, M17 50p/2pu
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Table 4-2. P-channel ISFET CCCII+ Simulation parameters

P-channel ISFET CCCII+ Simulation parameters

Technology Cadence AMS 0.35um (CMOS, 3-metal)
Power Supply 3.3V
Igias 2pA
WI/L of M1 (ISFET) 200p/1p
M3 65u/1u
M10, M16 30p/2p
M2, M4, M5-9, M11-15, M17 50u/2p
225
[ |
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Figure 4-10. Operation range of N-channel ISFET CCClI+
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Figure 4-11. Operation range of P-channel ISFET CCCII+

The above two figures are the DC transfer characteristics obtained by sweeping the
reference electrode as the input and by plotting the corresponding X-node (V) voltage
across 1IMQ load. As can be seen, the N-channel ISFET device has an operating range in
the region of 0.96V to 2.10V, whereas the P-channel ISFET device has an operating
range from 0.0V to 2.3V. As discussed in Chapter 2, the maximum silicon ISFET pH
sensor sensitivity will not exceed the Nernstian value of 59mV/pH, which means that the
operating range for both CCClI+ devices simulated will cover the required pH range of 1
to 14. One advantage of the P-channel ISFET device is that it can operate from zero input

because of the lower threshold voltage, V., value.

The next results presented are the signal operating characteristics of both CCClI+ devices

for the test circuit shown in Figure 4-12. The test load used for both X-node and Z-node
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are at 1MQ. Note that in practical measurements of the fabricated silicon devices, these

resistors will be the internal oscilloscope probe input resistance.

Ref.Electrode

pHY
CCCll+ Z 9—

Signal Gen X

Ry=1M R,=1M

Figure 4-12. Test circuit to determine the signal operating characteristics

20 X-Node (V) !

[ Z-Node (V) L
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time (ms)

I
8

Figure 4-13. Voltage transfer of N-channel ISFET CCCII+
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Figure 4-14. Voltage transfer of P-channel ISFET CCCII+

As can be seen from the above graphs, the input signal is a sinusoidal voltage of 1.0V,
with an applied DC offset of +1.0V to bias the ISFET in the centre of its operating region
and a frequency of 100Hz for both devices. The X-node output for the N-channel ISFET
device is 0.89Vp,, with an additional +0.49V offset voltage and the Z-node is virtually
identical. The X-node output for the P-channel ISFET device is 0.81Vy, with an
additional -0.06V offset voltage and the Z-node is almost the same. It should be noted
that no attempt at this stage has been made to trim out the DC offset voltage for either
device. However this offset voltage is mainly caused by the mismatch in threshold
voltages, V;, of the ISFET and the output transistor, M3. The major reason that the signal
to voltage gain is below unity (between 80% to 90%) is because of body effects. This
could be eliminated if the body were connected to the source, but this cannot be done

with the semiconductor technology used.



Chemical Current-Conveyor |104

The output impedance was measured at the X-node of each device, giving 88.5Q for the
N-channel ISFET devices and 809.5Q2 for the P-channel ISFET devices. The body effect
Is again the cause of the differences in X-node output impedances. Finally, the measured
Z-node output impedance was 28.43GQ2 for the N-channel ISFET devices and 10.24GQ
for the P-channel ISFET devices. This is a consequence of the superiority of the NMOS
devices in the cascoded Z-node output stage of the N-channel ISFET CCCIl+ compared
with the P-channel ISFET CCCII+ where r 4y > r45p. The last result presented here is

the frequency and phase responses of both N-channel and P-channel ISFET devices.

X-Node

60

50-

20+

freq (Mz)

Figure 4-15. Frequency response of N-channel ISFET CCCII+
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Figure 4-16. Phase response of N-channel ISFET CCClIl+
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Figure 4-17. Frequency response of P-channel ISFET CCClI+
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Figure 4-18. Phase response of P-channel ISFET CCClI+

The frequency and phase responses are shown above in Figure 4-15 to Figure 4-18.
Referring back to the full transistor implementation of the N-channel and P-channel
ISFET CCCII+ devices, it should be noted that each of the X-node output transistor
namely, PMOS M3 of N-channel ISFET device and NMOS M3 of P-channel ISFET
devices are significant different in size. In fact PMOS M3 of N-channel ISFET device are
about 10 times larger than NMOS of P-channel ISFET device and as a result the N-
channel ISFET CCCII+ device exhibits an upper operating maximum frequency of
around 0.2MHz, compared with 2.5MHz for the P-channel ISFET CCCII+ device. This is
also the case for the phase responses of both CCCII+ devices where operating maximum
phase response of device is around 10KHz and around 0.1MHz for N-channel ISFET and

P-channel ISFET CCCII+, respectively.



Chemical Current-Conveyor |107

The frequency responses obtained show that the operating frequency can be quite high, up
to several MHz, far beyond the normal requirements in most biochemical application
areas. Although the -3dB cut-off frequency is as high as several MHz, to obtain good
accuracy, say 0.5%, this requires operation well below the -3dB cut-off frequency.
Indeed, if the frequency response is dominant pole, then 0.5% equates to operation up to
but not beyond f,/10. This is confirmed by the dominant pole frequency response error

figures shown in Table 4-3.

Table 4-3. Frequency response errors

f/fo 4|
0.01 ~1
0.1 0.995
05 0.894
1 (-3dB) 0.707
15 0.555

In summary, the two tables namely, Table 4-4 and Table 4-5 below contain the key
characteristics of the N-channel and P-channel ISFET CCCIl+ devices. Note that both
have low fully loaded power supply current consumption which is an advantage for a

device that could potentially be portable and battery powered.
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Table 4-4. Characteristics of N-channel CCCIl+ with loading at Ry = R, = 1MQ

Characteristics of N-channel CCCI I+

X-node (Voltage-follower) Z-node (Current-follower)
Gain 0.885 0.999
Operation range 0.96V to 2.1V 956.63nA to 2.0957pA
Impedance 88.47Q 28.43GQ
Output offset 0.498V -1.03nA
Power consumption 29.34puW
X-node -3dB Bandwidth (Loading at 1MQ) 2.76MHz

Table 4-5. Characteristics of P-channel CCClI+ with loading at Ry = R, = 1MQ

Characteristics of P-channel CCCII+

X-node (Voltage-follower) Z-node (Current-follower)
Gain 0.815 0.995
Operation range 0V to 2.3V 0A to 2.287pA
Impedance 809.53Q 10.24GQ
Output offset -58.33mV -2.53nA
Power consumption 43.27pW
X-node -3dB Bandwidth (Loading at 1MQ) 26.40MHz

The final phase of development of the CCClI+ is the implementation and evaluation of
the fabricated devices. Both N-channel and P-channel ISFET CCCII+ devices will be

fabricated and this work is described in the next section.
4.5 Design fabrication

The circuits of Figure 4-8 and Figure 4-9 were laid out for fabrication using the AMS

0.35um CMOS 3-metal layer technology. To provide flexibility, two additional features
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were included in the layout. Firstly, ESD protection was integrated into the connection
pads to make the devices more electrically robust. Secondly, to facilitate the use of an
external ISFET as well as the on-chip ISFET, the ISFET in the fabricated CCCIlI+ was
not connected on-chip but provided with external pad to enable off-chip jumper
connections, as shown below in Figure 4-19. During test, an external NMOS ISFETs
from Sentron Europe (Roden, The Netherlands, part no, OEM-679) and PMOS from

DNA-E were used in addition to the on-chip ISFETS.

VDD

ISFET VDD
P-CCCll+ =
~| N-ISFET X GND  R_POT
ISFET VDD
EEP—ISFET
N-CCCll+ z
X GND  R_POT

(@) (b)

Figure 4-19. CCClI+ connector diagrams

4.5.1 Matching of transistors, common-Centroid layout and dummy

transistors

Most integrated components such as resistors, capacitors and transistors have tolerances
of £20 to 30% [14]. These tolerances are much poorer than those compared with discrete
devices, mainly due to all of the devices in an integrated circuit occupying the same piece

of silicon, so they all experience similar manufacturing conditions. For example, if the
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value of one component increases by 10%, then all similar components experience similar
increases. However, this does not prevent integrated circuit from achieving a high degree

of precision matching.

Analog integrated circuit, like the CCCIl+, usually depend on matching to obtain much of
their precision and performance, in particular the ratio between two similar components
on the same integrated circuit can be controlled to better than £1%, and, in many cases, to
better than +0.1%. Many mechanisms, such as random variation, process biases,
interconnection parasitics, photolithographic effects, diffusion interactions, hydrogenation
and stress gradients [14-15] all can interfere with the matching, but most of these are
known, and layout designers have to devise ways to minimize their impact. Furthermore,
the layout designer needs to determine which components ought to match, and with what

degree of precision.

Table 4-6. Interdigitation patterns for arrays having one axis of symmetry [14]

A AA AAA AAAA

AB ABBA ABBAAB ABABBABA

ABC ABCCBA ABCBACBCA ABCABCCBACBA
ABCD ABCDDCBA ABCDBCADBCDA ABCDDCBAABCDDCBA

The main matching technique applied on the layouts of the CCCII+ devices is known as
‘one dimensional common-centroid arrays’ which uses an interdigitation pattern, shown
in Table 4-6, to complete the layout for each device. Suppose that a matched device is

divided into sections or fingers. If these sections are all identical, and if they are arranged
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to form a symmetrical pattern, then the centroid of the device will lie at the intersection of

the axes of symmetry passing through the array, as shown schematically in Figure 4-20.

Common axis
of symmetry

Figure 4-20. One dimensional common-centroid arrays [14]

Figure 4-20 shown the example of such a common-centroid layout. The two devices are
marked A and B, their axes of symmetry are shown as dotted lines, and their centroid is
marked by ‘X’ where the two axes of symmetry interest. This pattern has an axis of
symmetry that divides it into two mirror-image halves (AB and BA), however, the array
that used the interdigitation patterns requires dummy transistors because the segments of
the device occupy both ends of the array making the segments on the ends of the array
face whatever geometries happen to reside nearby. The geometries adjacent to one end of
the array are likely to differ from those next to the other. If this happens, then mismatches
will result if dummies are omitted. As a result, all the transistors used in the CCCIl+

layout were carefully grouped into segments according to their role of operation and
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dummy transistors were added to both ends of each array as shown in Figure 4-21 and

Figure 4-22.

Metal layer Y

Metal layer X— o |77

<— Metal layer X

Duﬁmy Gate Du?my

Metal layer Y

Figure 4-21. Interdigitated MOS transistors with connected dummy

The Figure 4-21, not only shows the use of an interdigitation pattern ABBA to ensure
exact alignment of the centroids but the source and drain fingers, connected dummy, and
metal connections are also included. If source and drain fingers are denoted by source (S)
and drain (D) subscripts, then the pattern becomes pAsBpBsAp, Notice that the A and B
segments share the drain and source, the A-segment on the right has its drain on the right,
while the A-segment on the left has its drain on the left. Similarly, the B-segment on the
right has its source on the right, while the B-segment on the left has its source on the left.

As a result each transistor contains one segment oriented in either direction. The reason
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for this precaution is rather subtle. Suppose the first transistor consists entirely of
segments with drains on the left, while the drain of the entire segments of second
transistor is on the right. If left-oriented and right-oriented segments differ in any way, the
effect of orientation will not cancel each other, and then the two transistors will not be

well matched.

Figure 4-22 shows a part of the CCCII+ (a) with the dummy transistor present, and the
layout of this part of the CCCII+ is shown in (b). Matching in this part of the circuit is
essential and adopting the common-centroid approach achieves this. The rest of the layout

details can be found in the Appendix A.

°
Dummy ]
|
“ll
) M4 M2

@ (b)

Figure 4-22. Sample of common-centroid with connected dummy used in N-channel ISFET CCClI+

4.5.2 Full layout of N-channel and P-channel ISFET CCCII+ Devices

The full layout is shown in Figure 4-23 and Figure 4-24 for the N-channel and P-channel
CCCII+ devices, respectively. Each part of the circuit is identified on the layout and can

be related back to the original circuit designs in Figure 4-8 and Figure 4-9. The process is
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a 3-metal layer technology, and so the vertical metal connections used one-metal layer

and the horizontal connections used another to avoid unwanted short circuits occurring.

172.20um

M5, M7, M12

M6, M8, M13

M3

M2, M4, M11

Figure 4-23. Full layout of N-channel ISFET CCClI+
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Figure 4-24. Full layout of P-channel ISFET CCCII+

4.5.3 Electrostatic discharge (ESD) protection

The connection pads to the design are shown in the schematic of Figure 4-25. The series
resistors were added to provide current limiting in the event of ESD. 200Q2 was used in

the current connection lines and 500Q2 in the voltage connection lines. The final layout,
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including pad and ESD, is shown in Figure 4-26. It is interesting to note the significantly

larger area needed for the pads and ESD than the CCClI+ devices themselves.

PAD
5000
[a)]
2 ISFET VDD 2000
U
CCCll+ z O\ B
X GND  R_POT
2000 2000
avd avd avd

Figure 4-25. ESD pad Schematic of CCCIlI+

1. N_GND
2. N_ISFET
3.N_X
4.N_VDD
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6.N_Z
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9.P 7
10. P_VDD
11. P_ISFET
12.P_X

Figure 4-26. Full layout of CCCII+ including ESD pads protection
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4.6 Measured results

This section is concerned with the evaluation of the fabricated CCCII+ chip, as shown in
the microphotograph in Figure 4-27. Measurements were taken and are presented
showing the performance of the CCCIl+ devices for both N-channel and P-channel
CCCII+ designs. By way of benchmarking the performance of the N-channel CCCIl+
device, a standard discrete ISFET read-out circuit was prepared and tested at the same

time under the same conditions.

(a) (b)

Figure 4-27. Microphotograph of CCCIl+ chip: (a) N-channel ISFET CCCIlI+, (b) P-channel ISFET

CCClI+
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4.6.1 Wire bonding the CCCII+ chips

The CCCII+ device was produced using the AMS 0.35um CMOS technology as
described above. The integrated circuit is shared between several other research projects
and so contains several designs from different researchers, the CCCII+ is one of these.
The schematic of the IC is shown in Figure 4-28 with the bond wire connections for the
CCCII+ device which used leads 1 to 12 inclusive. Note that the other devices on the chip
and their interconnections are omitted for clarity. 40 fabricated chips were returned for
testing, but only two were available for this and one other researcher’s work, and these
two chips were bonded to enable the CCCIl+ measurements to be obtained. Figure 4-29 is
a microphotograph of the chip which includes the two CCCII+ device connections
together with one other research circuit and its bond wire connections. The reverse side of
the whole chip is bonded using conductive adhesive connected to ground leads to ensure

correct ground referencing.
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Figure 4-28. Bond wiring schematic of CCCII+
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Figure 4-29. Bond wiring microphotograph of CCCll+

4.6.2 Test board preparation

A test and application board was designed to provide the correct environment for the chip
during test and is also configured to enable two applications to be assessed, namely
measurement of (i) buffer capacity/index and (ii) urea to creatinine ratio. The readout
portion of the test board circuit is shown in Figure 4-30. The full board schematic can be
found in Appendix B. The board has been designed with maximum flexibility, for
example, on board DC power regulators have been included in the board design so that
power supplies are available on the board, or alternatively they can be provided via
external connections if required. This is also the same for provision of the CCCIl+ bias

current which is available on chip but can also be provided externally if required. In



Chemical Current-Conveyor |121

addition BNC and SMA connectors are included on the board to provide ease of

connectivity to external instruments.
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Figure 4-30. Readout portion of the test and application board schematic
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The overall test and application board external dimensions are approximately 281mm by
200mm. A photo of the board, Figure 4-31, shows that it has two chip sockets which is
necessary for the second application (urea-to-creatinine ratio). The board is a double
sided PCB designed using ‘Altium designer® software. Care was taken in the board

layout to provide good ground shielding and appropriate power supply decoupling.

Figure 4-31. The photograph of CCClI+ test and application board

One aspect of the high output impedance Z-node of the CCClI+ is that its potential must
remain within the power supply voltage range for correct operation. The ancillary voltage

reference circuitry, which is adjusted to about V,;;/2, is shown in the circuit diagram of

* The next version of Protel 99 SE
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Figure 4-32. These circuits are available on the board for each Z-node output with

‘jumper’ connections to each Z-node should they be required.

0.047u

Z-Node of CCClI+

LMC6001 HT
+

0T
e s
“

0.1u 0.01u

MZ'8

S

Figure 4-32. Potential trim-able circuit for Z-node outputs

4.6.3 Measured results on N-channel ISFET CCCIl+ in comparison with

fixed V,; and I; ISFET readout circuit

In this section, the results of the CCCIll+ will be described and compared with a
conventional discrete fixed V,;; and I; ISFET readout circuit. The latter was described
earlier in Chapter 2 and shown again here as Figure 4-33. Note in the previous section,
the possibility of using either external ISFET devices or internal was discussed. The
results reported here all use external Sentron ISFETSs so that a true comparison can be
made between the discrete and integrated pH measurement systems of Figure 4-33 and

Figure 4-34, respectively.
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Figure 4-33. Source-follower bench mark ISFET readout circuit [16]

The CCCIlI+ configured as a pH sensor is shown in Figure 4-34, and the results are shown
in Figure 4-35. A triangular waveform of 100mV peak to peak and 100Hz is supplied
through the, A,/A,Cl, reference electrode as the effective input and the output voltages
obtained at the X-node and Z-node. A triangular waveform was used as this enables a
visual assessment of any non-linearity to be readily seen at the outputs. These waveforms
are direct oscilloscope outputs captured and presented. The voltage transfer between input
and X-node is closer to unity than obtained via simulation because the measured results
presented in Figure 4-35 uses an external ISFETSs, whereas the simulation use the slightly
inferior integrated ISFET and all the external ISFETs have their body connections tied to
their respective sources, hence eliminated all body effects. It should be noted that a range

of 3 different ISFETs were used to examine the dependence of the circuit on the
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particular characteristic of an ISFET, see Appendix C, where the slight differences in

results are described.

Ref.Electrode

pHY
CCCll+ Z 9—

Signal Gen X

Ry=1M R,=1M

Figure 4-34. CCCII+ testing diagram for voltage transfer test

The output of CCCII+ can be taken either as voltage at the X-node or as current at the Z-
node. In Figure 4-34, the Z-node has been terminated with a grounded 1MQ resistor
allowing comparison between the X-node and Z-node to be made. Inspection of Figure
4-35 shows that the voltages at the X and Z-nodes are very close (better than 1%), from
which two facts can be inferred (i) the output can be taken either as voltage from the X-
node or as current from the Z-node, and (ii) because the load on each is a IMQ resistor,
the output impedance at the voltage output X-node must be very much lower than
1MQ and the output impedance from the current output Z-node is very much higher than

1IMQ.
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Figure 4-35. Measured voltage transfer input and outputs of Sentron N-channel ISFET CCCII+ (no. D2_5)
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Figure 4-36. Measured voltage transfer input and outputs of source-follower bench mark circuit (Sentron

ISFET N-chanel, no. D2_5)

The resultant waveform for comparison purpose for the discrete pH sensor circuit of
Figure 4-33 is shown in Figure 4-36. The input signal was again 100mV peak to peak at
100Hz and the load at the output was set to IMQ, the same as for the CCCII+ circuit. The
waveform of Figure 4-36 shows that the gain is closer to unity 98.4% compared with the

CCCII+ circuit with 92.6%. The difference is small and considering the CCCII+ design
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only comprises 16 transistors, whereas the discrete design with two op-amps configured
as voltage-followers and two current sources have considerably more transistors, perhaps
in the region of 3 to 4 times as many. Note that this discrete design is a voltage input and
voltage output circuit which is less versatile than the CCCII+ design with its dual current

and/or voltage output facility.

The next sets of results to be presented are the titration curve which gives the sensitivity
of the circuit to pH as well as the linearity of the circuit to pH. The CCCIlI+ design was
configured as shown in Figure 4-37. Note the Z-node is grounded and the output will be

taken from the voltage output X-node only.

Ref.Electrode

pHY
CCCll+ z

Signal Gen @

Rx=1M

Figure 4-37. CCClI+ testing diagram for titration test

The titration results of Figure 4-37 are shown in Figure 4-38. These were obtained using 4
different pH values, 4, 5.1, 7 and 10. The sensitivity value is 46.4mV/pH and the linearity
factor R? = 0.9982. Turning now to the benchmark comparator circuit of Figure 4-33,
the titration results are shown in Figure 4-39 for the same ISFET sensor. The sensitivity is
slightly higher at 50mV/pH and the linearity is virtually the same at R? = 0.9983. It is
interesting that the CCCII+ performance is really quite close to the discrete design despite

the fact that (i) the discrete design uses many more active devices, and (ii) the bias current
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for the ISFET is less than 2pA for the CCCll+ yet the benchmark discrete circuit is about
50 times more. As before it should be noted that a range of 3 different ISFETSs were used
to examine the dependence of the titration performance on the particular characteristic of

an ISFET, see Appendix C, where the minor differences in results are shown.

1.6

1.55 =

15 Tees

1.45 ==

1.4 b v-=-0.0464x+1.7742

~~._ R2:0.9982
1.35 T

Voltage at X-node (V)

13 g

pH

¢ VoutatX-node (V)  ----- Linear (Vout at X-node (V))

Figure 4-38. Measured titration curve of N-channel CCCIl+ (no. N_D2) with Sentron ISFET N-channel

(no. D2_1)
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Figure 4-39. Measured titration curve of source-follower bench mark circuit with Sentron ISFET N-

channel (no. D2_1)

4.6.4 Measured results on P-channel ISFET CCCII+

The CCCII+ devices fabricated has one N-channel and one P-channel ISFET, thus a
similar set of results can be taken for the P-channel CCIlI+ device. However, as will be
shown, the titration sensitivity is of the order of 50% for the P-channel CCCII+ device
compared with the N-channel rendering the P-channel CCClI+ device significantly less

useful.

Figure 4-40 shows the input~output waveforms as above for the P-channel CCCIlI+
device using an external ISFET sensor supplied by DNA-E. The input was a triangular
waveform of amplitude 200mV peak to peak at 100Hz. The resultant output from both X
and Z-nodes is around one half the input amplitude. It should be noted that the outputs at

the X and Z-nodes were in close agreement, suggesting that the reduction in gain is due to
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the P-channel ISFET. It should be noted that the discrete ISFET readout bench-mark
comparisons performed above for the N-channel CCCII+ were not undertaken for the P-
channel ISFET as it was clear that the N-channel significantly outperformed the P-

channel CCCII+ device.

\ £
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356000 V 198500 v |§ 54000 Y. 250kS  25MSis]Edos  Postive

Figure 4-40. Measured voltage transfer input and outputs of P-channel ISFET CCCIl+ (DNA-E ISFET P-

channel, no. D1 1)

The titration curve shown in Figure 4-41 exhibits a significantly lower sensitivity of

23.5mV/pH once more confirming that the superior performance of the N-channel

CCCII+
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Figure 4-41. Measured titration curve of P-channel CCClI+ (no. P_D2) with DNA-E ISFET P-channel (no.

D1 1)

4.7 Applications of Chemical Current-Conveyor for biochemical

computation

The CCCII+ has two parts, the ISFET sensor followed by the current-conveyor section
[1-2]. It is the latter that gives the CCCII+ the capability of performing useful analog
computation on the value of the biochemical input signal. In this section of the chapter
both the direct input signal readout aspects of the CCCII+ and its computational

capability are presented.
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4.7.1 Basic readout: Voltage-mode and current-mode amplifiers built with

the Chemical Current-Conveyor

The CCCII+ has precise inverting unity current gain between Z and X-node, rather than
the high ill-defined open-loop gain of the voltage op-amp, therefore in amplifier
applications the CCCII+ is often used without any overall negative feedback, as shown in
Figure 4-42 and Figure 4-43. Note that in these two figures and the majority throughout
Section 4.7.1, the reference electrode part is not shown thereby making the diagrams
clearer. The advantage of this approach over the traditional closed-loop gain is that the
bandwidth conflict of the negative feedback voltage op-amp circuit is avoided. Of course,
the benefits of global negative feedback, for example noise reduction, improvement in
input and output impedance levels, can no longer be exploited, but the absence of overall
negative feedback generally results in wider bandwidths at higher levels of gain.
Although high bandwidth does not appear to be an essential requirement in many
biochemical instrumentation applications, it must be remembered that for good accuracy,
the operational -3dB frequency should be substantially higher than the maximum input
signal frequency. However, in order to maintain a high level of accuracy without the use

of negative feedback, a high quality CCCII integrated circuit realisation is required.

pHY
IOU
CCCll+ Z ¢—=50

Rx

out

low _ 1
VpHY Rx

Figure 4-42. pH to | converter (pHCCS)
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As shown in Figure 4-42, the CCCII+ can easily be used to configure into a current
output amplifier in this case pH input to current output, or as a pH transconductance

amplifier. The voltage across load Ry is given as
Vi = IxRy
Since the operation of CCClI+ gives V,,,y = Vy, the above equation can be rewritten as
VpHY = IxRy

Furthermore, the X-node is a low impedance point and the X-node current is conveyed to
the high output impedance Z-node, and as a result Iy = I, = I,,,;. The current output of

the circuit is given by

Vouy
Loyt = R,

Equation 4-17

However, it is important to note that Ry will form a pole with parasitic capacitance to
ground at the X-Node, therefore ideally the value of this resistor should be kept
sufficiently low to ensure that this parasitic pole does not adversely affect the frequency

response.

pHY

Ve cccli+ 2z
X

Vx :VpHY

Figure 4-43. pH to V converter (pHCVS)



Chemical Current-Conveyor |134

Figure 4-43 shows the direct configuration of the CCCII+ as a voltage readout circuit.
The high output impedance Z-node is not required. It is connected to ground to ensure
that the Z-node is held at OV, thus keeping the transistors in their normal active region of
operation. The circuit can be regarded as a pH voltage follower, and the output of the

circuit expressed as

Ve = pHY
Equation 4-18

Note that because the output is taken from the low impedance X-node, it is effectively a

voltage output circuit.

pHY
| cccli+ z o Y
—0 X CCll+ z
Ry R X
Vout
l V,

out
\Y

R
RX

pHY

Figure 4-44. pH to Voltage amplifier

Voltage amplification can be obtained by modifying the circuit to that shown in Figure
4-44. By taking the output from the CCCIlI+ Z-node which has an additional grounded
resistor R, this provides voltage gain by converting the Z-node current into a Z-node
voltage. The CCII+ in Figure 4-44 is configured as a voltage-buffer to provide a low final
output impedance point. The output gain is determined by the ratio of R, /Ry, as a result

of the current that flowed into Ry, which is given by
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Vyx
I, = —
since Vy,yy = Vy then
V HY
Iy =2

Once again the X-node has a low input impedance and conveys the X-node current Iy

through to the high output impedance Z-node of the CCCII+ forcing

The Z-node of the CCCII+ is connected to high input impedance Y-node of CCll+ and so
the current I, from the CCCII+ can only flow into resistor R, to ground, making the

voltage across R,

Since the voltage output of the circuit is taken from the low input impedance X-node of

CCIl+ then

Ry
Vour = EVpHY

Equation 4-19

Using two CCIll+, Toumazou and Lidgey described a differential voltage to current
converter as shown in [17]. In Figure 4-45 the same implementation is presented but with
two CCCII+ devices, the lower one of which has a reference FET, referred to as an
ReFET, rather than an ISFET. This ReFET is ideally an ISFET with zero pH sensitivity

and is used simply to balance the differential input of the circuit.
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CCCll+ z x—=o0
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Figure 4-45. Differential pH to | converter

Any difference in sensed input pH-voltage appears across resistor Ry and thereby
generates an X-node current which is then conveyed to the two output Z-nodes making

the output current

VpH
Loyt = E

Equation 4-20

where V,,, is the difference in pH between pH-CCClI+ and ReFET-CCCII+.

This configuration of two matched CCCIl+ devices is essentially a differential amplifier
with very low common-mode gain and differential gain settable with two resistors. It
should be noted that the high CMRR does not rely on any precise resistor matching unlike
conventional operational amplifier instrumentation amplifiers. However, the CMRR does
roll off at higher frequencies primarily due to the parasitic capacitance to ground at the X-
nodes, which will then give rise to common-mode currents. Because the common-mode
gain of the circuit is so low, then if the ISFET and ReFET are well matched so any offset,
noise or drift in these two devices will tend to cancel. This is a particularly attractive

feature of this readout double CCCII+ circuit.
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The high performance pH instrumentation amplifier, shown in Figure 4-46 [18-19], is
obtained by adding a CClI+ configured as a voltage-buffer to the outputs of Figure 4-45,
in order to convert the output current back to a single-ended voltage. Note, the lower
CCCIlI+ output Z-node is connected to ground as it is unwanted and this also ensures that
the transistors within this CCCII+ are kept in the active region. Again this instrumentation
amplifier has a high CMRR, requires no precisely matched resistor network. Also this
type of instrumentation amplifier built with two interconnected CClI+ devices exhibits a
bandwidth independent of gain. The same attractive features of offset and drift

cancellation that were described for the circuit in Figure 4-44 also apply to this circuit.

- pHY
CCCll+ z Y
X CCll+ z
Vo Ry Re Vout X
X Var _ Re.
CCCll+ z ¢ Voo Ry 1
— ReFET

Figure 4-46. pH Instrumentation amplifier

To work out the voltage output expression of this instrumentation amplifier, first consider
the current which being push into resister R, which can be obtained from Equation 4-20

and rewritten here as the term of I,

Vou
I, =P~

Making the voltage across resistor, R, equals to
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The Z-node of upper CCCII+ is connected to the high input impedance Y-node of the

CCII+. This device is configured as a voltage follower and so the voltage output of the

circuit is

Equation 4-21

where V,,, is the difference in pH between pH-CCClI+ and ReFET-CCCII+.
4.7.2 Analog biochemical computation

As already mentioned, the CCCII+ has an inherent capability of providing analog
computation. This useful feature of the CCClI+ device will be explored in detail within

this section.

pH Y1
I1 Iout
5 ccclii+ 21
X1
X1
B EpHY2 |
2
CCCll+ 22 o——e
Rx2
X2
N 2 pHY3 |
3
. ccCli+ 73
X3
X3

— Iout=(|1+|2+l3)

Figure 4-47. pH to | output summing
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pH to current summation is readily achieved with CCCIl+ by connecting the high output
impedance Z-nodes as shown in Figure 4-47. The output current summing is possible
because each Z-node is a high output impedance current source, so simply connecting
them together sums the respective current outputs. Note that each CCCII+ device has a

grounded resistor connected the X-node which effectively converts V,, to I,,. The

current output expression is obtained as
Ioye = (U1 + I + 13)
Equation 4-22

In their original papers presenting the current-conveyor, Sedra & Smith [1-2] outlined a
number of other current-mode analog computational elements, ranging from integrators
and differentiators to more complex function generators. This advantage is inherited by
the CCCII+ thus a pH integrator and a pH differentiator are relatively easily implemented,

as shown in Figure 4-48 and Figure 4-49.

pHY

|
CCCl+ z : -
Ix
X
RX CZ VOUI
1
Vnut = CZRX IVPHV dt I

Figure 4-48. pH integrator

By placing a capacitor at the high output impedance Z-node and a resistor at the low

output X-node to ground, a pH integrator circuit is created. This circuit is shown in Figure
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4-48 provides an output voltage proportional to the time-integral of pH. The current Iy

that flows through the resistor Ry is

Vx
Iy = —
where,
Vy = VpHY
making
V HY
L, =—2==]
X RX Z

Thus the CCCIlI+ is used here to convey the same current to the high impedance Z-node.
This current I, flows through the capacitor C,, causing charge to accumulate on C,. And

finally the capacitor voltage is denoted as an output V. (t) of the circuit, thus

Voue (6) = j Vo ()dt

1
CzRx

Equation 4-23

Note that in this integrator, unlike the conventional op-amp Miller integrator, this circuit

is not inverting.
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CyR, d”t”y

out =

Figure 4-49. pH differentiator

Interchanging the location of the capacitor and the resistor of the pH integrator circuit
results in the circuit shown in Figure 4-49, which performs the mathematical computation
of differentiation. To see how this comes about, the analysis will start with the current I

that through the capacitor Cy which is given by

dVy (t)
I(8) = Cx—
where
Vy = VpHY
results in
dV,yy (1)
(1) = Cx—L === 15()

Because, same current also appears at the high impedance output Z-node due to the
characteristic of CCCII+. Finally, the voltage across resistor R, is I;R; and the output
voltage of the circuit is

AVpuy (t)

Vout(t) = CxRy dt

Equation 4-24
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In voltage op-amp circuits with capacitor as part of the feedback network, the circuit
maybe unstable because the capacitor contributes phase lag. However, because of the
absence of global negative feedback, these CCCll-based integrator and differentiator
circuits do not experience the same potential instability problems. The circuits of Figure
4-48 and Figure 4-49 also utilise grounded rather than floating capacitors, which is an

advantage for integrated circuit realisations.
4.7.3 Current-feedback Chemical Current-Conveyor

Monolithic current-feedback op-amps have relatively recently become commercially
available as alternatives to voltage op-amps [20]. Examination of the internal structure of
the current-feedback op-amp or CFOA is revealing as the device is essentially a CCll+
with the internal high impedance Z-node connected to an output voltage-follower, as
shown in Figure 4-50 (a). The CCCII+, like the ‘parent’ CCII+, is an extremely versatile
analog building block and can easily be configured as a CFOA, as shown in Figure 4-50
(b). Any current flowing into the low impedance inverting input is conveyed to the gain
node (Z;) via the Z-node of the CCCII+. The resulting Z-node voltage is buffered to the
output. Z is thus the open-loop transimpedance gain of the current-feedback op-amp,
which in practice is equal to the parallel combination of the CCCIlI+ Z-node output
impedance and the input impedance of the voltage buffer and any additional

compensation capacitance at the gain, or Z;, node.
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pHY
CCCll+ z

o—0 X

(@) (b)

Figure 4-50. Comparison of (a) CClI+ [21] and (b) CCClI+ Current-feedback Op-amp structures

The circuit implementation of the CCClI+ based CFOA, Figure 4-50 (b), configured as a
non-inverting closed-loop amplifier, is shown in Figure 4-51. The voltage follower of

Figure 4-50 (b) is implemented by a CCII+ device and resistors Ry and R, are the gain

defining feedback components.

pHY
CCCll+ z Y

CCll+ z

Figure 4-51. CCCIlI+ CFOA closed loop non-inverting pH amplifier
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pPHY (+)

}Xl

X ()

Rg

Figure 4-52. Analysis diagrams of CCClI+ CFOA: (a) Small signal analysis and (b) Thevenin theory

analysis

The small signal analysis circuit diagram of the CCCIll+ CFOA in Figure 4-51 is shown
in Figure 4-52 (a). Thevenin theory can be applied at the X-node of Figure 4-51 and used
to obtain the voltage output of the CCCII+ CFOA where the ‘Thevenin equilavent

current’, ir, IS the same current i from Figure 4-52 (a) which is given as

Equation 4-25

and the ‘Thevenin equivalent resistor’ is R, and Ry in parallel, given as

R.R
f

Rr =13 g-I-R
g f

Equation 4-26
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and the ‘Thevenin voltage’, Vr, is

Vr = R—gV
T R; + R, out
Equation 4-27
which is also equal to
Vp =Vin —irRr

Equation 4-28

Substituting Equation 4-25, Equation 4-26 and Equation 4-27 into Equation 4-28 gives

Vout Rng

V.=V, —
out — "1 Zr Ry + Ry

9
Rf + Rg
Equation 4-29

and multiply both sides by (1/R/R,) gives

R R-+R
f f
Vout (1 + ZT> = Vin Rg g

Equation 4-30

which can be simplified to

Equation 4-31

which can be rewritten as gain expression as
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Vout =1 +& ZT
Vin Ry ) \Zr + Ry

Equation 4-32

and usually Zr is much larger than Rr, making the final output voltage of the CCCll+

CFOA as

Equation 4-33

where V,y is the input signal of the circuit which is proportional to pH.

pHY
CCCll+ z

Figure 4-53. pH-CCCII+ Non-inverting feed-back pH amplifier

Feedback can be applied directly to the CCCIlI+ device as shown in Figure 4-51. The
circuit is simpler than the Figure 4-51 amplifier in that no CCIl+ or voltage buffer is
required. However, the output impedance will not be particularly low because although
the negative feedback does reduce the output impedance in closed-loop relative to the

open-loop, it will not be as low as the voltage CCCIlI+ CFOA based design.
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The analysis of the Figure 4-51 circuit is as follows. The current flowing into resistor R,

is the summation of X-node current and Z-node current, that is

Ipg =Ix + 1y
and since
Iy=1,=
then,
Ipg =21

Forcing the voltage at the X-node to be

Vy = 2IR,
and since

Vy = VpHY
Therefore,

Vory = 2IRy

and

] = VpHY

2R,

Finally, the output voltage of the circuit shown in Figure 4-53 is obtained by adding the

voltage across R, and Ry together, which can be expressed as

V HY
Vour = VpHY + ZpTng
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which can be simplified and given as

Equation 4-34

4.7.4 ‘Super’ ISFET

The background leading to the proposed the ‘super’ ISFET draws on the thinking behind
the ‘ideal’ transistor described in Chapter 3. As can be identified by considering the
source and drain impedances the ISFET, in common with any single transistor, is not
ideal [7]. The concept described in this section is to create a functionally ideal ISFET

using a modified CCClI+, shown schematically in Figure 4-54.

D@D |i,
Ref.Electrode
Ref.EIectrodg\J pH Y
o— L J= ccCll- z ¢—=
X
Ji
S (X)
(@ (b)
Ref.Electrode
o— ] pHY
CCll Z1 Y2 !
X z
o X1 Ce CcCll  z2 ¢—=o°
X2

(©

Figure 4-54. (a) single N-channel ISFET, (b) CCClI- and (c) Dual CCCII
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The first step in realising the ‘ideal’ or ‘super’ ISFET of Figure 4-54 (a) is to consider the
CCCII- as shown in Figure 4-54 (b). The net result is a reduction of equivalent source
impedance which is now the X-node of the CCCII- and an increase of equivalent drain
impedance which is now the Z-node. Also as the bias circuitry of the CCCII- must be in
place, the created ‘ideal’ ISFET does not need any additional bias circuitry. This concept
can be extended further by addition of a CCIl as shown in Figure 4-54 (c). This CCII
reduces the effective source impedance at X-node still further and the overall effective

ISFET is even closer to the ‘ideal’” ISFET.

4.8 Summary of Chapter 4

In this chapter the CCCII+ has been taken from concept through design, simulation,
layout to a monolithic biochemical measuring system. The technology platform used for
practical implementation was a standard 0.35um CMOS technology. Layout techniques
to obtain good device matching using common-centroid methods were used. A multi-
purpose test board was designed, built and used for practical device evaluation. This new
device has been tested and its performance compared with the benchmark fixed V¢ and
I, readout circuit; the CCCII+ performing well in these tests. At the end of the chapter
the inherent analogue computational capability of the chip is explored in preparation for
use in Chapters 5 and 6, which will be devoted to two new areas of biochemical

measurement, namely buffer index and urea to creatinine ratio.
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Chapter 5

Real-Time Buffer Capacity and Buffer Index
Measurement using Chemical Current-Conveyor

(CCCII+)

5.1 Introduction

The concept and development of the CCCIlI+ were described in the last chapter and
successfully used to design a pH measurement system. The work described in this chapter
uses the CCCII+ for a more advanced pH related measurement system, namely for
measurement of buffer index/capacity [1]. A key part of the system design is exploitation
of the CCCII+ which is capable of providing both pH and ‘real-time’ buffer capacity
measurement, the latter being achieved by exploiting the inherent analogue computational

capability of the imbedded CCIl+ device within the CCCII+.

Being able to produce a ‘real-time’ value for buffer capacity is significantly more useful
for clinical diagnosis than the classical static buffer capacity measurement systems

employing a glass electrode, pH meter and subsequent computation to determine the



Buffer Capacity and Buffer Index |153

value of buffer capacity. The sensor system described here is capable of being produced
as a monolithic integrated circuit and hence will be a very small dimension device by
comparison. Furthermore, because the system exploits integrated circuit technology, it

has the potential of being low cost, low power, reliable and versatile.

The penultimate section of this chapter describes a system, again exploiting the CCCII+,
for verifying the capability of using an ISFET for millisecond time ion sensing. This
confirms that the ISFET can be used not only for the more commonly encountered low
speed applications, but also for relatively fast chemical synapse applications and rapid

DNA sequencing techniques.

5.2 Buffer the fundamental acid/base concepts

Buffered solutions are increasingly important and are used in many applications in the
laboratory and in medicine. In most biological and chemical processes, they are often
necessary to maintain a constant pH value during the course of a reaction in which
hydrogen ions H* or hydroxide ions OH~ may be produced. Under these circumstances,
the reaction is carried out in a buffer solution. Therefore, buffers provide resistance to
change in pH of a solution when H* or OH~ are added or removed. It is not possible for
any buffer to resist these changes fully, but the buffer solution may reduce changes in pH
[2]. Much of the chemical behaviour of seawater is determined by its pH and buffered at
about 8.1 to 8.3 near the surface. However, the most important practical example of
buffered solution is human blood, which can absorb the acids and bases produced in
biological reactions without significant changes in pH. A ‘constant’ pH for blood is vital

because cells can survive only within a very narrow pH range [3].
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5.2.1 Acid/base buffer operation

The physical chemistry underlying the way that a buffer solution works is important and
the following section is based on very clear discussions given in [1, 3-4]. In acid/base
system, any buffer can resist changes in pH because the equilibrium between a form that
has hydrogen ions bound, HA (acid, proton donor) and a form that has lost its hydrogen

ions, A~ (base, proton acceptor).

The buffer contains both an acidic species to neutralize OH~ ions and a basic one to
neutralize H* ions. The acidic and basic species that make up the buffer must not
consume each other through a neutralization reaction. These requirements can be fulfilled
by a weak acid-base conjugate pair. Thus, buffers are often prepared by mixing a weak-

acid with a salt (its conjugate base) or a weak-base with a salt (its conjugate acid).
HA(acid) & A~ (conjugate base) + H*
Equation 5-1

The equation above shows a symbolic example of weak-acid and its conjugate base,
where HA and A~ are generic symbols for an acid and its deprotonated form, the
conjugate base, respectively. The acid-dissociation equilibrium in this buffered solution
involves both the acid and its conjugate base and can be expressed as

[H¥][A7]

Ka =T

Equation 5-2

and solving for [H*] the expression can be written as
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[H+] =Ka__

Equation 5-3

It can be seen from the expressions above that [H*], and thus the pH, is determined by
the value of K, for the weak-acid component of the buffer and the ratio of the
concentrations of the conjugate acid-base pair, [HA]/[A™]. If a base is added to the
buffered solution, the added OH~ will react with the acid component of the buffer to
produce water and the base component, A~. This reaction causes [HA] to decrease and
[A7] to increase. As long as the amounts of HA and A~ in the buffer are large compared
with the amount of OH~ added, however, the ratio [HA]/[A~] will not change much, and

thus the change in pH will be small.

Buffer after addition Buffer with equal Buffer after addition
of OH’ concentrations of of H'
weak-acid and its
conjugate base

Figure 5-1. The ratio of the conjugate acid-base pair [3-4]

If an acid were added, the added H* would react with the base component of the buffer as

shown in the right of Figure 5-1. The reaction causes [A~] to decrease and [HA] to
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increase, however as long as the change in ratio [HA]/[A™] is small, the change in pH

will be small.

It should be note that by choosing the appropriate components, a solution can be buffered
at virtually any pH value. However, buffers work most effectively in either direction
when the concentrations of weak acid and conjugate base are about the same. From
Equation 5-3 it can be seen that when the concentrations of weak acid and conjugate base
are equal, that is [H*] = K_, therefore pH = pK,. For this reason, it is desirable to select
a buffer is pK, close to the desired pH value. For any buffer system, the ability to
maintain its pH value is generally defined as buffer capacity which will be described in

the following section.
5.2.2 Buffer index/capacity and pH

Two important characteristics of a buffer are its capacity and its pH values. Buffer
capacity, also referred to as a scale of buffer index, £, is the amount of acid or base the
buffer can defuse before the pH begins to change [3] which depends on the amount of
acid and base from which the buffer is made. According to Van Slyke [1, 5] this ability
can be measured by the amount of strong—acid, or strong—base, required to produce a
given change in pH. The Van Slyke buffer index, 3, is given in the equation below,

dC, dGy
dpH — dpH

B =

Equation 5-4

where C, is the added amount of protons, H*, and C, is the added amount of hydroxide,

OH~, ions (or, equivalently, protons are removed from the solution) per litre of buffer
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solution used to exert a measured shift in pH. The negative sign indicates the polarity of

the added acid or base.

The pH of the buffer depends on the K, for the acid and on the relative concentrations of
the acid and base that comprise the buffer as shown in the Henderson-Hasselbalch
Equation 5-7 which can be derived by first taking the negative log of both side of

Equation 5-3. The expression obtained is

[HA [HA]

] e —
m) = —logy9 Ks — logyo [4-]

—logyo[H*] = —logyo <Ka

Equation 5-5

since —log,o[H*] = pH and —log,, K, = pK,, the above equations simplify to

H =pK, —lo [HA]: K, +lo ﬂ
p PR, 810 [A_] PRy g10 [HA]
Equation 5-6
In general pH can be written as,
H = pK, +log,q 235
p =Py OglO[aCid]
Equation 5-7

where [acid] and [base] refer to the equilibrium concentrations of the conjugate acid-

base pair. Note that when [base] = [acid], pH = pK,,.
5.2.3 Buffer capability of blood

The physical chemistry underlying the behaviour of blood as a buffer solution is

important and the following section is based on the discussion given in [3]. Many of the
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chemical and biochemical reactions that occur in the human body are extremely sensitive
to pH, which only varies within a narrow range. For this reason the human body
maintains a complex system of buffers, both within tissue and in the fluids that transport
cells. Blood is the fluid that transports oxygen to different parts of the body, and its ability

to maintain an almost constant pH value is vital.

Human blood performs many important tasks within the body. One of which is to
exchange chemicals in cells and tissues such as nutrients, waste products, and ions. These
chemical changes, unless offset by other physiological functions, cause blood pH to drop
and if the value of pH becomes too low, a condition known as acidosis may occur. On the
other hand, if the pH rises too high, the condition is called ‘alkalosis’. Acidosis is the
more common tendency and can be very serious because many of the chemical reactions
within the body, especially those involving proteins, are pH dependent. Ideally, the pH of
the blood should be maintained around 7.4 and if pH drops below 6.8 or rises above 7.8,
this may be fatal. Fortunately, human blood has a capacity to resist large change in pH,
thereby keeping the variation to a minimum. This is referred to as the buffer capacity of

blood.

The carbonic acid-bicarbonate buffer system is the major buffer system within blood that
controls the pH. Carbonic acid, H,CO5, and bicarbonate ion, HCO3, are a conjugate acid-
base pair. In addition, carbonic acid can change and decompose into carbon dioxide gas
and water. The important equilibria in this buffer system are shown below in Equation

5-8 [3].

K K.
H*(aq) + HCO3 (aq) & H,C05(aq) < H,0(1) + C0,(g)

Equation 5-8
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Several aspects of these equilibria are notable. Firstly, the equilibrium on the left is an
acid-base reaction with carbonic acid, H,C 05 is the acid and bicarbonate ion, HCO3 as its
conjugate base. Secondly, although carbonic acid is a diprotic acid, the carbonate ion
(C0%7) is not important in this system [3]. Thirdly, the equilibrium on the right of the
equation is not an acid-base reaction. The gas CO, is one of the components of this
equilibrium which provides a mechanism for the body to adjust the equilibria. Removal of
C0, via exhalation shifts the equilibria to the right, consuming H* ions. Fourthly, the
buffer system in the blood operates at a pH of 7.4, which is far from the pK,, value of
H,CO05 which is pH of 6.1 at physiological temperature. In order for the buffer to have a
pH of 7.4, the value of about 20 in the ratio of [base]/[acid] is required. In normal blood
plasma the concentration of HCO3 and H,CO5 are 0.024M and 0.0012M, respectively
[3]. As a consequence, the buffer has a high capacity to neutralize additional acid, but low

capacity to neutralize additional base.

The principal organs that help regulate the pH of the carbonic acid-bicarbonate buffer
system when the addition of protons to the blood due to heavily metabolic processes
perhaps by strenuous exercise, which maybe too great for the buffer alone to effectively
control the pH of the blood, are the lungs and kidneys [6]. When this happens, some of
the receptors in the brain that are sensitive to the concentrations of H* and €O, in the
body fluids are triggered causing faster and deeper breathing. The result is an increase in
the rate of elimination of C0O, from the lungs hence, which helps to raise the pH level via
shifts in the equilibria in Equation 5-8, and the kidneys remove excess HCO3 from the

body helping to lower the pH.
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5.3 Chemical Current-Conveyor for buffer index/capacity (f)

measurement

The discussion above confirms that an instrumentation system that is capable of providing
both the pH value together with the g would be significantly more useful for clinical
analysis than a system that provides the pH value alone. Using Equation 5-4 an
alternative representation of the buffer index value, g, is given by the ratio of time
derivatives of C, and pH, that is

dC, dpH
dt = dt

Equation 5-9

The analogue computing capability of the CCCIll+ can be used to obtain the time
derivative of pH as shown below in Figure 5-2. If the time derivative of C, is a known

value, then the value of g can be readily obtained [7].

Ref.Electrode

pHY
CCCll+ z 230 Vout
X

R
Cyx z

— [

Figure 5-2. pH-differentiator using CCCIlI+ [7]

A CCCII+ system configuration to achieve this 8 evaluation is shown in Figure 5-3 (a).

An alternative approach in the implementation of CCCII+ is also demonstrated in Figure
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5-3 (b), in which the CCCII+ functional behaviour is realised by a circuit comprised only
of ‘off-the-shelf” components. Note that, OA2 and OA3 are conventional voltage-mode

op-amps, and the current-feedback, OA4, is again a conventional device.

Referring initially to Figure 5-3 (a), the buffer solution is fed with an AC current source
provided by OAL and its associated circuitry, which is configured as a transconductance
or voltage to current converter. This AC current flows between ‘reference electrode 2’,
and the ‘platinum working electrode’ and it modulates the protons in the buffer solution,
and hence sets (dC,/dt) to a fixed value. As shown in Figure 5-3 (b) the ISFET, which is
immersed in the buffer solution, is biased by the DC current sink I;4s,. The CCCII+ is

configured as a differentiator, and the output obtained is the time derivative of pH.
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e Electrode ! CCC”+ Z z Vout
=] o] e
Gg Stirring RZ
— Cx
AN L
V,
dd1 G2
OAl G,
. +
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Gen " converter
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N
G]_ Gl
(a)

CCCllI+

Ref.Electrode
~
=

(b)

Vss2
Figure 5-3. [7] (a) System diagram to determine the capacity of buffer solution and, (b) discrete

implementation of CCClI+ to obtain the voltage output at Z-node as the time derivative of pH

In Figure 5-3 (b), OA2 and OA3 are both connected as voltage followers, the latter
providing V,yy input to the non-inverting terminal of OA4. The DC current source,
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Igias1, €nsures that the voltage across the 5K1 resistor is constant, and equal V =
(Igias1 X 5k1). This voltage is the value of V¢ for the ISFET which ensures that it is in
the right region of operation for pH measurement. The final part of the circuit is a current
conveyor type +II, or CCII+ realised by the current-feedback op-amp, OA4, with the
output taken from the transimpedance terminal-Zr of OA4. As a result the output voltage,
Voue» Which is taken from Z-node of the CCCIl+ pH-differentiator, will be proportional to
the time derivative of pH and therefore proportional to (—f~1). As shown in Chapter 4

the output is given by

AV (t)
)

Vout(t) = CXRZ<

Equation 5-10

which can be simplified to

Vi (£) _ Voue (1)

Equation 5-11

and by substituting Equation 5-11 for the pH-divertive term in Equation 5-9, 8 can be

expressed as

_ dCq  Vour (1)

and

dC, CyRy
X
dt  Voue(t)

Equation 5-12
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Since CxR; is the differentiator time-constant and the time derivative of C, is a known
constant, then the relationship between the voltage output of the circuit is inversely

related to 8 and can be written as

Voue () = aﬁ_l
Equation 5-13

where a is all of the constant terms grouped together. It should be noted that in practice, it
is important to choose values for Cy and R,, and hence the time-constant of the
differentiator t = CxR, such that t is appropriate for the given input frequency. Table 5-1
shows the parameters of the system in Figure 5-3 that were used for an input signal test

frequency of 100mHz.

Table 5-1. The parameters of the buffer capacity/index measurement system

Component Value

Ref. Electrode 1 Ag/AgCl

Ref. Electrode 2 Ag/AgCI

Working Electrode Platinum

Supply (Vdd1&Vssl) 6V

Supply (Vdd2&Vss2) +6V

ISFET NMOS ISFET by sentron (OEM-679)
Rin 1kQ

Cx 2200uF

Rz 680Q2
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5.4 Operation of the Chemical Current-Conveyor for buffer

index/capacity measurement

The physical geometry of ‘reference electrode 2’ and the ‘platinum working electrode’,
shown in Figure 5-3 (a), does not matter as long as the solution is stirred continuously
ensuring that the solution is homogeneous. Clearly, this system will measure global
pH/buffer capacity, not local pH/Buffer capacity. However, the system could be
developed further by miniaturisation so that all the electrodes and the ISFET are in close
proximity, thus obviating the need to stir the fluid. Such miniaturisation is feasible if the

full system, including the CCCIlI+, is realised as a monolithic integrated circuit device.

The electrochemical acid/base titration method is used to modulate ions such as protons,
H* in the buffer solution with high accuracy [8], and hence dC,/dt may be set to a fixed
and known value. This is achieved by driving the ‘reference electrode 2’ and the
‘platinum working electrode’ with a square waveform alternating current of £0.6mA with
the frequency of 100mHz. This current value is set by (V;y/R;y) because OAL is
configured as a voltage to current converter. Acid or base concentrations can be
determined by performing an acid/base titration with coulometrically generated OH™~ or
H* ions at an actuator electrode. The titrant can be generated by the electrolysis of water
at a noble metal actuator electrode. When a current is applied to the electrodes, water
molecules in the solution will undergo the electrochemical reaction at the electrodes,

depending on the direction of the current [8-10].
At the anode, oxidation of water occurs as
2H,0 - 4H* 4+ 4e™ + 0,

Equation 5-14
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and at the cathode, reduction of the water occurs as

2H,0 + 2e~ » 20H™ + H,

Equation 5-15

Now consider a voltage to current converter system such as OAL in Figure 5-3 (a) is
being placed in a HEPES buffer solution. At t = 0 the alternating current (V,5/R;y) Will
start to flow through ‘reference electrode 2’ and the ‘platinum working electrode’ to the
low-output impedance terminal of OAL, causing the generation of H* and OH~ ions,
according to Equation 5-14 and Equation 5-15. In this case, the ‘platinum working
electrode’ shown in Figure 5-3 (a), acts as an anode and H* ions will be generated when
the applied current is in the negative half-cycle. The opposite occurs in the positive half-
cycle during which time OH~ ions will be generated as the ‘platinum working electrode’
IS now becomes the cathode. Both electrochemical reactions caused a change in the pH of
the solution. It should be noted that ‘reference electrode 2’ which is placed in the HEPES
buffer solution is packed in the glass vessel containing 3M-KCI with a porous glass frit at
the end. The porous glass frit allows electrical conductivity between the HEPES buffer
solution and the internal filling solution, while preventing convective mixing of the two
solutions. Hence, the effect of the chemical reaction from ‘reference electrode 2’ is
negligible [7], where the current flow through the reference electrode is not significant.
As a result, a change in the source voltage of the ISFET due to the global pH change can
be achieved and therefore the buffer capacity of tested HEPES buffers can be obtained

using the CCClI+.
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5.5 Measured results and discussion

The circuit of Figure 5-3 was constructed using conventional commercial discrete
components on a prototype board and its performance evaluated. The LMC6001 op-amp
was selected for OA1, OA2 and OAS as suitable for this application in terms of ultra-low
input current and noise. In fact the LMC6001 can provide almost noiseless amplification
from a high resistance signal source. Even though the gain-bandwidth product of this op-
amp is at 1.3MHz, it is more than enough for most biochemical applications where fast
biochemical sensing, such as chemical synapse and rapid DNA sequencing, only required
the response time in the order of millisecond or 1kHz [11-12]. The current-feedback op-
amp (CFOA) chosen for OA4 was the AD844 as this device conveniently provides a pin

connected to the Zt-node of the CFOA that enables it to be used as a CCll+ device [7].

n

UL

90 95 100 105 110 115 120 125 ) 2 95 100 105 110 15 120 125
Times (S) Times (S)

() (b)

Figure 5-4. [7] HEPES concentration at 5.0mM (10 times diluted). (a) Voltage o pH at X-node (see Figure

5-3 (b)), (b) dpH /dt at Z-node (see Figure 5-3 (b))
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Figure 5-5. [7] HEPES concentration at 1.0mM (50 times diluted). (a) Voltage « pH at X-node (see Figure

5-3 (b)), (b) dpH /dt at Z-node (see Figure 5-3 (b))

. . . . . . . . . . . . . . . .
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Figure 5-6. [7] HEPES concentration at 0.5mM (100 times diluted). (a) Voltage « pH at X-node (see

Figure 5-3 (b)), (b) dpH /dt at Z-node (see Figure 5-3 (b))

Verification of the buffer index measurement system based of Figure 5-3 (a) is shown in
the oscilloscope (voltage~time) plots of Figure 5-4 through to Figure 5-6. The plots are all

for the same value of pH 6.84 and sample volume of 10mL, but with different solution
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concentrations as shown in Table 5-2. The three figures, Figure 5-4 (a), Figure 5-5 (a) and
Figure 5-6 (a) show the graphs of the voltage proportional to pH which is taken from X-

node shown in the system diagram of Figure 5-3 (a).

The next set of plots, namely Figure 5-4 (b), Figure 5-5 (b) and Figure 5-6 (b) show the
graphs of the rate of change of pH with time, (dpH/dt), which is taken from Z-node
shown in the system diagram of Figure 5-3 (a). It can be seen that the DC voltage at the
X-node is negative due to the bias on the ISFET. This could be changed with the addition

of a DC level shift circuit to the system shown in Figure 5-3 (a) should this be required.

Table 5-2. Parameters and results of buffer capacity/index (8) measurement [7]

Solution pH HEPES concentration Mean of (dpH/dt)
(a) 6.84 5.0mM 0.0321
(b) 6.84 1.0mM 0.0532
(©) 6.84 0.5mM 0.0732

The final column in Table 5-2 is the mean value of dpH /dt, and as can be seen from the
results, the pH of the dilute solution will be affected most for the same amount of
generated H*, and so on, from which we can conclude, as expected, that the more
concentrated solution has a higher buffer capacity than the weaker solution. The absolute
value of B has not been obtained as this will require further computational circuitry to
provide inversion and multiplication to obtain S. Alternatively, a ‘look-up-table’
approach could be developed to provide the final g figure. However, the main purpose of

this work has been to verify the feasibility of using the CCCIll+ to measure both pH and
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B. This has been achieved and the principle of the measurement system has been

confirmed.

5.6 Measurement of ISFET response time

The majority of applications of the ISFET to date are for static or long term pH
measurements. However, there are applications in biomedical electronics that require fast
sensing of ion activity, such as chemical synapse and rapid DNA sequencing [11-12]. The
objective of this research is to demonstrate that the ISFET can be adapted for successful
operation to measure millisecond ion stimulation. Woias et al [13] used a complex flow-
injection system with a solenoid valve as the mechanism to introduce millisecond pH
perturbations in an ISFET pH measurement test rig. However, Van der Schoot et al [8]
proposed a less complex method to create pH perturbation using electrochemical

generation but with slower time responses in order of seconds.

In this section, the author reports an alternative electronic technique which verifies that
the ISFET is able to detect fast proton (H*) changes in the order of a few milliseconds.
With this technique, a circuit is used to create an input pH signal for the ISFET in the
millisecond range, as in [8], but using a simpler and more practical method of proton
(H*) introduction, known as iontophoresis. The results obtained are used to determine the
factors that affect the high speed chemical sensing with an ISFET and how it is

influenced by the time period of the injected ion signal.
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Figure 5-7. Measurement system for determination the response time of the ISFET [14]

5.6.1 Circuit operation and description

The proposed circuit is shown in Figure 5-7. It consists of three main parts, namely (i) the
iontophoresis system, formed by a current-source (Keithley 6221) and two platinum wires
(Pt1 and Pt2) where one of which is in the micropipette, (ii) the phosphate buffer saline
(PBS) solution, and (iii) the ISFET readout circuit, which is based on the Chemical
Current-Conveyor (CCCII+) [15]. The Keithley 6221 current source is simply used to
supply a small signal current (in the microampere range), to perform iontophoresis. This
signal current is fed through °‘Pt1’ to ‘Pt2’. Furthermore, a high concentration of
hydrochloric acid (HCI) was placed in a glass micropipette in which ‘Ptl’ is submerged.
To monitor the local pH change, the micropipette was placed vertically on top of the
ISFET surface and controlled by the micromanipulator to be approximately one micron
from the surface of the ISFET. When a positive current is applied to ‘Ptl’, the anions
(Cl™) are maintained inside the chamber whereas the cations (H*) are repelled and

injected into the PBS solution. The amount of injected H* depends on the applied signal
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current and injection period. In this case, the detected H* can be related to the diffusion
equation as shown in Equation 5-16. With constant applied signal current (i), the amount
of H* added to the solution will be proportional to the applied period [16] as shown in

Equation 5-16.

.t
H = wampr e/

T
T

Equation 5-16

where D is the diffusion coefficient of H*, F is Faraday’s constant, r is the distance
between micropipette tip and ISFET surface, t' is time and t is the transport number.
Longer injected period will provide higher transport number, ¢, resulting in larger change

of local pH.

It should be noted that all experiments were done in a PBS solution with a pH 7.4 which
matched pH within the human body. The ISFET that was used is manufactured by
Sentron Europe (Roden, The Netherlands, part no, OEM-679) and was connected and
monitored versus a silver/silver chloride reference electrode (Ag/AgCl) for all

experiments.

As reported in [15] the operation of CCCII+ can be seen as follows. The voltage at the
low input impedance X-node follows that at the high input impedance pH_Y-node, while
the input current at the X-node is mirrored or ‘conveyed’ to the high output impedance Z-
node. In Figure 5-7 the output signal, Vy, is taken from the X-node of the CCClI+ which

is directly proportional to pH stimulus and is given by

w 1 2
Vy = VpH = I4sRs = Cox.uf [(Vgs - Vth(ISFET))Vds - EVds] Ry

Equation 5-17
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where C,,.u(W /L) is the semiconductor parameter of the ISFET and R; is the equivalent

source resistance of the ISFET.
5.6.2 Result and discussion

The circuit of Figure 5-7 was constructed and tested. Practical results are shown in Figure
5-8 to Figure 5-9. In order to verify that the ISFET can sense the change of protons
released in a fast response time, injected periods in the order of millisecond were applied
and shown in Figure 5-8. It can be seen that the ISFET responds within 1ms but 0.1ms
changes were not detected. With longer injection times, larger response was obtained
which agrees with Equation 5-16. Satisfactory repeatability of response was achieved by

successive proton injections.
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Figure 5-8. Measured result of three different injected periods at 1pum distance between micropipette tip

and ISFET surface (insert is a ‘Zoom in’ of the measured result included) [14]
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The pH response at a 1ms injection period was further investigated by changing the
applied current of proton injection as shown in Figure 5-9. The amplitude of current
signal was varied from 0.6pA to 1.0pA whilst the pulse duration was kept at 1ms. As a
result, the greater the amplitude of current injected, the larger delta pH (ApH) signal
sensed from the ISFET which is consistent with Equation 5-16. Therefore, this again
confirms that the ISFET is able to detect a change of pH perturbing beyond a millisecond.
The final test used a negative amplitude, -1pA, of injection current and as expected the

ISFET did not respond, which is correct as it is only sensitive to proton changes.
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Figure 5-9. Measured result of three different current amplitudes at a fixed injected period of 1ms and 1pm

distance between micropipette tip and ISFET surface (insert is a ‘“Zoom in’ of the measured result included)

[14]
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5.7 Summary of Chapter 5

In this chapter, the versatility of the CCCII+ has been utilised for use in buffer index (8)
measurement. Preliminary results show that the system in Figure 5-3 is capable of
producing a useful clinical instrument providing simultaneous outputs of both pH and g.
Both method and the practical realisation of obtaining pH and g are to the author’s
knowledge novel. It should be noted that the system is able to produce an output
proportional to £ but not yet able to provide the absolute value of . In addition, a system
has been developed to verify that the ISFET is capable of being used for fast ion sensing
applications, in the order of millisecond response time. In the next chapter, the CCCII+
will be applied to development of a measuring system to assist renal diagnosis, namely

measurement of urea and creatinine.
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Chapter 6

Real-Time Measurement of Urea, Creatinine and
Urea to Creatinine Ratio using Enzyme Based

Chemical Current-Conveyor (CCCIl1+)

6.1 Introduction

The trend towards personalised healthcare requires early detection and diagnosis of any
adverse medical condition [1]. One of the key indicators of renal dysfunction is an
increase of urea concentration in the blood. Thus, measurement of the concentration of
urea in blood is extremely useful for diagnostic purpose. However, a rise in urea may not
always be a correct indicator of renal failure [2-4]. A more precise picture to be
distinguished and predicted is obtained with a combination of urea and creatinine
measurements, including the ratio of urea-to-creatinine [5] as shown in Table 6-1. These

ratios indicated the type of renal disease and what medical intervention is required.
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Table 6-1. Urea to Creatinine ratio ranges and implication [3, 6]

Urea: Creatinine ratio Location of renal disorder
>100:1 Pre-Renal Disease (before glomeruli)
100:1 to 40:1 Normal or Post-Renal Disease (within ureter)
<40:1 Intra-Renal Disease (within kidneys)

A proposed novel ISFET based biosensor for real time monitoring of creatinine and urea
was reported in 2007 [7]. However, the system is relatively complex and provides output
of creatinine and urea, but not the ratio of urea to creatinine. Also the design cannot easily
be implemented in single chip form. Following on from this work, Juffali et al [3]
proposed a novel ISFET based Urea to Creatinine sensor working in the sub-threshold
region that employs the translinear circuit principle [8] as the key analog computational
part of the system to perform the ratio function. However, the system will only produce
the ratio, not the values of urea and creatinine separately and has not yet been
implemented in practice. In addition, the author of this thesis believes that further work is
required to ensure that in practice the uses of a single reference electrode in a balance two

ISFET circuit can operate successfully.

In the previous chapter, the versatile CCCIll+ was used very effectively in the
development of a novel measurement system for S determination. Using a similar
approach in this chapter the CCCII+ is exploited as an ‘off-the-shelf’ component to the
development of a continuous-time biochemical measurement system. The design
objective is for it to be able to deliver the three important parameters for predication of
renal condition, namely (i) urea concentration, (ii) creatinine concentration and (iii) urea-
to-creatinine ratio. The system that has been developed is based on two enzyme modified

chemical current-conveyors, one for sensing the urea and the other for sensing the
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creatinine. The ratio of these two parameters is also provided by direct analogue signal

processing to give the third output above.

6.2 Renal disorders

Renal failure might happen quickly, resulting in the set of symptoms of acute renal failure
(ARF). If the patient survives, the condition may be reversible and normal renal function
may resume. This is not the case in chronic renal failure (CRF) which generally develops
over many years and cannot be reversed, leading to ‘end stage renal failure’. Patients
suffering from such a condition will need either dialysis or transplant if survival is to be
achieved. The renal system ceases to operate correctly when ARF occurs, resulting in
retention of creatinine, urea, hydrogen ions etc. Although potentially reversible, the
condition is potentially life threatening if not reversed, which may not be achievable with

patients who are already very ill.

ARF can be divided into 3 categories of disfunction: (i) decrease in renal blood flow,
referred to as ‘pre-renal’, (i1) intrinsic damage to the kidneys, referred to as ‘intrinsic’,
and (ii) obstruction to the urinary tract, referred to as ‘post-renal’. If any of the above
occur for a patient with a pre-existing renal condition, the consequences are less

favourable.

Irreversible renal failure or CRF may be caused by many diseases which can lead to an
irreversible decline in renal function. For example, diabetes mellitus, glomerulonephritis
pyelonephritis, hypertension, polycystic kidneys and renovascular disease are the most
common causes that can readily be identified. All of these lead to a reduction in the
number of functioning nephrons, and the consequences are serious with significant

medical intervention, such as dialysis or transplantation, no longer an option. The time
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from the onset of CRF to end-stage renal failure may be a matter of weeks to several

years, depending on several factors including appropriate control of blood pressure.

6.3 ISFET as a versatile biosensor

Not long after the ion sensitive field effect transistor (ISFET) had been introduced by
Bergveld [9], many biosensors based on the ISFET were created after that. In 1980, Caras
and Janata described the first pH-ISFET based enzyme modified biosensor sensitive to
penicillin and the name EnFET was introduced for this sensor [10]. The term EnFET
refers to the ability of the modified ISFET to respond to other enzymes. In comparison
with other types of biosensors, the ISFET has several well-know advantages such as
integrate-ability, scalability, high sensitivity, low cost and multi-detection potential. With
all its advantages, no doubt ISFET biosensors are becoming increasingly popular for use
in integrated biochemical processing platforms used for the early detection and diagnosis
of medical conditions. However, the ISFET is not without some less desirable features,

including drift, temperature sensitivity, and long-term stability, as discussed in Chapter 2.

The ISFET biosensors were adapted for different purposes. One of which is the
determination of urea and creatinine in blood and urine specimens [11-15] with the idea
of further use in clinical analyses. It can be very important to have such biosensors in
many clinical cases dealing with kidney and liver diseases, when fast urea measurement is

valuable [4, 16].

The stability and life-time of many biosensors depend on the enzyme immobilization
method used. There are main methods, namely [17] (i) physical (including: adsorption on
a matrix, encapsulation between dialysis membrane, entrapment within polymeric
network), (i) chemical (including: cross linking of enzyme molecules to each other with a

multi-functional cross linking reagent covalent bond to a water insoluble matrix) and (iii)
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mixed physico-chemical (including: entrapment and cross linking). The biosensors with
chemically immobilized enzymes in comparison to those with physical immobilization

are better offering greater stability.

The general principle of the ISFET biosensor is based on the use of catalytic properties of
chemical immobilised enzyme onto a semiconductor structure which is preceded by the
silanization procedure [13, 18-22]. This procedure allows chemically reactive groups to
be introduced. In the case of silanization performed with aminosilanes, the reactive
groups are of the amine type and used to form covalent bonds between enzyme amino
group and glutaraldehyde at the ISFET surface. For a urea and creatinine ISFET
biosensor, enzyme urease and creatinine deiminase (CD) are applied, respectively. The
substrate will be hydrolysed and detected at the gate insulating membrane of the ISFET,

according to the following reactions of urea, Equation 6-1 and creatinine, Equation 6-2.
urease

Equation 6-1

From Equation 6-1, it can be seen that not only the detection of ammonium, carbonate or
bicarbonate ions but also carbon dioxide and ammonia may be used for the urea
determination. However, the change in pH resulting from the end-metabolic products of
the acid/base reaction allows pH-based detection to be used for the indirect determination

of the urea concentration [17]. This is also true for the reaction in Equation 6-2 [23].

cD
Creatinine + H,0 — N — Methylhydantoin + NH;

Equation 6-2



Urea to Creatinine Ratio |182

6.3.1 Procedure of EnFET fabrication

The procedure of EnFETs fabrication adopted for this research project is based on very
straightforward method descried in [24]. The chemicals which are used in the procedure
were creatinine deiminase (CD) microbial (EC 3.5.4.21), urease from Canavalia
ensiformis (Jack bean, EC 3.5.1.5) and standard powders of creatinine monohydrate and
urea were purchased from Sigma-Aldrich (St. Louis, MO). Bovine serum albumin (BSA),
glutaraldehyde (GA), glycerol, DEAE—dextrane, lactitol, were of analytical grade or purer
and also obtained from the same source, Sigma-Aldrich. The alcohol based additives were
used to increase the stability of the biosensor developed, it has been previously shown
that such alcohols favour a non-polar environment protecting the protein [25]. All stock

solutions were prepared in a 10mM phosphate buffer pH 7.4, unless otherwise stated.

To improve stability, the immobilisation of CD and urease was carried out using the
classical cross-linking with bovine serum albumin (BSA) [26] in a glutaraldehyde (GA)
vapour. Also Glycerol was used as a plasticiser to avoid the formation of cracks in the
enzymatic immobilisation membrane during storage. Furthermore, glycerol also results in
an improved homogeneity of the membrane and better adhesion to the insulating surface
of the ISFET [2]. Prior to enzyme immobilization, all ISFETs were cleaned with ethanol
and deionised water using an ultrasonication bath then dried with a dry nitrogen purge.
For a creatinine sensitive EnFET, the solution of 4% w/v CD containing 4% w/v BSA,
8% v/v glycerol, 0.2% w/v DEAE-dextrane and 2% w/v lactitol as stabilizers was
prepared. Only 10ul of the solution was carefully dropped onto ISFET gate surface from
a pipette. To enhance the protein cross-linking formation, the ISFET was placed in the
saturated GA vapour for 30 minutes and then dried at room temperature for 15 minutes.

The urea sensitive ENFET was prepared in a similar way with 4% wi/v urease, instead of
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CD. All of the ISFETs used were Al,05-ISFETs fabricated by Sentron Europe (Roden,
The Netherlands, part no, OEM-679). Having prepared the EnFETS, they are now ready
for use in the chemical current-conveyor to obtain the value for the urea-to-creatinine

ratio of a biochemical liquid.

6.4 Chemical Current-Conveyor for urea and creatinine

measurement

The diagrams shown in Figure 6-1 and Figure 6-2 are (a) system diagram and (b) the

hybrid matrix of the ISFET based urea and creatinine or Urea and Creatinine-CCClII+,

having their output related to urea and creatinine, respectively. From which it can be seen

that the voltage at X-node, Vy, follows the high impedance input EnFET sensor nodes

‘EnFET (Urea) Y’ and ‘EnFET (Creatinine) Y’, making the voltage at X-nodes

proportional to the sensed urea and creatinine value at Y-nodes then, for the Urea-CCCI1+
Vureay = Is X R = Vx

Equation 6-3

and for the Creatinine-CCClI I+

Vcreatinine_Y = Ig X Rg =V
Equation 6-4

where I is the source current and Rs is the equivalent source resistance of the input

EnFET.
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Figure 6-1. [6] (a) Urea-CCCII+ system diagram and its (b) hybrid matrix

Thus, the X-node exhibits low input impedance. The current supplied to the X-node is
conveyed to the high impedance output node ‘Z’ where it is supplied with either positive
polarity (in EnFET-CCCII+) or negative polarity (in EnFET-CCCII-). It should be noted
that the sign ‘+’ indicates that both ‘Urea-CCCII+’ and ‘Creatinine-CCCII+’ input and

output currents simultaneously flow into, or out of, the device.

Ref.Electrode

EnFET (Creatinine) Y | | creatininer 0 0 O} Yereatininer
Creatinine- Z(—0v, Vy =1 0 O Iy

Ix
Vi x  CCCli+ 1, 0 1 0| V,

(@) (b)

Figure 6-2. [6] Creatinine-CCCIl+ (a) system diagram and (b) hybrid matrix

Like in the CCCII+, both EnFETs are biased with an appropriate reference electrode,
typically silver/silver-chloride (Ag/AgCl) which defines the potential of the electrolyte
solution. The build up of charge at the exposed insulating membrane is related to the
concentration of urea and creatinine in the aqueous solution. This changes the EnFETs

channel, and in particular the value of threshold voltage for the EnFET alters resulting in
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a shift in the I~V characteristic and the drain current of the EnFET sensors given by

[6]

14 1 ,
Ip urea = COX:“T [(Vgs - (Vth(mos) + V;irea)) Vas — EVds]

Equation 6-5

w 1,
ID_creatinine = COX.“T [(Vgs - (Vth(mos) + Vcreatinine)) Vds - EVds]

Equation 6-6

where V.o, and V,..qrinine are the grouping of chemical potentials at the surface of the
insulating membrane of the EnFET, C,y is the oxide capacity per unit area, W and L are
the width and the length of the channel, respectively, and u is the electron mobility in the

N-channel device [6]. And finally, the Iy and I, currents are given by

Vx
Iy =—=-I
X Zy Z
Equation 6-7

where Zy is the impedance connected between the X-node and ground. The output can be
taken either as voltage, Vy, from the low output impedance X-node, or alternatively as

current, I, from the high output impedance Z-node.

6.5 Chemical Current-Conveyor for urea to creatinine ratio
measurement
The CCCII+, like the original current-conveyor or CCII+, is an extremely versatile analog

building-block, capable of processing either in the voltage or in current domains, as such

it can easily be configured to provide amplification and time domain differentiation. The
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previous chapter has used the CCCII+ to provide both pH and ‘real-time’ buffer capacity
measurements, and here is another example showing the adaptability of the CCCIlI+. A
practical system to achieve (i) urea concentrations, (ii) creatinine concentrations and (iii)

urea-to-creatinine ratio measurement is shown in Figure 6-3.

CCll+5 ZsQ

DC “Creatinine”

Figure 6-3. Initial system configuration for urea-to-creatinine ratio measurement [6]

As shown before in Equation 6-5 and Equation 6-6 the currents that flow out of node Z,,
(I;4) and Z,, (I;,) are related to urea and creatinine concentration in the sample solution,
respectively. The diodes D1 and D2 are constructed from two transistors in an integrated
circuit BJT array with collector connected to base. This ensures that the diodes are well
matched and at the same temperature. The voltages across the diode D1 and D2 are V,,
and V,, respectively, and given by

I
VZl = VTln (2)
Isq

Equation 6-8
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and

I
VZZ = VTln (ﬁ)
Is;

Equation 6-9

where I is the forward saturation current of the diode connected BJTs and V;; = KT /q is

the thermal voltage (26mV@300K). Thus the diode currents are

Equation 6-10

and

I = Vcreatinine_YZ
zZ2 — R
X2

Equation 6-11

Using the instrumentation amplifier CCIlI+ principle formed by CCII+3 and CCli+4,

described in Chapter 3, the output voltage of the system, V,,,; is given by

R,
Vour = _R (V21 - sz)
3

Equation 6-12

In addition, by substituting Equation 6-8 and Equation 6-9 into Equation 6-12 and using

the basic relation of natural logarithms, the output can be computed as follows

R, 171 Iz,
Vot = -2 ( Vil (—)—Vl (—)
out R3< rin It Tin Iz

Equation 6-13
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since R; = R, and Is; = Is,, then the output can be simplified to

I
Vout = VTlTl _Zl
IZZ

Equation 6-14

Furthermore, by substituting Equation 6-10 and Equation 6-11 into Equation 6-14 and
letting Ry; = Ry, the output voltage of the system is proportional to the urea-to-

creatinine ratio and is given by

V Y1l
Vour = VTln< s
Vcreatinine_YZ
Equation 6-15

where V.4 y1 IS proportional to the urea concentration and equal to the voltage at node
X1, While Viyeatinine v2 1S proportional to the creatinine and equal to the voltage at node
X,. It should be noted that the unused Z-node of CCII+4 is grounded, this is to ensure the

transistors within the CCI1+ are kept in the active region.

6.6 Measured results and discussion

To ensure that the output voltage of the system shown in Figure 6-3 is sufficiently linear
and well-characterised, two experiments using pH-ISFETs as sensors for both CCCIl+
were undertaken: (i) the DC sweep of reference electrode ‘A’ while reference electrode
‘B’ is kept at a constant DC value and (ii) the pH titration at Y;-node while Y is kept at a
constant pH value. The results are shown in Figure 6-4 and Figure 6-5 which confirmed
the expected linearity between inputs node-Y; and Y, with the output node as the ratio of
Y1 over Yy, neglecting the natural logarithm term in the Equation 6-14 and Equation 6-15.

The coefficients of determination value, R?, achieved more than 0.99 on both
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experiments, representing good agreement for output voltage (V,,,;). This in part is due to

the relatively low input dynamic range used.
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Figure 6-4. Plot of the ratio of Ref. Electrode “A” to Ref. Electrode “B” versus Ref. Electrode “A” [6]
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Figure 6-5. Plot of the ratio of pHY to pHY, versus pHY [6]

Prior to all experiments, the sensors were soaked in a vessel filled with 10mM phosphate
buffer solution at pH 7.4 and conditioned for at least 30 minutes in order to equilibrate the
enzyme membrane. After each consecutive calibration, the sensors were rinsed and then
soaked with a phosphate buffer ready for the next test. At the end of the experiment, the
sensors were flushed with large amounts of phosphate buffer and kept dry overnight in a
dark environment at 4°C. As previously mentioned, both urea and creatinine standards
were prepared using the same buffer to maintain the level of background signal.
Consequently, the observed response will be related only to the concentration of urea and

creatinine in the solution.
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The ability of the system to deliver multiple outputs linearly proportional to urea,
creatinine, and the ratio of urea-to-creatinine, which are important markers for the
prediction of renal failure, is confirmed by Figure 6-6, Figure 6-7, Figure 6-10 and Figure
6-11. The figures, Figure 6-6 and Figure 6-10, show the calibration curves for the Urea
and the Creatinine-CCCII+, respectively. It should be pointed out that the curve
representing the urea calibration of Figure 6-6 shows the output voltage decreasing
linearly as the urea concentration increases [17, 27-28]. The fact that the response is not
curved, as it would be if the enzyme were controlling, suggests that urea diffusion is

controlling and limiting the reaction, hence a linear response is obtained.

As drawn, the system in Figure 6-9 will provide the required output because of the
inverted signal gain from the urea-CCCII+. In order to obtain the correct signal trend for
the logarithmic and instrumentation amplifier stage, additional circuitry was added
between diode, D1 and Ys-node of the CCII+3 to invert the output signal of the Urea-
CCCIlI+. The additional circuitry consists of a simple high input impedance voltage

follower and an inverting amplifier as shown in Figure 6-8.

Ry
+Vdd
4 UreasCCCll R +Vdd
—\/\/\—¢ Y3: CClI+3
b o)
D1 -Vce
-Vce

T
DC “Trim”

Figure 6-8. Inverting op-amp configuration used to invert the output signal of Urea-CCCI1+
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DC *Trim"

Additional circuit
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ohedy ccan

R3=R;=100KQ

b2y Rx=Ru=1MQ

Figure 6-9. The adapted practical system configurations for urea-to-creatinine ratio measurement

The circuit shown in Figure 6-9 is a combination of the initial system shown in Figure 6-3
with the addition of the inverting stage shown in Figure 6-8 and the system of Figure 6-9
now provides the required output. This system was constructed on the full system test
board described in Chapter 4. As one of the primary objectives of this research was to
explore the fully integrated CCCII+, the integrated circuit device versions of the CCCII+
designed by the author were used. The next step taken was to verify the performance of
the system. Titrated concentrations of both urea and creatinine were prepared covering
values in the normal physiological range [3-4, 6, 16] for the system evaluation to be
undertaken. The concentration value used for urea were 2mM, 4mM, 8mM and 10mM,
while the concentration for creatinine were 40uM, 80uM, 100uM and 150puM. Fixed
concentrations were selected and applied to two tests (i) urea titration while the
concentration of creatinine is fixed at 80uM and vice versa (ii) creatinine titration while

urea is fixed at SmM.

As a result, the output signals of the system which holds the vital information for
diagnosis and prediction of renal failure were achieved. The coefficients of determination

values, R?, were obtained and these were more than 0.97 for both urea Figure 6-7 and
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creatinine titration Figure 6-11. It should be noted that the sensitivity of urea and
creatinine sensors are not particularly high. However, they are typical of these types of
EnFET sensors, which in general give relatively low output signal changes corresponding
to input concentration changes. Notably, low sensitivity [2, 17, 24, 28] together with drift
[1, 29-31] are the two inherent aspects of this particular EnFETSs which has been adapted
from an integrated ISFET. These issues will need to be addressed in order to take the
results of the research work presented here into development of a commercially viable

clinical instrument.
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Figure 6-10. Creatinine calibration curve [6]
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Figure 6-11. Urea-to-creatinine (creatinine titration, urea fixed at 8mM) [6]

6.6.1 Possible anti-logarithm approach at the output

The output obtained from the system of Figure 6-3 is proportional to the logarithm of the
urea-to-creatinine ratio. In order to provide just the urea-creatinine ratio, an anti-log or
exponential operation on the output signal is needed. The modified system shown in
Error! Reference source not found. is one way to obtain that required output, achieved

by adding the third diode, D3, together with the output resistor R; ;-
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Ref Electrode “A"

oC “Urea”(

CCll+5 Zs©Q

DC “Creatinine”

Figure 6-12. Diode (D3) added anti-log practical system configurations

The current at Xs-node of ‘CCII+ 5 which flows into the diode D3 can be expressed as

Vxs
Ix5 = Ise vr

Equation 6-16
and since the voltage at X-node follows the voltage input at Y-node by the characteristics
of the CClI+, this results in

Vxs = Vys = Vg3

Equation 6-17

where V5 can be obtained from Equation 6-14 where R; = R, and Ig; = Is,, and leading

to

I
VXS == VTlTl (ﬂ)
IYZ

Equation 6-18

Substituting Equation 6-18 into Equation 6-16, gives



which can be simplified as

Urea to Creatinine Ratio |197

IX5 = Ise Vr

Iyy
Iys = I <—>

IYZ

Equation 6-19

Equation 6-20

This same current will be conveyed to the high impedance Z-node of CCII+5, thus the

output voltage at this node can be obtained as

IYl
Vout = Rroaals (I_
Y2

Equation 6-21

where R;,,q and I; can be constant terms, I,; and Iy, related to urea and creatinine

concentration, respectively. It can be seen in Equation 6-21 that there is no longer a

natural logarithm. It should be noted that resistor matching and diode matching, including

temperature matching are essential to achieve the required output response.

Removing the logarithm function can be achieved in other ways and a second proposal

will now be considered. Equation 6-22 hold for values of x << 1 and this fact can be

exploited to remove the log function in the output.

n(l+x)=x

Equation 6-22
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Let
Iy = Iy + Iyq
Equation 6-23

Therefore by dividing both sides by Iy, the expression above can be expressed as

I I
Y142
Iy, Iy,

Equation 6-24

and by applying the same principle from Equation 6-22 to Equation 6-24 will result in

I I
In (—Y) ~

Iy,) Iy,
Equation 6-25

The additional circuitry shown in Figure 6-13 provides the correct signal processing to
achieve the final result shown in Equation 6-25. The circuit is a current-mode based on
current-mirrors and does not require any matched resistor network. Operation, however,
is contingent on precision well match monolithic transistors in an array or some form of
integrated circuit. 1, flows through D1 to ground. T1 is connected as a current mirror
with D1 and hence I-; will equal I;. This current, in turn, draws current from +V..
through T2. T2 is the input of a current-mirror source, the output of which flows from the
collector of T4. The current-mirror T2, T3, T4 is a Wilson current-mirror [32] providing a
high output impedance current drive of I,; down into D2. I, is connected to the current
output node from the creatinine-CCCII+ and this current too flows through D2 adding to
I;1. Note that the anodes of both D1 and D2 are connected as in Figure 6-9, to compete

the circuit modification.
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Figure 6-13. Proposed additional current-mode signal processing circuit

6.7 Output to the N"-power circuit

The system shown in Error! Reference source not found. is easily adapted to provide

different output functions depending on the particular application requirements primarily

because the system uses logarithmic and exponential functions. This is readily seen by

referring back to Equation 6-13. Re-writing this equation again below as Equation 6-26

with the output taken as Vys, the equation becomes

R, I71
Vis = —2( V.1 (—)—
X5 R3<Tn151

I
Vrln (ﬁ
Is,

)

Equation 6-26
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By keeping R,/R5 as variables and remembering that the diodes will be formed from a
BJT array, making the V; terms equal and Is; = Is,, then the voltage Vys can be

simplified to

R, Iy
Vis = (vl (—)
X5 R3<Tn1y2>

Equation 6-27

Therefore, the current which flows into the X-node and Z-node of ‘CCII+ 5’ will be

I Ry
y1\Rs
Ixs = Is (1—) = Iys
Y2
Equation 6-28

and the voltage across Ry ,qq Will be

I Rs

y1\Rs

Vout = Rioaals (1_)
Y2

Equation 6-29

where the ratio (R,/R3) = N is the N"-power of the output, the load R,,,q and the
forward saturation current I can be regarded as constant terms. This n™-power output
function may be useful, although at the time of writing the author is not aware of any

specific biochemical application.

6.8 Summary of Chapter 6

In this chapter, a system has been presented that is capable of providing continuous
outputs of urea concentration, creatinine concentration and urea-to-creatinine ratio. These

three parameters are useful indicators for clinical assessment of renal condition. The
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system utilises two CCCII+ and three CCII+ devices. Both of these current-mode
building-blocks are extremely versatile not only providing the sensor signal conditioning
input stage of the system but also the analogue signal processing to generate the output
proportional to the ratio of urea-to-creatinine, thus demonstrating the flexibility of the

CCCII+/CClI+ combination for biochemistry and electrical signal manipulation.

This is the last application area for the CCCII+ to be reported in this thesis, although the
author is confident that there are more yet to be explored. The next and final chapter in
this thesis is Chapter 7 ‘conclusions and future work’ where the overall achievements of
the research are summarised and reviewed together with possible areas for further

development and applications of the CCCII+.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

The starting point of the research reported in this thesis is the original idea of combining
an ISFET and a current-conveyor type Il (CCIlI+) to create a new integrated circuit
biochemical sensor, which the author has named the chemical current conveyor or
CCCIlI+. In Chapter 2, the first of the two key elements of the CCCII+, the ISFET, was
reviewed in details and non-ideal properties discussed. In Chapter 3, the second key
element, the CCIlI+, was reviewed and its full capability as an extremely versatile analog
signal processing building-block was examined for subsequent exploitation in the design
and application of the CCCII+. The concept, original design, development, and
production and evaluation of the first monolithic CCCIlI+ were presented in Chapter 4,
and applied to the measurement of pH and buffer index (f) in Chapter 5. In Chapter 6, a
different application area for the CCCIll+ was presented, namely the design and
development of a renal parameter diagnostic measurement system (urea, creatinine and

urea:creatinine) again using the core CCCII+ as an ‘off-the-shelf” component, further
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demonstrating the versatility and utility of this new device for biochemical measurement
system design. In this closing chapter of the thesis, the author reflects on the work
reported and also presents his thoughts on future ideas and directions for the monolithic

CCClII+.

There is no doubt that the ISFET has proved to be a very powerful and universal
biochemical sensing element and in the last 40 years since its inception by Bergveld has
become central to many biochemical sensing applications. ISFET development was
incremental for over many years but more recently the unmodified CMOS ISFET has
made integrated circuit ISFET based sensors a practical reality, with the advantages of
low cost, small size and compatibility with integrated circuit technology. There are still
non-ideal features of the ISFET that require further advances, such as reduction of drift,
thermal effects, noise, trapped charges and variation in threshold voltage. Also there is
still work to be done on improving the design and miniaturisation of the reference
electrode to take full advantage of the potential of the ISFET. One advantage of the fact
that the ISFET is such a universal sensing device so that there will be a significant weight

of research work effort to improve ISFET performance in the coming years.

Combining the ISFET and the CCCII+ forms the CCCII+, and this was demonstrated
initially with a system level simulation, followed by a full CMOS technology
implementation. Clearly, there is work that could be undertaken on advancing the CCCIl+
circuit design and its implementation. However, the original design performance was
considered more than adequate (low power in the pW range, bandwidth of several
megahertz, close to Nernstian sensitivity) so further circuit level optimisation was deemed
unnecessary at this point and the research focus was moved to applications of the CCCII+

to see what can be achieved.
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The next application area after pH measurement to be explored was using the CCCII+ for
buffer capacity measurement. Measurement of both pH and g is desirable to achieve a
clinically viable instrument with more meaningful output values that match the g
dependence to the actual concentration values. A viable system was developed and
demonstrated practically, the computational ability of the embedded CCIlI+ being used to
advantage in the design of the system. The design and evaluation of the system as a
monolithic device will require further work, including addressing drift and solving drift

limitations but the system concept was proven.

A feasibility study of using an ISFET to sense fast chemical stimulus in the order of 1
millisecond was developed. Changes in signal monitored by the ISFET show its
capability to sense up to 1ms injected period of H* generation. Since local pH change is
achievable, it can be concluded that the ISFET is a potential chemical sensor for fast
chemical sensing application such as for rapid DNA-sequencing or chemical synapse
applications in an integrated circuit form. Moreover, a further experiment to determine
ISFET response time is of interest. However, this is limited by the instrumentation which
requires a high precision control unit in order to obtain the precise distance between the

ISFET surface and the tip of micropipette less than micrometer.

The last application area to be studied was using the CCCII+ for a renal diagnostic
measurements system with the target of producing three output values, namely (i) urea
concentration, (ii) creatinine concentration and (iii) urea to creatinine ratio. The system
developed was successful and the three outputs were indeed obtained. There is room for
EnFET and system optimization/rationalisation with the introduction of a Urea-CCCII-
device to replace the Urea-CCCIl+ device, and thereby removing the need for the
additional op-amp based signal inversion circuitry. Although the system described in this

thesis is capable of being integrated into a single monolithic circuit, this has not yet been
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undertaken. To take this concept into a fully developed instrument would require further
development including rationalisation and optimisation of the system circuitry, followed

by realisation of the system as a single-chip design.

7.2 Future work: Determination and monitoring of cells culture

using array CCClII+ platform

The idea presented below has emerged from the research reported in this thesis, but as yet
is only an idea. It has been included here for future exploration as a novel CCCll+
application in biochemical engineering. Interest is growing in monitoring bio-
electrochemical activity of living cells in real-time. This will be made a reality with the
production of miniature ISFET based sensor arrays. The requirement is to be able to

obtain information of the physiological state of a cell population non-invasively [1].

Monitoring the increase in pH of cells gives a useful indicator of their metabolic activity
and therefore the health of the cell [2]. An equation relating pH change to metabolic

activity is [1, 3]

de ~ Cden[H+]

dt DB

Equation 7-1

where C,,,, is the number of cells per unit area, [H*] is the proton generated, D is the cell

population-sensor distance and S is the buffer capacity of the medium.
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Figure 7-1. Monitoring cell culture using CCCll+ array-based micro-system

The CCCII+ array-based micro-system is used to monitor cell culture as shown in Figure
7-1. Only 4 CCCII+ devices are shown for clarity. Each pH monitor is the ISFET with its
corresponding CCCIlI+, as shown. The output from each CCCII+ is taken as a voltage
from the high output impedance Z-node of the CCCIl+, which is described in Chapter 4

and rewritten here again as

dpH
Vour = CXRZW

Equation 7-2

where CyR, is the time constant of the system. By substituting Equation 7-1 into

Equation 7-2 the final output of each CCCII+ device can be obtained as
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Equation 7-3

This proposed system will provide a set of voltages indicating the ‘health’ of each area of
the culture. Clearly, there is a requirement here for miniaturisation of the ISFET array
which could be some distance from the bulk of the CCCIl+ devices. Representation of the
health of the culture could then be obtained using a 3-dimensional image of the area. The
output could also be used to provide a closed-loop feedback system for automated

growing system.

Finally, it can be concluded that the CCCII+ is in extremely useful building-block for use
to construct biochemical sensing systems. It has been designed successfully using
conventional CMOS technology and applied to a range of biochemical measurement
applications, and one new areas of further development have been presented in this

chapter.
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Appendix A

Matching of Transistors, Common-Centroid Layout and Dummy

Transistors for CCCII+

Table 7-1. Schematic and layout of N-CCClI+

Schematic Layout

Dummy

M4 M2
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Table 7-2. Schematic and layout of N-CCClI+

Layout

Schematic
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M9

vdd (+3.3)

Dummy

M16

OF%H
|

M1

vdd (+3.3)

Dummy

M17

e

M1
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Appendix B

The Full Circuit Schematic of the CCCIlI+ Test and Application

Board

By
-
e = L @z —
21 ‘ HB ]
RPARALE £ RPARALEL b o
N BB B OE - s -
= " e e B it
- e e e | W wo | E
i 550
I = = ‘_T
i 4 i 1L ULRE
. = | - = = Rpot_P for COCTI+ DI = = Rpot_N for OCCII+ DI
P 7 Tde
= NXDI = PXDI
=T =
00 SR 8 l
Dae. 550010 TSieas of
i o famom
1 : : ; e

Figure 7-2. Readout circuit schematic for CCCIl+ Chip_D1
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2
- = Rpot_P forCCCIH D2 = - = Rpot_N for COCTH+ D2
‘ : > ET:( mm‘r%?ﬂl
Figure 7-3. Readout circuit schematic for CCCll+ Chip_D2
. —2 L vt} . + o T 2o var T T (B ATTTT2)
e e | [l o[ R ER - ) M E T
T 7T g A |
i [
T L“X ';%w@ 515 ETETIT J_?i!J_C!j %ﬁ?wv‘ J_mj_m i ITX 0 )
B i
E Ll ﬂ o
i
Dj:;! :::amwT =

Figure 7-4. Power supplies schematic for all the test and application circuits in the board
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T [T o
8

e (S diin B
3 T — ==

Figure 7-5. Division circuit schematic for urea-to-creatinine ratio using CCCIl+

CURRENT FEEDBACK

i

Figure 7-6. Voltage to current converter circuit schematic used in buffer capacity measurement
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DRIFT REDUCTION

Teber Teiaan

Figure 7-7. Instrumentation amplifier circuit schematic using CCCII+
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Figure 7-8. Top overlay layout
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Appendix C

CCCII+: Voltage Input/Output Transfer and Titration test

Ref. Electrode (rl) .
IBias:
—1_ |5 pHY(D25) 2UA@1.999V
Signal Gen: CCCll+  z
x (N_D2)
1MQ

f=100Hz

DC offset=700mV @

Vpp (acl-1)=100mV iMQ Buffer soultion:
Vpp (acl-2)=110mV pH=7

Figure 7-11. Parameters for voltage transfer test of CCCll+ (N_D2) and Sentron ISFET N-Chanel (D2_5)
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Table 7-3. Measured results of Sentron ISFET N-Chanel (D2_5), Test (acl1-1), using CCCII+ and source-

follower benchmark readout circuit

ISFET N_CH 100mV (Vpp)
CCClI+ A Pt LN N PN LN AT, PN AN AeCroy
NN N NN TN Ny
S N SN A
7 Y
AN NN NN NN
¢ _
Measwre P1:pkpk(C1) P2 pkpk(C2) P3:pkpk(C3) Pd:mesn(C1) P& mean(C2) PE:mesn(C3)
walue 101.9my 932 my 928 mYy 694 45 mv 1.31892 W 134287
mean 100.939 my' 93.436 mv 93266 my 6943744 my 1.3198636 13435133V
min 959 my 921 my 919 my E9410mY 1.31865 W 1.34238 W
s 103.0 my 95.0my 951 my B95.00mY 1.32086 1.34449%
sdev 503 v 479 v 522 v a0.3 p 440.0 gt 4436 gy
num &o0 &on &00 &00
status L 4 L v

r
Source- E oL
== miiEk !
| m
follower I TN,
1~ I
b
| |
Y
Measwure P1:pkpkiC1) P2 pkpkiiC2) P3:meaniC1) P4:mean(C21 PS--- PEi- - -
walue 1013 mv 991 my 7.0amy -1.04521 %
mean 100,883 mi 99.284 mv 71428 mv -1.0452934 %
mir 99.3 my 985 my B.B9 mY -1.04572%
M 102.2 mi 1005 my TTImy -1.04478 %
=dey 443 v 294 oy 1681 pv' 1605 pv
791 a1 791 a1
v U4 v 4

Hl= 250000ms  AX= -20.4438 ms
¥2= 44436 ms 1)AH= -330632Hz
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Table 7-4. Measured results of Sentron ISFET N-Chanel (D2_5), Test (ac1-2), using CCCII+ and source-

follower benchmark readout circuit

ISFET N_CH 110mV (Vpp)

CCCllI+ £ A 2\ 2 s s 5 oy D EEIOY

Lo DNl DS DN fo N LN N Vv

" N N v W o~ N v ~
NI N4 yd yd NN yd
v hive N N~ N
N ™ NN N N
%J
b
Measwre P1:pkpk(C1) P2 pkpk(C2) P3:pkpk(C3) Pd:mesn(C1) P& mean(C2) PE:mesn(C3)
walue 2.8 my 1026 my 1031 my 694 .32 mv 131833 W 134226
mean 110,689 my 102279 mv 102.304 my 694 6163 my 1.3188078 v 13424099
min 1091 my 1009 my 101.0 my E94 31 mY 131787 W 1.34164 %
s 113.0my 1039 my 104.1 mW BI5.17 mv 1.31981 VW 1.34357 %
sdev 516 v 477 v 476 v 106.4 pv 33 .apy 32304
&o0 &on &00 &00

L 4 L v

h I
Source e e T L
7| e | =
follower ¥ ;
W | <l
K h
u |
Y
Measwure P1:pkpkiC1) P2 pkpkiiC2) P3:meaniC1) P4:mean(C21 PS--- PEi- - -
walue 1102 mv 109.2 my 748 my -911 .49 mv
mean 110.489 mi 108.904 m* 71645 mv -911 3769 mv
mir 109.4 mi 108.2 mY E.70mY 91178 mv
M 1117 mi 1101 my 7.59my -910.91 m
=dey 402 v 291 v 147 2 pv 153.3 pv
&1 )] &01 &0t
v U4 v 4

250000 ms  AX= 294436 ms
¥2= 44436 ms 1)AH= -330632Hz




Signal Gen:
f=100Hz

DC offset=820mV
Vpp (acl-1)=100mV
Vpp (acl-2)=110mV

Ref. Electrode (r1)
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—1 ]

pH Y (D2_3)
CCCll+ z
x (N_D2)

@

1MQ

Buffer soultion:
pH=7

1MQ

IBias:
2UA@1.9970V

Figure 7-12. Parameters for voltage transfer test of CCCll+ (N_D2) and Sentron ISFET N-Chanel (D2_3)

Table 7-5. Measured results of Sentron ISFET N-Chanel (D2_3), Test (acl1-1), using CCCII+ and source-

follower benchmark readout circuit

ISFET N_CH 100mV (Vpp)
CCCllI+ N, ey I LeCroy
N h N NN
N AN AN AN AN N N AN AN AN
N ~
N A o~ s o
. iy . . o o . . R
ca v 7 v
¥ b
Measure P1:pkpk(C1) P2 pkpkC2) P3pkpk(C3) Pamean(C1] Pamean(C2) PE:mean(C3)
walue 991 my 933 my 939 my 813.19mv 1.31253 W 1.33598 Y
mean 99412 m 93.424 mv 93 680 m 13142 mY 1.31356809 v 13370128
mir 931 mY az2.4 my 926 mY 1286 mv 1.31186 W 1.33507 %
max 10153 my 959 my 939 mYy §1375mY 131537 W 1.33900 %
arley 453 v 408 P Ty 131 v G749 8947 v
num a1 a0 a01 801 am a1
4 4 s
Source- E '
1 N A L
L. o )
a+
follower L
1
b
Measure P1:pkpkiC1) P2 pkpk(C2) P3:mean(C1) P4:mean(C2) PS--- PE:- - -
walug 100.0 my Q9.2 my B.8T mY -9 A0 my
mean 100645 mi' 99143 m* 71656 my -311.033 m
mir 99.7 my 953 my 6.64 my -911 .49 mv
max 1022 my 1002 my T my -910.58 my
sdev 409 v 267 pv 1806 pv 149.2 pv
a02 a02 a02
4 L4 v
¥1= 250000ms A& -29.4436 mz
¥Z= -44436ms 1/o¥= -339632Hz
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Table 7-6. Measured results of Sentron ISFET N-Chanel (D2_3), Test (ac1-2), using CCCII+ and source-

follower benchmark readout circuit

ISFET N_CH 110mV (Vpp)
CCClI+ - /\\ N\ < N\ P < /\LE\C"OV
/ o / v A v Ay A
7 ¥ PN o
] N ~ v N N
b
Measwre P1:pkpk(C1) P2 pkpk(C2) P3:pkpk(C3) Pd:mesn(C1) P& mean(C2) PE:mesn(C3)
walue 108.5 my' 103.0my 101.9my §1299mv 131206 W 133358
mean 108.791 my' 102539 mv 101 665 my §13.1202 my 13118339 v 133585122
min 107.4 my' 101 5 my 1007 my 81287 my 1.31064 W 1.33438 W
s 111.0my 104.1 my 102.7 mW 81358 mv 1.31305 W 1.33662 %
sdev 434 v 366 P 336 v 95.0 pv B36 v 5943 pv
num &o0 &on &00 &00
4 L v
Source- &
uti el
|
follower TN s N | P
A
b
|
Y
Measwure P1:pkpkiC1) P2 pkpkiiC2) P3:meaniC1) P4:mean(C21 PS--- PEi- - -
walue 11153 my 109.2 my 7.01 my -1.04547
mean 110702 mi 109426 my 69263 mv -1.0453842 Y
mir 109.4 mi 1086 my B35 mY -1.04596
M 112.2m 1105 my 744 my -1.04491
=dey 424 v 273y 181.0 136.2 pv
)] &01 &0t
U4 v 4

25.0000 ms

five)

-20.4436 ms

¥2= 44436 ms 1)AH= -330632Hz




Signal Gen:
f=100Hz

DC offset=840mV
Vpp (acl-1)=100mV
Vpp (acl-2)=110mV

Ref. Electrode (r1)

—1 ]

@

1MQ
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pH Y (D2_4)
CCCll+ z
x (N_D2)

Buffer soultion:
pH=7

1MQ

IBias:
2UA@1.9954V

Figure 7-13. Parameters for voltage transfer test of CCCll+ (N_D2) and Sentron ISFET N-Chanel (D2_4)

Table 7-7. Measured results of Sentron ISFET N-Chanel (D2_4), Test (ac1-1), using CCCII+ and source-

follower benchmark readout circuit

ISFET N_CH 100mV (Vpp)
CCClIlI+ N ~keCroy
v i N v
AN A U 20 N 2N AN AN
N ~ N
2™ Fat
3 ~ ~
¥ b
Measure P1:pkpk(C1) P2 pkpkC2) P3pkpk(C3) Pamean(C1] Pamean(C2) PE:mean(C3)
walue 99.8 mY 93.0my 936 mY 83324 mv 1.29994 132268 Y
mean 99.304 mh' 93.086 mv 93.376 my 833.3506 mW 1300472 13234222
mir 93.3 mY az0my 923 mY 833.04 mv 1.29936 W 1.32254 %
max 100.6 my 94 2 my 94.6 mY G337 mY 1.30180 % 132463 %
arley 396 v 321 v 344w 101.2 pv 454.0 1 4339 g
num 837 837 837 837 837 837
status 4 4 4 s
Source- ? '
(5] A e . A b
o I
|
follower I
e
-
l b
Measure P1:pkpkiC1) P2 pkpk(C2) P3:mean(C1) P4:mean(C2) PS--- PE:- - -
valug 100.4 mi 990 mYy B.84 mY -1.07380%
mean 100822 mi 98.862 mv 60647 my' -1 0726227
mir 99.6 my 951 my .39 my -1.07398
max 1022 my 998 my 750 my -1.06945 Y
sdev 435 v 260 pv 1634 pv 9443 gy
798 a8 798 a8
L4 4 L4 v
imehase 0.0 ms| [ Trigger [C1]CC]
¥1= 250000ms  AX= -29.44368 ms
¥Z= -44436ms 1/o¥= -339632Hz
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Table 7-8. Measured results of Sentron ISFET N-Chanel (D2_4), Test (ac1-2), using CCCII+ and source-

follower benchmark readout circuit

ISFET N_CH 110mV (Vpp)

CCClII+ N N N N N\ P N\ AN LeCroy
™, Nt BN N S
W v RV v T
EAN AN N AN N AN YN

™~ N ~ ™~

g W VNN N \ A \
b

Measwre P1:pkpk(C1) P2 pkpk(C2) P3:pkpk(C3) Pd:mesn(C1) P& mean(C2) PE:mesn(C3)
walue 108.8 my 1025 my 101.2my 83353 mv 1.29734 W 132026
mean 108.552 my' 102310 my 101 661 my 336010 my 1.2979547 W 135209182
min 107.2 my 101 6 my 1008 m 83326 mY 1.29687 W 1.32001 %
s 1101 my 103.8 my 103.0 mW 83418 mv 1.29908 v 132174
sdev 455 v 338 pv HE 109.3 pv 457 5% 3954 gy
num a0 & a1 a0t

status v 4 L v

Source- fil-n
___<< oz Iy
|
follower I
\)'I_I\F\,/
l Y
Measwure P1:pkpkiC1) P2 pkpkiiC2) P3:meaniC1) P4:mean(C21
walue 1110 m 1087 my B.79 my -1.07472%
mean 110700 mi 108.555 my 68857 mv -1.0742830 %
mir 109.5 m 1077 my B.26 mY -1.07479%
M 1123 m 109.6 my T myY -1.07366
=dey 430 v 278 v 1537 uv 6.6 pv
TET Ta7 7ar T&T
v U4 v 4

Hl= 250000ms  AX= -20.4438 ms
¥2= 44436 ms 1)AH= -330632Hz
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Ref. Electrode (rl)

IBias:
— ]2 pHY@®DLY -2UA

Signal Gen: ccCli+ 2
f=100Hz x (P_D2)
DC offset=3.8V (") mMa
Vpp=200mV 1MQ Buffer soultion:
pH=7

Figure 7-14. Parameters for voltage transfer test of CCCIl+ (P_D2) and DNA-E ISFET P-Chanel (D1_1)

Table 7-9. Measured results of DNA-E ISFET P-Chanel (D1_1)

ISFET P_CH 200mV (Vpp)

D11 AN AN AN VAN AN 2, FAN AN AN A

VAR A VAV S VA VA S S e SZ i S

NN TN TN \\/\/\\//\/\

o3
+

Measwre P1:pkpk(C1) P2:pkpk(C2) P3:pkpk(C3) P4:mean(C1) Pamean(C2) PE:mean(C3)
walue 199.4 miv 106.0 my 101.2 my 380787 Y 1.97296 W 1.59656 %
status v v v 4 v 4
imebase 0.0 me| | Trigoer EHEE




Ref. Electrode (rl)

—1
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IBias:
pH Y ISFET 2UA
CCCll+ z
x (N_D2)
N-ISFET&DC:

D2_1 at DC=880mV
D2_3 at DC=960mV
D2_4 at DC=1V

Figure 7-15. Parameters for titration test of CCClI+ (N_D2) and Sentron ISFET N-Channels (D2_1, D2_3,

D2_4)

1.6

1.55

15

1.45

14

Voltage at X-node (V)

1.35

13

Calibration Curve, N-ISFET D2_1

¢ Vout at X-node (V)

\O\\\
IR _ y=-0.0464x +1.7742
TT-.._R?=0.9982
0
5 6 7 8 9 10

- Linear (Vout at X-node (V))

pH

Figure 7-16. Measured titration curve of N-channel CCCIl+ (N_D2) with Sentron ISFET N-Chanel (D2_1)
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Calibration Curve, N-ISFET D2_3
1.6
D
E 1.55 ~__]
9 O~
S 15
<
X 145 <
® Q-
EP 1.4 e ¥=-0.0457x+ 17574
= “-~.___ R®=0.9987
> 135 A T
1.3 T
4 5 7 8 9 10
pH
<& Vout_X-node(V)  ----- Linear (Vout_X-node (V))
Figure 7-17. Measured titration curve of N-channel CCCIl+ (N_D2) with Sentron ISFET N-Chanel (D2_3)
Calibration Curve, N-ISFET D2_4
1.6 2
E 1.55 == oo
3 -
S 15
<
X 145 O~
® ¢ BRI
© 14 el y=-0.0462x+17738
© ~<
£ “-~._R?=0.9982
> 135 =
1.3 ¢
4 5 7 8 9 10
pH
& Vout_X-node(Vv) ----- Linear (Vout_X-node (V))

Figure 7-18. Measured titration curve of N-channel CCCIl+ (N_D2) with Sentron ISFET N-Chanel (D2_4)
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Vad

Ref.Electrode
ISFET D2_1

e

O Vout

Figure 7-19. Parameters of source-follower bench mark circuit and Sentron ISFET N-Channels (D2_1)

Calibration Curve

1.2

1.15 ==
1.1 O -

1.05 e

Vout (V)
[y

[ y = -0.0504x + 1.371
0.95 e R?F0.9983
0.9 s
0.85
0.8

pH

o Vout (V) ------ Linear (Vout (V))

Figure 7-20. Measured titration curve of source-follower bench mark circuit with Sentron ISFET N-Chanel

(D2_1)
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Ref. Electrode (rl)

pH Y ISFET "Z’l'lf
CCCll+ z
x (P_D2)
DCC)
T 1MQ P-ISFET&DC:
D1 1 at DC=XV

Figure 7-21. Parameters for titration test of CCClI+ (P_D2) and DNA-E ISFET P-Channels (D2_1)

Calibration Curve, P-ISFET D1_1

2.14
212 e
2.1 S
2.08 S
2.06 =
2.04 <l y=-0.0235x + 2.2227
2.02 S .

2 = T~
1.98 g
1.96

Voltage at X-node (V)

4.01 5.01 6.01 7.01 8.01 9.01 10.01
pH

¢ VoutatX-node (V)  ----- Linear (Vout at X-node (V))

Figure 7-22. Measured titration curve of P-channel CCCIlI+ (P_D2) with DNA-E ISFET P-Chanel (D1_1)



