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Abstract

A semiconductor based gas sensor was developed by integrating a gas sensitive
polymer with a floating-gate metal-oxide-semiconductor (FGMOS). The integration
of the gas sensitive polymer with a semiconductor device enables the design of a large
sensor array in a single chip for electronic sensing application. A new FGMOS
structure was designed to reduce the number of post-processing steps during
electrochemical polymer deposition. In this new design, the top metal layer of a
standard CMOS process was used as an extended sensor pad which was connected to
the floating gate. A sensor chip was designed using a standard 0.35 pm CMOS
process. A polymer film was selectively deposited on the top metal layer (sensor pad)
of a FGMOS using two post processing steps. The sensor response was measured by
exposing the sensor in different concentration of water and methanol vapor. A short
pulse measurement technique was introduced to measure the sensor response which

was not affected by the measurement parameters.
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Introduction

1.1 Motivation

The sense of smell is a unique ability of humans and animals to perceive odors.
This sense is so deeply rooted in human memory that this often dominates in our
decision making process. In traditional food, beverage, cosmetic and tobacco
industries, specially trained people determine the quality and taste of a product. This
requires a large number of specially trained people to maintain the production quality
and increases the production cost. Moreover, each person has a different sensitivity
level for sensing the smell of an individual product. In the past several decades,
researchers have been trying to design different types of chemical and electrical
sensors to replace the human nose in many industrial applications. These types of

sensors are often referred to as “Electric Nose” or “E-Nose”.

In the recent years, various types of devices for the sensing of individual
chemicals have been investigated [1]. Several types of sensing concepts have been
proposed using different types of sensing techniques for “E-Nose” applications.
Among them, semiconductor based sensors have drawn particular interest for “sensor
on chip” applications [2]. This type of sensor is more attractive because of their
distinctive advantages, which include their small size, inexpensive fabrication and
possible integration into a large sensor array. Especially, with the rapid advancement
in semiconductor technology, these “sensor on chip” have become more realizable for

“E-Nose” applications.



The physical and electrical properties of some polymers change in the presence
of a gas or liquid analyte. In a resistive sensor, the analytes change the conductivity of
the sensing polymers while in a capacitive sensor, the dielectric properties of the
sensing polymers change [3,4]. With a surface acoustic wave (SAW) sensor, the
sensing chemical absorbs the analytes molecules and changes the wave impedance of
the device [5]. In a chemical transistor (CHEMFET), the chemical reaction between
the sensing material and the analyte alters the charge density on the gate and produces
a response by changing the source-drain (Ips) current of the transistor [6]. Although
different types of chemical sensors exist, recently CHEMFET chemical sensors have
drawn particular interest because of their smaller size, lower production cost and their
ability to be integrated with standard complementary metal-oxide—semiconductor
(CMOS) process. Many sensor designs have been proposed that were based on a
different CMOS device structure. These types of sensors like ion sensitive field effect
transistors (ISFET), work function field effect transistors (WF-FET) and floating gate
MOS sensors (FGMOS) have been investigated [7,8] and have shown significant
development in electric sensors for e-nose applications. In an ISFET and WF-FET
sensor, the gate material is replaced by a sensing polymer, which is not compatible
with the silicon based fabrication process. However, FGMOS based sensors have no
such limitation. The sensing polymer is deposited on the prefabricated sensor using
several post processing steps. These types of sensors have been studied for e-nose

application in recent years [9].

A metal-oxide—semiconductor field-effect transistor (MOSFET) is a four
terminal device with a source (S), drain (D), gate (G) and substrate (Sub) as shown in

Figure 1.1 (a). The top metallic gate (G) is isolated from the substrate by an insulating



layer. The potential applied to the gate (G) induces a conducting channel between the
source and drain. The channel can contain electrons (nMQOS) or holes (pMQOS). The
minimum gate voltage, required to create a conducting channel between the source
and drain, is the “turn-on” voltage and is defined as the threshold voltage (V4). A
floating-gate metal oxide semiconductor (FGMOS) is a standard MOSFET with an
additional “floating” gate between the top gate (G) and the substrate. A schematic

diagram of a FGMOS is shown in Figure 1.1 (b).

Top gate (G)

Gate (G) Floating gate (FG)

Source (S) Drain (D)

Source (S) Drain (D)

Substrate Substrate

(a) MSFET (b)FGMOS

Figure 1.1. Schematic structure of a (a) Metal-oxide-semiconductor field effect

transistor (MOSFET) and (b) Floating gate metal oxide semiconductor.

The floating gate (FG) is electrically isolated from the top gate (G) and from the
substrate. As such its potential “floats” between the top gate and the substrate. During
the device operation, a change in the charge density on the floating gate alters the
electric field in the substrate, causing a shift in the threshold voltage and a change in
the source-drain current of the FET. This device can be used for sensor applications if
the change in the floating gate charge is initiated by exposure of a specific gas or

liquid analyte. Several sensor structures have been proposed using the basic FGMOS



structure [9-12]. However, most of these sensors have been used to detect liquid
analytes. Very few of these devices have been used as a gas sensor with a well-
defined, standard CMOS-based device structure [13,14]. In most of these designs, the
floating gate is exposed to the analyte by directly extending the floating gate from the
gate region. However, in a standard CMOS process, the floating gate is buried under a
thick oxide layer and requires additional post processing to expose the floating gate
extension [15]. In the past several years, some designs have been proposed to increase

the sensitivity by introducing new design ideas [14,16].

In this research, a new FGMOS based gas sensor has been proposed that utilizes
a commercially available CMOS process. This sensor was designed to minimize the
number of post processing steps, following the silicon chip fabrication. Each
individual sensor is small, of the order of microns, which enables the design of a large
sensor array. Different types of polymers can be selectively deposited on each sensor

in the array to sense different types of volatiles using a single sensor chip.

1.2 Thesis Outline

The FGMOS is a charge sensitive device [17]. To understand the effect of
charge on the FGMOS characteristic, the study of charge tunnelling mechanism is
essential. The basic structure and working principle of a FGMOS are presented in
Chapter 2. Fowler-Nordheim charge tunneling is introduced and studied to understand
the charge injection, erasing and charge storage operation of a FGMOS. The

schematic capacitive model of a FGMOS device is also presented in this chapter.



The design of a FGMOS as a sensor device is introduced in Chapter 3. The
necessary structural changes of a FGMOS for sensor application are presented. The
schematic capacitive model of a FGMOS sensor is introduced. A charge sharing
mechanism is studied using this model. A mathematical model is presented to
demonstrate the relationship between the floating gate charge and the source-drain
current. Another model is presented to show the relationship between the source drain
current and capacitance. Finally, the sensor chip and required driving circuits and

output amplifier are presented in this chapter.

The FGMOS devices are most commonly used in semiconductor based memory
applications. In a FGMOS memory device, charge is injected onto the floating gate.
These injected charge shifts the threshold voltage and the source-drain current of the
device. The basic structure and working principle of a FGMOS based memory device
and sensor are similar. In a FGMOS sensor, charge is expected to be introduced onto
the floating gate by exposing to a gas analyte. The effects of change on the FGMOS
sensors were investigated by electrically injecting and removing charge onto the
floating gate and are presented in Chapter 4. The source-drain current was measured
after tunnelling charge onto the floating gate and after removing that charge from the

floating gate.

Following an understanding of the behaviour of the FGMOS device under the
controlled injection and removal of charge, the FGMOS was tested as a sensor. To act
as a sensor, the sensing polymer needs to be deposited on the sensor pad of the
FGMOS. Several post processing steps are required to deposit the sensing polymer on

the sensing pad. The electrochemical polymer deposition process is well documented



and very selective deposition technique. Therefore, this technique was tested and is
presented in Chapter 5. Initially, the direct electrochemical deposition of polymer on
the sensor pad was tested. Then, a thin layer of gold was deposited on the sensor pad.
Two gold deposition techniques were performed and results are presented in this
chapter. Finally, the polymer was selectively deposited using the electrochemical

process on the gold coated sensor pad and details are presented in this chapter.

Following the post processing steps to deposit sensing polymer on the FGMOS,
the sensor was characterized as a sensor by exposing to different analyte gases and
results are presented in Chapter 6. The 1-V sweep (measure the source-drain current
with increasing gate voltage) measurements were performed to observe any threshold
voltage and Ips current shift due to the gas exposure. Several experiments were
performed to observe the time and field dependent sensor response. These
experiments provided the proper measurement parameters that were required to
measure the actual sensor responses. Finally, the sensor responses were measured
using a short pulse and exposing in increasing, decreasing and random order of gas

concentration and results are presented in this chapter.

In the last chapter, this work is summarized and conclusions are presented.

Based on the measurement results, a guideline is presented for future work.



Chapter 2 — Floating Gate Metal Oxide Semiconductor (FGMOS)

The floating gate metal oxide semiconductor (FGMOS) device was first
introduced by D. Kahng and S.M. Sze in 1967 for application as a non-volatile
memory cell [17]. The basic structure of an n-type FGMOS device is shown in Figure
2.1. In this figure, “metall” and “metal2” are two “metallic” gates that are separated
by a thick insulating layer (ILD2). In the present work, the upper gate ‘metal2’ is
referred to as the ‘control gate’. Beneath ILD2, the “floating gate” (metall) is
separated from the substrate by a thin insulating layer (ILD1). Since metall is
electrically isolated from both the substrate and metal2, it is referred to as the floating
gate and this device is therefore called as a floating gate metal-oxide-semiconductor

(FGMOS).

metal2

metall

n+ Drain

n+ Source

p-type Substrate

Figure 2.1. Schematic diagram of a floating gate metal oxide semiconductor

(FGMOS).



To act as a memory device, the FGMOS may be operated in three distinct
operational modes, (1) writing (tunneling charge onto the floating gate), (2) reading
(measure source-drain current at a fixed bias condition, or sense device threshold
voltage) and (3) erasing (removing charge from the floating gate). During the
charging operation, charge is injected from the substrate through the thin gate oxide
layer onto the floating gate. The injected charge shifts the threshold voltage of the
device which results in a significant change in the source-drain current, either or both
of which may be sensed during a “read” operation. The charge state of the FGMOS is
typically measured by biasing the device in the sub-threshold region with the
appropriate control gate, source, drain and substrate voltages and measuring the
source-drain current of the device. The charge stored on the floating gate may be
removed or erased via the same injection mechanism with an opposite biasing voltage

on the control gate, source, drain and substrate.

In a FGMOS sensor, a layer of sensing polymer may be deposited on the
floating gate to perform as a sensor. This polymer interacts with the analyte gases and
produces a change of the potential on the floating gate or permittivity of the polymer
while the sensor is exposed to the analyte gases. In an ideal case, any change in the
charge or the capacitance on the floating due to analyte exposure alters the threshold
voltage and causes a shift in the source-drain current. As such, the operation of a
FGMOS sensor device is similar to a FGMOS memory device. In this work, the
operation of a FGMOS memory device has been studied to enable the design of a

FGMOS based sensor.



2.1 Charge Injection

Several injection mechanisms have been developed to introduce charge onto the
floating gate of a FGMOS device. For a typical FGMOS, channel hot electron
tunnelling (CHE) or Fowler-Nordheim tunnelling (FN tunnelling) are widely used to
inject charge onto the floating gate [18]. In Channel Hot Electron (CHE) tunneling, a
lateral high electric field between the source and drain is created by applying a high
potential difference between the source and drain. When this lateral electric field
becomes high due to the applied potential and reaches approximately 100 KV/cm
[19], electrons gain enough energy from the applied field such that they no longer
‘reside’ at the bottom of the conduction band. In this condition electrons are referred
to as “hot electron”. Some electrons may gain enough energy to surmount oxide
barrier height. Due to transverse electric field between the substrate and gate arising
from the applied gate bias, those hot electrons may tunnel through the thin oxide layer
and become trapped onto the floating gate. However, the presence of such carriers in
the oxide, may trigger physical damages in the oxide and can reduce the device
lifetime [20]. In this work, the effect of placing charge on the floating gate was

investigated by injecting charge on the floating gate using FN tunneling.

2.1.1 Fowler-Nordheim Tunnelling

In semiconductor devices, band diagram are often used to explain tunnelling
mechanisms. An energy band diagram represents the band structure of energy versus
distance of the device. The energy band diagram of an n-type FGMOS during FN
tunnelling is shown in Figure 2.2 [17]. In this figure, d1 is the gate oxide thickness

between the substrate and the floating gate (ILD1). The floating gate and the control



gate are separated by a thick (d2 in Figure 2.2) inter layer dielectric (ILD2) material.
In a FGMOS memory device, Fowler-Nordheim tunnelling (FN tunnelling) may
occur when electrons from the substrate tunnel through the top portion of the

oxide potential barrier onto the floating gate.

Gate - Inter layer
P-type substrate . d Floating dielectric Control gate
gate
EC
E; B \
B _
‘7777777777/7% . Q =
C . - Control gate
7T V>0
L ;77;;77/ Ef
= L2
— I< >

Figure 2.2. Energy band diagram of FN tunnelling in a floating gate FET.

When a high positive potential is applied to the control gate (metal2), electrons
(Q) from the substrate may gain significant energy and tunnel through a triangular
barrier of the oxide potential barrier. The carrier in the semiconductor induces an
opposite image charge in the metal and reduces the barrier height. In the simplest
case, when the effects of the temperature (kT) and image force barrier lowering are

ignored, the FN tunnelling current density, Jgy, is given by [21],

10



Jen = AE?exp(—B/E) (2.1)

3
— a _ . 3/2
where A= Tonznig, and B = exp[4(2m},)/2¢2/% /3hq|

and my, is the electron effective mass, ¢, is the interfacial barrier height and h is

Planck’s constant. The electrons, which tunnel through the gate oxide, reside on the
floating gate. The stored charge on the floating gate Qrg, as a function of time, is

given by [21]

Qm@=fhwt (2.2)
0

For a constant electric field E, the current density remains the same and the

charge density on the floating gate increases with time.

2.2 Effect of Floating Gate Charge on FGMOS

To model the potential, and charge distribution on a FGMOS device, a

capacitive equivalent circuit of a FGMOS device was used and is shown in Figure 2.3.
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— Floating gate —
Cep Ces
CFU Crs
CFsub

Figure 2.3. Schematic view of an equivalent capacitance model of a FGMOS.

Table 2.1. Symbols used in the capacitance equivalent model of a FGMOS.

Crc Capacitance between the control gate and the floating gate
Crsus Capacitance between the floating gate and the substrate
Crp and Crs Floating gate overlap capacitance
Cep and Ces Gate overlap capacitance for the control gate
Vb Drain voltage
Vs Source voltage
Vsus Substrate voltage
Vee Control gate voltage
Vis Floating gate voltage

12



The net charge on the floating gate may be related to the capacitances connected
with the floating gate and the voltage across those capacitances [22] and may be given
by,

QFG = CFC(VFG - VCG) + CFSUB (VFG - VSUB) + CFD (VFG - VD)

2.3)
+ Crs(Veg — Vs)

Under typical operating conditions, the source is set to Vs = 0 V and the
substrate is grounded. The control gate and the floating gate voltages can be

calculated using equation (2.3) and can be expressed as [22],

1
Vee = . (CrVre — CrpVp — Qr¢) (2.4)
FC
1 (2.5)
Vpe = Cr (CrcVeg + CrpVp + Qr¢)
Where, CT = CFC + CFSUB + CFS + CFD'
The threshold voltage of a FGMOS can be expressed as [22],
TH 1 TH
Vee = Co (CrVpg — CrpVp — Qrc) (2.6)
FC
AQrg (2.7)

TH .
AVEH
FG

where VI is the threshold voltage with respect to the floating gate and V/Z is the
threshold voltage of the FGMOS. All the capacitances in Equation (2.6) are constant
and are related to the design of the device. Only the charge on the floating gate
changes and it is that change which shifts the threshold voltage of the FGMOS. An
example of a shift in the threshold voltage is shown in Figure 2.4. In this figure, when
the floating gate charge state is changed (AQrg) the threshold voltage of the FGMOS

is shifted from V1y1 t0 V1ho.

13



I
I
I
2| v o
S; charge ] J
@ injection \ 1Y,
- /
/
/
/
/
L >
Ves (V)

Figure 2.4. The FGMOS threshold voltage shifts from V141 to V142 after charge

tunnelling.

2.3 Charge Erasure from the Floating Gate

In a standard n-type FGMOS device, charge erasing is done by FN tunnelling of
electrons from the floating gate to the substrate. From a charge prospective, this is the
same as holes tunneling from the substrate to the floating gate. The energy band
diagram showing a FN tunnelling erasing mechanism of an n-type FGMOS device is

illustrated in Figure 2.5.
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Figure 2.5. Energy band diagram of charge erasing in a FGMOS.

In this figure, Q is the stored charge on the floating gate. A high negative
potential is applied to the control gate to create a positively charged inversion layer on
the substrate surface. The electrons on the floating gate may gain significant energy

from the strong electric field and tunnel through the triangular barrier of the oxide

potential barrier into the substrate.
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Chapter 3 — Design of a FGMOS Gas Sensor

The floating gate of a FGMOS device is sandwiched between the control gate
and substrate and is separated by dielectric layers. In order to use the “floating gate”
as a sensor, the floating gate area needs to be able to be exposed to a gas analyte. In
many sensor designs, this was done by directly extending the floating gate from the

gate stack region as shown in the schematic diagram in Figure 3.1 [22][23].

Analyte
poly2
poly 1 Control gate
Floating gate

Gate

Oxide

Source/

Drain

Substrate

Figure 3.1. Schematic view of a FGMOS sensor with an extended sensor pad. The
“polyl” (poly crystalline silicon) is used as a metallic floating gate and is extended to

act as a sensor pad.

In Figure 3.1, the layers ‘polyl’ and ‘poly2’ were used as the floating gate and
the control gate respectively. In the process used, both ‘polyl’ and ‘poly2’ are highly
doped poly crystalline silicon. In the typical semiconductor fabrication process,
‘polyl’ is used as the metallic gate in MOS devices and ‘poly2’ is used to design

resistors and capacitors. In the process that was used to design the FGMOS device in

16



the current work, ‘polyl’ was used as a floating gate and was buried under several
layers of inter-layer dielectrics (ILDs) and metals [24]. To use a direct extension of
the ‘polyl’ layer (the floating gate) from the gate stack region as the sensor pad,
would require many post processing steps to remove the many ILDs and metal layers
and allow polymer deposition on the sensor pad. In a previous study, it was found that
exposure of the thin ‘poly1’ sensor pad was very difficult to achieve [24]. Therefore, a
new sensor structure was designed which eliminates many of these post-processing

steps.

3.1 New FGMOS Sensor Design

In the fabrication process that was used for the FGMOS sensor, the top metal
layer ‘metal4’ is left exposed at the top level of the chip allowing it to be used as the
sensor pad and avoid the aforementioned post-processing steps. This top metal layer
was connected to the “polyl”, floating gate through several metal to metal
interconnection process called “via” and poly-silicon to metal interconnection process
called “contact”. Since both the top metal layer, interconnecting layers and the ‘polyl’
layer are highly conductive, the top metal acts as a direct extension of the floating

gate. A schematic diagram of the new FGMOS sensor is shown in Figure 3.2.
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Metal4 Floating gate
Extension

Metal4 - 925nm
Via34

Metal3 - 640nm
Via23
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Contact

poly2 as Control gate

polyl as floating gate

Gate
oxide

Source/Drain Substrate

Figure 3.2. Schematic design of a FGMOS sensor. In this design, the top metal layer

is used as a sensor pad and connected to the floating gate.

The detailed design specifications of the FGMOS sensor are shown in Table

3.1.

Table 3.1. Design specification of the FGMOS sensor using TSMC 0.35pum

technology.

Control gate length/width 3 um/12 pm
Floating gate length/width 1 um /10 pm
Gate oxide between the substrate and the floating 75 nm
gate (ILD1) '
Inter layer dielectric (ILD2) between the control gate
. ~37 nm
and the floating gate.
Sensor pad area 75%75 pm

3.2 Modeling of a FGMOS Sensor

An equivalent capacitive model of the designed FGMOS sensor was studied to

18



understand the effect of charge on the floating gate and is shown Figure 3.3. In this
model, Cpsug IS the sensor pad capacitance. All of the other parameters remained the

same as an ideal FMOS device that was presented in the previous section in Table 2.1.

Floating Pad
Control Gate

Cec

Figure 3.3. Schematic diagram of a capacitive equivalent model of a FGMOS sensor.

The net charge on the floating gate Qrg is the sum of the charge on each

capacitor connected to the floating gate and can be expressed as,

QFG = CFC(VFG - VCG) - CFSUB(VFG - VSUB) + CFD(VFG - VD)

+ Crs(Vrg — Vs) + Cpsyup (Vig — Vsuyp) (CR)

Under ideal operating condition, the source is biased with 0 V and the substrate
is connected to ground. Therefore, the control gate and the floating gate voltage can

be calculated from Equation ((3.1),

1
Vee = C_(CTVFG — CrpVp — Qrc) (3.2)
FC
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1
Vig = C. (CrcVeg + CrpVp + Qrg) (3.3)
T

where C+ is the sum of all capacitances and can be written as,

Cr = Cp¢ + Cpsyp + Cpsyp + Cps + Cp.

(3.4)
The threshold voltage of this device can be expressed as,
TH 1 TH
Vee' = Con (CrVeg — CrpVp — Qre) (3.5)
FC

where VZE is the threshold voltage with respect to the floating gate and VZZ is the
threshold voltage of the FGMOS. Any change in the capacitances in Equation ((3.4)
or charge Qrc in Equation ((3.5) will initiate a change in the threshold voltage of the
FGMOS. The drain saturation current of the device also changes due to the threshold

voltage shift and can be written as [25],

w THN2
Lysat = terfCss SIC. (CrcVeg + CrpVp + Qrg — Vig ) (3.7)
T
where s IS the effective carrier mobility and Cgs is the total gate stack capacitance.

Some polymers change their physical and electrical properties when they are
exposed to certain gases [1]. This type of polymer can be deposited on the sensor pad
of the FGMOS. When the sensor is exposed to analyte gases, those sensing polymer
may absorb or react with the gas molecules and may change their properties. These
changes in the polymer can alter the sensor pad capacitance (Cpsyg) Or the charge

density onto the floating gate (Qrg). As shown in Equation ((3.5) and ((3.7), any
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change in the total capacitance C+ (due to a change Cpsug) or the floating gate charge
(Qrg) alters the threshold voltage VZE and subsequently changes the source-drain

(Ips) current of the FGMOS.

A model was developed in Mat Lab using Equation ((3.5) and ((3.7) to
investigate the effect of the floating gate charge change and the sensor pad
capacitance change on the threshold voltage and drain saturation current of the
FGMOS. For simplicity, the modeling was performed only for n-type devices. The
similar results can be obtained for p-type devices with a change in the appropriate
parameters. The threshold voltage (V) and the drain saturation current (lgsat) Were
calculated by changing the charge density on the floating gate (Qrg). The calculated
results are shown in Figure 3.4. For an n-type FGMOS device, the charge change on
the floating gate (Qrg) shifts the threshold voltage (V2£) of the device (see Equation
(3.5)) as shown in Figure 3.4 (a). If the device is biased in the sub-threshold region
(Vee = 5V, Vp= 1 V), the source-drain saturation current decreases with the
increasing threshold voltage and is shown in Figure 3.4 (b). The source-drain current
Ips as a function of the control gate (V¢g) for different charge densities on the floating
gate was also extracted using this model and are shown Figure 3.5. This demonstrates
that when the change density on the floating gate is increased by more than 1 x 107
Clcm?, the source-drain current and threshold voltage are changed significantly as

seen the Figure 3.4.
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Figure 3.4. (a) Floating gate charge density (Qrg) Vvs. the threshold voltage (VZE). (b)

Floating gate charge density (Qrg) Vs. source- drain saturation current (lgsat).
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Figure 3.5. The source-drain current Ips as a function of the control gate voltage,

Vcc for different charge density on the floating gate.

The threshold voltage (V) and the drain saturation current (lgs) Were also
calculated as a function of the total capacitance (Ct) and the results are shown in
Figure 3.6. The threshold voltage of the device increased with the sensor pad
capacitance as predicated by Equation ((3.5), and is shown in Figure 3.6 (a). As the
threshold voltage increases, the source-drain saturation current keeps decreasing as

shown in Figure 3.6 (b).
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Figure 3.6. (a) The total capacitance Ct vs. the threshold voltage (V). (b) The total

capacitance Cy vs. source- drain saturation current (Igsat)-
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Figure 3.7. The source-drain (Ips) as a function of the applied control gate voltage

(Vo) for different sensor pad capacitance.

The source-drain (Ips) as a function of the applied control gate voltage (Vcg) for
different sensor pad capacitance (Cpap) Was also calculated using this model and is
shown in Figure 3.7. This analysis demonstrates that if the sensor pad capacitance
increases more than 1x10° F/cm?, both the threshold voltage and the source-drain
current can change significantly. The calculated sensor responses will be compared

with the measured sensor responses in Section 4 .3 and 6.2.2.

3.3  Design of a Sensor Array

A FGMOS sensor with extended sensor pad using the top metal layer is shown

25



in Figure 3.8. Due to the design limitation in TSMC 0.35 um technology, a maximum

allowed dimension of a metal4 pad was 35x35 pum [26]. To create a larger sensor

pad, four separate ‘metal4’ pads were connected together to design a large sensor pad.

A 2-D sensor array was designed using these sensors and the array chip layout is

shown in Figure 3.9.

Analog
Buffer

Analog
Buffer

Figure 3.8. The layout design of a FGMOS sensor with analog buffers for control gate

and floating gate voltage.
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This chip contains a few individual n and p-type test sensor and one n-type and
one p-type sensor array (8x8). Digital array addressing circuits and an output
amplifier for each array were included on the same chip. The digital array addressing
circuit selects an analog buffer which delivers the required driving voltages to the
device (Figure 3.8). A schematic diagram of the array addressing circuit is shown in

Figure 3.10.
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Figure 3.10. Schematic presentation of array addressing circuits of a sensor array. The
column and row addressing is used to select the individual device in the array. The
analog buffer is turned on by the addressing circuits and enables to apply an analog

voltage on the control gate and the floating gate.

3.3.1 Output Amplifier

In an ideal FGMOS sensor operation, the device is biased in the sub-threshold
region with appropriate bias voltage to the control gate, source, drain and substrate. In
the sub-threshold region, a small change in the floating gate charge or capacitance

creates a significant change in the source-drain current. This current is then converted
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into the corresponding voltage level using an output amplifier. The circuit diagram of

the output amplifier is shown in Figure 3.11.
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Figure 3.11. Output amplifier circuits of a sensor array. This amplifier converts the

Ips current of the FGMOS into a corresponding voltage scale.

In the sub-threshold region of a FGMOS transistor, the source-drain current can
change from a few pico-amps (10™2 A) to a few milliamps (10 A). The log amplifier
converted the log of the output current of the FGMOS to a linear voltage level.
However, the output of the log amplifier was very small. An operational amplifier
was used to increase this small voltage to reasonable value. The simulation results of
the output amplifier are shown in Figure 3.12 and demonstrate that the output voltage
was changing from 0.8 V to 2.2 V for currents from 10° A to 10 A. However, the
output current of the designed FGMOS changes from 102 A to 10" A and this
amplifier does not cover that full current range; and therefore a new output amplifier

needs to be designed for a future design.
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Chapter 4 — FGMOS Sensor Characterization

The FGMOS sensor chip was fabricated by Taiwan Semiconductor
Manufacturing Company (TSMC) using their 0.35um technology that was facilitated
through CMC Microsystems. In general, the FGMOS structure is widely used in non-
volatile memory applications. The working principle and device structure of a
FGMOS sensor and a FGMOS memory device are similar and have been discussed in
Chapter 2 and 3. In a FGMOS memory device, charge is injected onto the floating
gate by tunneling whereas, in a FGMOS sensor, charge change on the floating gate is
expected result from the interaction between the sensing polymer and analyte gas. The
effect of charge on the FGMOS sensor can be studied by characterizing the device as
a FGMOS memory device. The FGMOS sensor was tested by electrically injecting
charge onto the floating gate and measuring the resultant change in the current
characteristic. The injected charge was removed from the floating gate and the source-
drain current (lIps) characteristic was measured again. These two operations are

referred as “writing” and “erasing” for a floating gate memory device.

4.1 Charge Injection onto the Floating Gate

The dielectric thickness between the control gate and substrate of the designed
FGMOS sensor was 44 nm (7 nm between the substrate and the floating gate and 37
nm between the floating gate and the control gate). When the potential difference
between the control gate and substrate is more than 22 V, the electric field across the

gate dielectric exceeds 5 MV/cm and in an n-type FGMOS the electrons tunnel from
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the substrate via Fowler-Nordheim tunneling onto the floating gate. In a p-type
device, energy band offset or barrier height is greater than for electrons. Therefore, a
higher control gate voltage is required (Vce = -28 V) to tunnel the holes from the
substrate onto the floating gate. These tunnelling mechanisms for the n type and p-
type FGMOS sensor are shown in Figure 4.1. For the n-type device, the source, drain
and substrate were connected together and biased at -10 V and the control gate was
biased at +20 V, which created a sufficient electric field (<5 MV/cm) between the
control gate and substrate to initiate electron tunneling onto the floating gate from the
substrate. For a p-type device, these biases were set to +10 V and -20 V respectively
to initiate hole tunneling from the substrate onto the floating gate (electron tunneling
from floating gate to substrate). After the charge injection onto the floating gate, the
threshold voltage of the FGMOS should increase and should shift the “I-V” curve in

the right side for both n and p-type devices as shown in Figure 4.2.

+20V -20V

Control Gate Control Gate

-10V

(a)

Figure 4.1. Ideal charge injection operation of a FGMOS sensor (a) n-type (b) p-type

FGMOS.
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Figure 4.2. Ideal I-V response of a FGMOS sensor response after charge injection

onto the floating gate.

4.2 Removing Charge from the Floating Gate

To remove the charge from the floating gate, an opposite biasing voltage was
applied across the device. For the n-type device, the control gate voltage was set to
Vce=-20 V and the source drain and substrate were biased at +10 V. Due to higher
negative potential on the control gate and positive potential on the substrate, the
stored negative charge onto the floating gate should gain enough energy and tunneled
through the thin gate oxide layer (between the floating gate and substrate) to the
substrate. Similarly, for a p type device, the control gate was biased at V¢g = +20 V
and the source, drain and substrate were connected together to -10 V. It was expected
that due to higher positive bias on the control gate the stored positive charge onto the
floating gate should tunnel to the negatively charged substrate. This should shift the
threshold voltage back to the initial uncharged condition. The tunnelling mechanisms

during charge removal from the floating gate are shown in Figure 4.3. The source-
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drain (Ips) current response after removing charge from the floating gate is shown in

Figure 4.4.
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Figure 4.4. ldeal I-V response of a FGMOS sensor response after removing charge

from the floating gate.

4.3 I-VV Measurement Results

In the current vs voltage (I-V) measurement, the control gate voltage (Vcg) was
changed over a predefined range with a constant voltage bias applied to the drain,

source and substrate during which the corresponding source-drain current (Ips) was
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measured. In this experiment an Agilent HP parameter analyzer (4146C) was used to
apply the voltage bias on the source, drain, control gate and substrate and measure the
corresponding currents. The control gate voltage was ramped from 0 to 20 V for an n-
type device (0 to -20 V for p-type) with a 1 V/s ramp step. The drain and source were
biased with a constant bias voltage Vp= 1V, (Vp= -1 V for p-type) and Vs =0 V
respectively and the substrate was grounded. The source-drain (lps) current was
measured before and after the charge tunneling to observe the threshold voltage and

Ips current shifts.
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Figure 4.5. Ips vs. Vce measurement for a n-type FGMOS with a constant bias on the
drain (Vp =1 V) and sweeping the control gate voltage from 0 V to 20 V. a) Initial I-V
measurement, b) I-V after applying Vcg = +20 V and Vp=Vs= Vsyg= -10 V, ¢) I-V

after applying Vcg =-20 V and Vp = Vs = Vgyg = +10V.
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Figure 4.6. Ips vs. Vce measurement for a p-type FGMOS with a constant bias on the
drain (Vp = -1 V) and sweeping the control gate voltage from 0 V to -20 V. a) Initial
I-V measurement, b) I-V after applying Vcs =-20 V and Vp = Vs= Vgyg = +10 V, C)

I-V after applying Vg = +20 V and Vp = Vs = Vgyg = -10V.

The 1-V responses of the n-type and p-type devices after charge injection and
charge removal are shown in Figure 4.5 and
Figure 4.6 respectively. The experimental results shown in Figure 4.5 demonstrate
that for an n-type FGMOQOS, the threshold voltage was decreasing after applying Vg =
+20 V and Vp = Vs = Vgyug = -10 V. The ideal characteristic that was discussed in
Section 3.2 demonstrate that after applying this biasing condition, the charge from the

substrate might tunnel onto the floating gate. If this happens, the threshold voltage
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should increase (Figure 3.5). However, the measurement result shows that the
threshold was decreasing instead of increasing (see Figure 4.5 (b)). Similarly, when
the control voltage was set to Vg = -20 V and the source, drain and substrate was
biased to +10 V, in ideal condition, that should decrease the threshold voltage (see
Figure 4.4). The measurement result shown in Figure 4.5 (c) demonstrated that after
applying this biasing condition the threshold voltage was increasing. The similar

characteristic was observed for p-type sensor and shown in

Figure 4.6.

The clear understanding of these types of responses requires more study of the
FGMOS sensor. However, decrease in the threshold voltage in the first case (when
Vcee =+20V and Vp = Vs = Vgyg = -10 V for a n-type FGMOS), suggest that instead
of injecting charge onto the floating gate, it might remove the pre-stored charge from
the floating gate as shown in Figure 4.7 (a). Similarly, when the bias was set t0 Vg =
-20 V and Vp = Vs = Vgyg = +10 V for an n-type FGMOS, the charge might injected
onto the floating gate from the control gate as shown in Figure 4.8 (a). Similar,

tunneling might happen in a p-type device and shown in Figure 4.7 (b) and Figure 4.8

(b).
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Figure 4.7. Expected charge removing from the floating gate onto the control gate

during the ideal charge injection operation, (a) n-type and (b) p-type FGMOS
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Figure 4.8. Charge injection from the control gate onto the floating gate, (a) n-type

and (b) p-type FGMOS

4.4 Scanning Electron Microscope (SEM) image of the FGMOS Cross

section

The FGMOS responses that are presented in the last section (see Figure 4.5 and
Figure 4.6) were significantly different than an ideal FGMOS shown in Figure 3.5 and
Figure 3.7. To investigate those responses, it was important to have a clear idea about
physical structure of the device. Therefore, a scanning electron microscope (SEM)

image of the fabricated FGMOS cross section was taken and shown in Figure 4.9.
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Figure 4.9 Scanning electron microscope (SEM) image of the FGMOS cross section.

The location of the control gate and the floating gate is shown in this figure and
demonstrates that the control gate surrounds around the floating gate and reaches
close to the substrate surface, likely separated by only the gate oxide. This image
suggested that the actual device structure was significantly different than an ideal
FGMOS. Therefore, the model presented previously, based on an ideal FGMOS
structure is insufficient to fully characterize the FGMOS. The proper understanding of
this FGMOS would require either a new model based on the actual device structure or

a device structure that more closely resembled the ideal device.
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Chapter — 5 Post Processing

In this FGMOS design, only one post processing was required to deposit a
sensing polymer on the sensor pad. The top metal layer ‘metal4” was used as a sensor
pad, which is a composite alloy of mostly aluminum (Al) with small amount of
copper. Top metal (metal4) layer thickness was approximately 750 nm. Different
techniques were tested to deposit polymer on this sensor pad. Due to the limited
number of sensor chips to work with, a test sample was used to assess the polymer
deposition onto the Al film, similar to that of metal 4, onto a glass substrate. The
aluminum was deposited using a thermal evaporation technique and the deposited
thickness was ~700 nm. The sensing polymer was deposited onto the test structures
using an electrochemical deposition process [27]. A conventional three-electrode
electrochemical setup was used for polymer deposition. In the three-electrode
electrochemical process, a platinum electrode, a silver/silver chloride (Ag/AgCl)
electrode and the Al sample were used as counter, reference and working electrodes
respectively [28]. A solution of 0.25 M of pyrrole monomer and 0.25 M sulfuric acid
(H2S0,) was prepared. All of the electrodes and the Al sample were submerged inside
the solution. A DC bias was applied from -0.6 V to 1.5 V between the counter

electrode and the sample for 10 minutes.

An optical microscope image of the samples, after deposition of the polymer
film is shown in Figure 5.1. The image clearly shows that during the deposition
process, instead of the polymer being deposited on the aluminum, the aluminum

electrodes were etched by the electrochemical process. It was therefore resolved that,
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a protective layer was required to protect the ‘metal4’ sensor pad during

electrochemical polymer deposition process.

Figure 5.1. Electrochemical polymer deposition on aluminum sample. The thickness

of the aluminum was ~700 nm.

Nobel metals such as platinum, gold and silver substrate are widely used as a
substrate for the deposition of polymers using electrochemical process [28]. In this
research, a gold film was used as the protective layer. Standard gold deposition
techniques, like sputtering and thermal evaporation, are not selective and deposit gold
over the entire surface of the sample. However, in the sensor chip, the gold needed to
be selectively deposited only on the individual sensor pads and avoid any
interconnection between the sensors. Selective gold deposition on the small sensor
pads on a prefabricated chip required special technique which was investigated and

presented in the next section.
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5.1 Electroless Gold Disposition

Selective gold (Au) deposition on a prefabricated chip has been reported by
several researcher group [2-5]. Since, this is a chemical process, the gold is only
deposited on the surface metal and makes it a selective gold deposition process.
Moreover, a large number of chips can be processed in a single run which makes it an
economical process. Therefore, in this experiment, an electroless gold deposition
process was investigated. The chemical deposition of metal using electroless
immersion solution was first invented by Brenner and Riddell to deposit nickel or
cobalt on a steel surface without the use of an electric current [32]. Later, this process
was developed to deposit gold on other metal such as steel, aluminum and copper

[33-35].

Electroless gold deposition process involves three steps deposition, i) Zinc (Zn)
deposition ii) Nickel (Ni) deposition, iii) Gold (Au) deposition. In the first step, a
layer of zinc is deposited to protect the aluminum during nickel deposition. A layer of
nickel is then deposited on top of zinc which provides a good interface between the
gold and aluminum [36]. Immersion Zincate, Nickelex and Gold solutions from
Transene Company Inc. were used in this deposition process. Several experiments
were performed to find the optimized process for thin film gold deposition. The

optimized deposition technique is presented in the next section.

The zincate solution (salt containing Zn(OH),*) was heated at 80° C and the
aluminum sample was immerged into this solution for 10 seconds. During this
process, the native aluminum oxide layer was etched away and a layer of zinc was

deposited on top of the aluminum electrodes. This zinc layer prevented the aluminum
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to re-oxidize in the air and protected it during the nickel deposition process. The
nickelex solution (a solution of nickel complex and hypophosphite (H,PO;)) was
heated up to 95° C and the aluminum sample was then submerged into this solution
for 1 minute. The sample was then cleaned with water and annealed at 400° C for 30
minutes. During this process, the Zn ions were replaced by Ni ions and deposited a
layer of nickel on top of the aluminum film. Finally, the gold solution was heated up
to 70-75° C and the aluminum sample was immerged in this solution for 5 minutes.
During this process, the top Ni ions were dissolved into the gold solution, and Au ions

were deposited on top of the aluminum substrate [37].

(a) (b)
Figure 5.2. Aluminum sample, (a) after electroless gold deposition. (b) after
electrochemical polymer deposition. Each aluminum strip was 100 pm wide and 100

pm spaced.

An optical microscopy image of the aluminum test sample after gold deposition
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is shown in Figure 5.2 (a). The image of the test sample shows that the surface of the
deposited gold was rough and has some holes on the gold surface. The average gold
thickness was 300 nm. Immersion gold deposition on nickel substrate using the
similar technique presented by other group reported similar result [37]. After
depositing gold, the layer of polymer film was deposited using electrochemical
process. An optical microscopy image after polymer deposition is shown in Figure 5.2
(b). It can be seen from this figure that the deposited polymer layer was non-uniform

and in some places the substrate aluminum was etched away.

A sensor chip was also tested to deposit polymer following the same technique
and image of this chip is show in Figure 5.3. It can be seen from this figure that the
polymer was deposited on some unwanted places. This demonstrates that the
electroless gold deposition was not that reliable to selectively deposit a thin layer of
gold and then electrochemically deposit a polymer layer on a small sensor chip. A

new technique was studied and presented in the next section.
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Figure 5.3. Sensor chip after immersion gold and electrochemical polymer deposition.
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5.2  Gold Deposition Using Lift-Off

Even though, chemical gold deposition should be more preferable for mass
production, it was found to be an unreliable technique for selective gold deposition.
Lithography is a widely used process that allows fabrication of a small feature. Since
gold is chemically inactive and hard to etch, lift-off is the most commonly used
selective gold deposition process using lithography technique. In a standard lift-off
process, the sample is spin coated with photoresist. The photoresist is then removed
from the region where gold needs to be deposited. This is done by exposing those
locations in ultra violet ray (UV) and washed in developer solution. The gold is
deposited using sputtering or thermal evaporation technique. Finally, the unwanted
gold from the chip is removed by immersing the sample in acetone using an ultrasonic

cleaner.

Since the sensor chip is very small (4 mm x 2 mm), it was very hard to make a
uniform photoresist layer on top of this chip using spin coating. Edge bead in four
corners of the small rectangle chip is significantly high as compared to the center of
the chip [38]. Different spin coating techniques was tested to reduce the edge beading
as small as possible. It was found that spin coating for 1 minute with 3000 rpm

produced less edge beading.

A positive photo mask was used to expose only the sensor pad area during the
UV light exposure. The ABM 6 inches two sided mask aligner was used align the chip
with mask. During this process, it was found to be very difficult to align the photo
mask with the chip. In a positive mask, the only visible structures are the small

opening for each sensor pad. Moreover, the microscope of the mask alignment system
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can focus only on the top surface of the mask. Using this positive photo mask, it was
difficult to see the bottom sensor chip and align it with the top photo mask. A new
technique was used to make a perfect alignment between sensor chip and photo mask.
In this technique, first the microscope was moved on the desired location of the mask.
The sensor pad opening areas on the mask were marked on the microscope external
display. Then the mask was removed from the top and the chip was brought up to the
focus point of the microscope. The sensor pads on the chip were aligned with marked
area on the microscope display. The chip was then lowered down without moving in x
and y directions. Now the mask is placed again and sensor chip was brought up to
align with the opening of the photo mask. After alignment, the chip was then exposed
in the UV light for 10 seconds. The sensor chip was washed in a developer solution to
remove the photoresist from the sensor pad area. The chip was baked in the oven at
120° C for 30 minutes to harden the photoresist. The gold was then deposited on the

sensor chip using a sputtering system.

Gold (Au) sputtering is two steps process. Initially, a thin titanium (Ti) layer
was deposited as an adhesion layer between the aluminum and gold. The sputtering

parameters for titanium and gold deposition are presented in Table 5.1.

Table 5.1. Sputtering parameters for Titanium and gold deposition

Titanium (Step 1) Gold (Step 2)
Base pressure 5x10° torr 5x10~ torr
Sputtered pressure 10 millitorr 10 millitorr
Sputtering time 2 minutes 2 minutes
Thickness ~80 nm ~200 nm
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Figure 5.4. An optical microscope image of a sensor chip after gold deposition using

lift-off process.

An optical microscope image of the sensor chip after gold deposition is shown
in Figure 5.4. It can be observed from the image, that the gold was deposited only on
the sensor pads area without making any overlapping with the adjacent structures. The
deposited gold thickness was 200 nm. After this gold deposition, the sensor was ready

for polymer deposition.

5.3 Polymer Deposition

The polymer film was deposited selectively on the sensor pad using an
electrochemical deposition process [27]. Polymer deposition using other methods

would be significantly more difficult on the relatively small sensor pad area. In
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addition, the electrochemical method allows the flexibility to change the chemical and
physical nature of the polymer (by changing the dopant or set potential) which alters
its response to different analytes [39]. For this sensor experiment, polypyrrole (PPy)
was used as polymer because of its extensive use for sensing in many gases and pH

applications [1,40,41].

For electrochemical deposition, an electrolyte was prepared by a 0.1 M solution
of a pyrrole monomer with a 0.5 M solution of H,SO,4. Platinum and Ag/AgCl were
used as counter and reference electrodes respectively. The polymer was grown under
potentiostatic conditions using CHI 760C potentiostat, and the thickness of the grown
polymer was between 630-650 nm. A sensor chip after complete post processing is

shown in Figure 5.5.

Figure 5.5. Image of a FGMOS sensor after depositing sensing polymer (Polypyrrole)

on the sensor pad.

The source-drain current (Ips) was measured as a function of the applied control
gate bias (Vcg) before and after every post processing steps to observe any change in
the device characteristic due to the post processing. During the Ips measurement, the
control gate voltage was swept from 0 to 10 V with 0.5 V steps and a constant 1 V
was applied to the drain. The Ips current responses are shown in Figure 5.6 and

demonstrate that the post processing steps did not alter the device characteristic.
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Figure 5.6. I-V Characterization of FGMOS sensor before and after gold and polymer

deposition. The control gate voltage was swept from 0V to 10 V with the drain was

biased with a constant 1 V.
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Chapter 6 — Sensor Characterization

A polymer based FGMOS gas sensor translates the concentration of a gas
analyte into a detectable signal through the change of the physical and/or electrical
properties of the sensing polymer. The FGMOS data shown in Chapter 4,
demonstrated that in a FGMOS sensor, any change in the floating gate charge or
capacitance causes a change in the threshold voltage (AVty) and produces a shift in
the source-drain (Ips) current. These changes may be initiated due to the interaction
between the sensing polymer and the analyte gas. In this chapter, the FGMOS sensor

responses using different measurement techniques are presented.

6.1 Sensor Response without any Polymer on the Sensor Pad

Before starting the sensor experiment with a post processed FGMOS (FGMOS
after polymer deposition) a FGMQOS, without any post processing was tested by
exposing to analyte gas. This experiment will demonstrate, if the FGMOS sensor
without any polymer on the sensor pad can produce any response to the analyte gas or
not. In this experiment, the FGMOS without any deposited polymer on the sensor pad
was initialized by exposing to nitrogen for 2 hours. The FGMOS was then exposed to
25% water for 30 minutes and an 1-V responses were measured after every 10 minutes
while the gas was still flowing. The measured responses are shown in Figure 6.1. The
measurement results demonstrate that the 1-V responses were not shifting. Therefore,

it can be assumed that any change that will be observed in the FGMOS with a
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polymer on the sensor pad is only due to the interaction between the polymer and the

analyte gases.

s (A)

—&— After 2h N,
—— After 10 minutes 25% H,0
—A— After 20 minutes 25% H,O
—v— After 30 minutes 25% H,O
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Figure 6.1. I-V response of a FGMOS without any sensing polymer. The sensor was

exposed to 25% H,0 and I-V responses were measured after every 10 minutes.

To have a control in this experiment, the Ips response of a FGMOS sensor,, that
did not have a polymer film deposited on the sensor pad, was measured after exposure
to a high concentration, 50% of methanol. The FGMOS was initialized by applying a
high potential on the control gate (Vce = 30 V and Vp = 1 V). The sensor response
was then measured with a fixed pulsed bias condition (Vcg =5V, Vp =1 V) while it
was exposed to 50% methanol for 200 minutes. The bias was applied on the control

gate and drain for 0.5 seconds, every 5 minutes during which time, Ips was measured.
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The measurement results are shown in Figure 6.2 and demonstrate that the Ips current
remained relatively constant. This demonstrates that the initialization process (Vcg =

30 V and Vp = 1 V) is stable and that exposure to a sensor without a polymer film

does not react to the analyte.
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Figure 6.2. The Ips current response of a FGMOS without a polymer film on the
sensor pad. The sensor was exposed to 50% methanol for 200 minutes. The Ips
response was measured using a short pulse of 0.5 seconds every 5 minutes. The

device was biased with V¢ =5V and Vp = 1 V during the 0.5 second pulse

6.2 -V Characteristics of Sensors

Current voltage (I-V) characterization is one of the most widely used techniques

to characterize semiconductor devices. The details of this technique have been
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presented in Chapter 4, where this measurement was used to characterize the effect of
the charge on the floating gate of the FGMOS response. A similar measurement was
repeated after depositing sensing polymer on the sensor pad of the FGMOS. This
time, instead of electrically injecting charge onto the floating gate, the sensor was

exposed into an analyte gas.

It has been demonstrated in several studies, that the electrical and/or physical
properties of the sensing polymer can be changed after exposure to certain gases [17—
20]. In a FGMOS sensor, if any of those changes alter the charge density on the
floating gate or change the capacitance connected to the floating gate, it will initiate a
change in the threshold voltage (V1) and subsequently a change in the source-drain

current (Ips) (see section 3.2).

For the I-V characterization of the sensor, the source-drain current (Ips) was
measured as a function of the control gate voltage (Vcg) before and after exposing the
sensor to a gas analyte for a certain period of time. It has been demonstrated before
that the FGMOS is very sensitive to charge onto the floating gate. Charge that may
have tunnelled onto the floating gate as a result of the applied measurement voltage
might alter the sensor response and it could be difficult to separate the sensor response
due to the gas exposure. Therefore, it was necessary to find the maximum
measurement voltage at which the effect of any charge injection should be minimised.
The maximum control gate voltage at which the Fowler—Nordheim (FN) tunneling

starts can be calculated from the following equation [46],

E~— (6.1)
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where E is the electric field between the control gate and substrate, V¢ is the control
gate voltage and dx is the distance between the control gate and the substrate. In the
designed FGMOS, the total gate insulator thickness is 44 nm; 7 nm between the
substrate and the floating gate and 37 nm between the floating gate and the control
gate. These thickness were obtained from the TSMC design specification [47]. The
FN tunneling starts when the electric field across the control gate and substrate
exceeds ~5 MV/cm [46]. From the above equation, for an n-type FGMOS, when the
control gate potential is less than 22 V (Vp = 0 V, Vs = 0 V and substrate is
grounded), the electric field across the gate dielectric remains lower than 5 MV/cm.
Therefore, in this work, Vce was varied from 0 t010 V and the Vps was set to a
constant 1 V during the sensing operation to maintain the electric field across the

control gate and substrate less than 5 MV/cm.

6.2.1 1-V Measurement Setup

The experimental setup that was used for the I-V measurement is shown in
Figure 6.3. The measurement system consisted of a probe station, a gas flow system,
and a parameter analyzer. A computer was used to control the gas flow system and
data accusation during the measurement. The test chip was placed inside a Cascade
Microtech probe station. This probe station has four probes with tungsten probe tips
which were used to connect to the source, drain, substrate and control gate of the test
device. The probe station was placed on a vacuum table and shielded inside a metallic
box to reduce the vibration and electrical noise. Within the Plasmionique Flocon 09
flow system, nitrogen was flowed through a liquid water or methanol to produce a

gaseous analyte. This system controlled the gas flow rate for a predefined time where
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the pressure and temperature were kept constant throughout the measurement period.
The analyte gas generated from the flow system was passed through a tube inside the
probe station. The end of the tube was placed 10-20 mm above the device under test.
An Agilent 4155C parameter analyzer was used to apply the voltage to the source,

drain, substrate and control gate and measure the corresponding currents.
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Figure 6.3. I-V measurement setup (S=Source, D=Drain, G=Control gate,

Su=Substrate).

6.2.2 1-V Measurement Results

It is possible that the floating gate of a FGMOS could contain some residual

charge resulting from the fabrication process. Before starting the gas exposure, the
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sensor was initialized to remove any stored charge from the floating gate to ensure
each experiment began in the same charge state. To initialize the sensor, a voltage
higher than the normal potential (Vcg = 30 V and Vp = 1 V) was applied on the
control gate and the source, drain and substrate was grounded. The detail of this

tunneling mechanism was presented previously in section 4.2.

Polypyrrole was used as a sensing polymer in this experiment which is known
to absorb water molecules from the air at room temperature [48]. To ensure that the
polymer was dry and no water molecules were left on the polymer, the sensor was
exposed into a constant flow (400 sccm) of nitrogen (N>). During this N, exposure,
the source-drain current (Ips) current was measured by changing the control gate
voltage from 0 to 10 V with 0.5V step. This measurement was repeated several times
with a 10 minutes interval. This ramped I-V data are shown in

Figure 6.4 and demonstrate that after 100 minutes of N, exposure the Ips Vs Vg
curves was shifting very slowly at 10 mV/s rates which could be considered as a
relatively stable condition. Once this relatively stable condition was achieved, the

device was assumed to be initialized and therefore ready for analyte exposure.
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Figure 6.4. Sensor response with 400 sccm N, flowing. Each curve was measured

following a 10 minutes time interval.

A FGMOS sensor with deposited polymer on it was then tested by exposing it
to the gas analytes. The FGMOS sensor was first exposed to dry N, for two hours.
After that, the source-drain current (Ips) was measured while the N, was flowing.
The sensor was then exposed to a mixture of water (H,O) vapor, with a flow rate of
20 sccm and N with a flow rate of 380 sccm for 30 minutes. At atmospheric pressure
this results in a 5%/95% mixture of H,O vapor/N,. After 30 minutes, the source-drain
current (Ips) was measured while the gas was still flowing. After each I-V
measurement, the sensor was electrically initialized (as discussed above) and exposed

to N, for two hours. The H,O vapor concentration was gradually increased in 5%
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increments until 25% was obtained. A similar experiment was also undertaken using

methanol (CH3;OH). The sensor responses to the H,O vapor and CH3OH are shown in

Figure 6.5 and Figure 6.6 respectively.
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Figure 6.5. I-V sensor response for a range of water vapour concentration, 5% - 25%

in nitrogen. Each measurement was made after a 30 minutes exposure.
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Figure 6.6. I-V sensor response for a range of methanol vapour concentration, 5% -

25% in nitrogen. Each measurement was made after a 30 minutes exposure.

From both of these data, it can be seen that the threshold voltage stays relatively
constant, while there is a decreasing Ips as a function of increasing concentration, for
both water and methanol. As discussed previously in section 3.2, a change in either
the charge on the floating gate or a change in the sensor pad capacitance should result
a shift in both the threshold voltage as well as a change in the source-drain current
(Ips). After exposing the sensor to analyte gas, it was not able to produce any
threshold voltage shift which suggested that the floating gate change or capacitance
remain unchanged due to the analyte exposure. Further investigation is needed to have

a better understanding of the device. However, in the following section, the
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measurement time and electric field will be shown to have had a substantial effect of

these measurements.

6.3 Time and Field Dependent Sensor Response

In the saturation region of a FGMOS, the effect of the control gate bias on the Ipsg is
very small. The results shown in

Figure 6.5 and Figure 6.6 demonstrated that the Ips were increasing significantly with
the control gate voltage at the saturation region while the gas was still flowing. It
appears that there might be a causal relationship between the control gate voltage and
the Ips response. To investigate this relationship, a constant potential was applied to
the control gate and change in the Ips current was measured over 10 hours. The
extended measurement period was chosen to observe the change in the Ips current
with a constant bias voltage on the control gate during exposure. The measurement
setup was same as that used in the standard 1-V measurement shown in Section 6.1.1.
During the extended exposure time experiment, a constant voltage bias was applied to
the source, drain, control gate and substrate and corresponding currents were
measured. The voltage was applied to the control gate so that the device would be
biased in the sub-threshold region. Since, in this regime, the current changes
exponentially with gate bias, any small change in the threshold voltage should show a

significant shift in the source-drain current.

6.3.1 Measurement Steps and Results

The source-drain current (Ips) was continuously measured with a constant bias

on the control gate (Vce =5 V), and drain (Vp = 1 V), while the sensor was exposed
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to the analyte gas. The sequence of the experimental steps for this measurement is

given below.

1) The sensor was exposed to 400 sccm N; for 10 hours and Ips was
continuously measured with Vcg=5V and Vp=1 V.

i) The sensor was then exposed to 20% H,O vapor in N, and Ips was
continuously measured with same bias condition used in step (i).

iii) The sensor was then reset to a known initial condition by applying Vce =
30V, Vps=1V and exposed to N, for 2 hours.

iv) The value of Ips was again measured with 25% H,0O vapour in N, for 10

hours.

A similar experiment was repeated except the sensor was exposed to CH3;OH

(25% in N) instead of H,O vapour.
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Figure 6.7. Sensor response for water and methanol flow for 10 hours. Sensor
responses were continuously measured throughout the measurement duration with a

constant potential on the control gate (Vce=5 V) and drain (Vp=1V).

For the 10 hours H,O and CH3OH exposure Ips remained relatively constant.

This is especially evident when the data of the
Figure 6.7 is compared to the previous results shown in

Figure 6.5 and Figure 6.6 The main difference between these two experiments is
that in the second case, the bias was applied throughout the measurement. From these

two experiments, it would appear that the applied potential has a pronounced effect on
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the sensing capability of the polymer and the sensor. To more fully understand the
effect of the applied bias, the sensor current were measured using a short voltage

pulse on the control gate rather than a constant potential.

6.3.2 Pulse Measurement

To investigate the effect of the applied bias on the sensors capability, a voltage
pulse of a short and defined duration and interval was applied to the source, drain,
control gate and substrate while the sensor was continuously exposed to a gas analyte.
The source-drain (Ips) current was measured only during this short applied bias
interval. The magnitude of the applied potential on the control gate and the drain was
Vece=5 Vand Vp =1V, respectively. The bias was applied to the control gate and
drain for 0.5 second once every 2 minutes during which the source-drain current (Ips)
was measured. The schematic diagram illustrating the applied pulse on the control
gate is shown in Figure 6.8 (a). The analyte gas concentration was set to 25% as the
senor showed maximum response with this concentration. The experimental sequence

for this experiment is given below,

i) The sensor was exposed in 400 sccm N, flow for 2 hours.

i) The initial sensor responses (lIps) were measured continuously for 30
minutes while the N gas was flowing.

iii) The sensor was then exposed to 25% H,O in mixed with N,. The source-
drain current (Ips) was measured with a 0.5 second duration voltage pulse
to the control gate and drain (Ve =5V and Vp =1 V). The 0.5 second
pulse was repeated every 2 minutes interval. The gas analyte remained

flowing during the entire experiment.
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1v) The experiment was repeated with same concentration of methanol.
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Figure 6.8. (a) Measurement voltage pulse 0.5 second every 2 minutes (V¢ =5V and

Vp=1V) (b) Ips response for 300 sccm N, and 100 sccm for H,O or CH3;0H.

The change in the source-drain current (Ips) as a function of time, for
25% H,0 and CH3OH exposure is shown in Figure 6.8 (b). This pulse voltage
data show that the source-drain (Ips) current was decreased by several decades
over the duration of this measurement. Even though the timescales were of the
same order, the pulsed measurement results are substantially different to the

relatively constant Ips when the bias was applied continuously. The results
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from the pulse measurement showed a large decrease in the source-drain
current (Ips) which was similar to the initial experiment (see

Figure 6.5 and Figure 6.6) where there was no applied bias during the analyte

exposure. The current in this case was measured only at the end of the exposure time.

It should be noted that while in both cases a substantial decrease in Ips was observed,

the absolute values of the current was not the same for these I-V measurement. A

comparison of the absolute value of the ramped and pulsed data is shown in the Table

6.1.

Table 6.1. Comparison of the Ips response between the ramped (after exposure) and

pulsed (during exposure) measurement after a 30 minutes analyte exposure.

Ips Measurement (A) after 30 minutes exposure at Vcg=5V and Vp=1V

Using Pulsed Voltage (after
Analyte Ramped I-V after exposure
30 minutes)
Water (25%) 8.2x10° A 6.2x10° A
Methanol (25%) 6.8x10™" A 3.7x10° A

This variation in the current appears as if the applied bias (0.5 second pulse)
was still affecting the sensor response during the analyte exposure. Moreover, this
substantial difference in the Ips current would suggest that the sensor response is not
only affected by the control gate bias, but also the different molecule of the analyte
gas. In the following experiments the pulse duration and measurement interval were

changed to understand the effect of time and applied bias more clearly.
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6.3.3 Ips Measurement as a Function of Pulse Interval

To investigate the effect of the applied bias on the Ips, in following experiment,
the measurement pulse width (0.5 second) was kept constant and the measurement
interval was changed from 1 to 2 then 5 minutes. The control gate voltage (Vcg) and
the drain (Vp) were kept the same at 5V and 1 V, respectively. During this 0.5 second
pulse the source-drain (Ips) current was measured. As the sensor responds faster when
exposed to CH3OH compared to H,O, CH3OH was chosen as the analyte to
investigate this effect. The experimental steps for this experiment are given below,

)] The sensor was exposed to N for 2 hours. No bias was applied during

this time. This established an initialization for all devices.

i) The sensor current Ips was measured with a 0.5 second pulse once every

minute while N, was flowing. This was repeated for 30 minutes.
iii) The sensor was exposed to a 25% CH3OH (100 sccm) in N, (300 sccm).
The sensor response was measured with the same voltage pulse and
timing as that in step (i).

iv) The experiment procedure was repeated for Ips measurement intervals of
2 and 5 minutes.

The schematic of the measurement pulses applied to the control gate for these
three experiments are shown in Figure 6.9 (a) with the resultant data illustrated in

Figure 6.9 (b).
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Figure 6.9. (a) Applied pulse schematic with a constant pulse width (0.5 second) and
the pulse interval ranging from 1, 2, and 5 minutes. (b) Ips response for pulse voltage

during exposure to 25% CH3;OH (100 sccm) and N3 (300 sccm).

The measurement data presented in Figure 6.9 (b) shows that as the pulse

interval was increased, the current dropped to a lower value. For the shorter pulse

67



interval, the sensor did not appear to have enough time to respond completely
between the pulses, leading a higher current value. This suggests that the sensor
response is very sensitive to the applied potential, the duration over which it is applied
and the interval between applications. To more fully investigate this effect of applied
potential, in a subsequent experiment, the pulse width was varied (0.5, 30 and 60

seconds) with a fixed measurement interval (2 minutes).

6.3.4 Ips Measurement as a Function of Pulse Width

In the following experiment, the pulse duration was adjusted for 3 pulse width;
0.5 to 30 and 60 seconds as demonstrated schematically in Figure 6.10 (a). The pulse

interval was kept constant at 2 minutes.
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Figure 6.10. (a) Pulse measurement with increasing pulse width from 0.5, to 30 and
60 seconds with 2 minutes pulse interval. (b) Ips response for 25% CH3;OH (100

sccm) with N, (300 scem) exposures.

The measurement data shown in Figure 6.10 (b) demonstrates that as the pulse
width was decreased, the current also decreased, for a given total exposure time. For
the shortest pulse width, the largest decrease in Ips was observed. From these last two

experiments, the applied bias, duration and interval are shown to have a substantial

69



effect on the sensor response. To minimize the effect of the applied bias for the Ips
measurement, time during which the bias is applied should be minimized, while the

interval between applications of the bias should be maximized.

Similar results showing the effect of an applied bias on a sensor response have
been reported for work on conducting polymer based MOS sensors [49]. In this paper,
the n-Conjugated poly (3,4-ethylenedioxythiophene) (PEDOT) based conducting
polymer was used as the gate of a field-effect transistors. The doping of the polymer
was achieved by partial oxidation of polymer by ferric p-toluenesulfonate (FTS). It
was proposed that the effective doping in the polymer was reduced when a bias was
applied during exposure in the water vapor. The polypyrrole was used as the sensing
polymer in the FGMOS sensor design, which is also a conducting polymer and is also
sensitive to humidity. The measurement data shown in Figure 6.7 (b) and Figure 6.8
(b), suggest that the polypyrrole might be similarly affected when a bias is applied
during analyte gas exposure. For longer pulse widths and decreasing pulse intervals,
the polypyrrole experiences a greater effect of the bias which might be reducing the

doping level of the polymer and therefore the sensor response.

To minimize the effect of the applied bias and Ips measurement on the sensor
response, optimal times for both the pulse width and interval must be investigated. In
the next experiment, the sensor response was measured with shorter pulses to find the
minimum pulse duration required for Ips measurement with minimal effect on the

sensor analyte response.
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6.4 Short Pulse Measurement

The previous measurement results showed a significant shift in the source-drain
current (Ips) as the pulse width and interval were changed. The pulses used in the
previous experiments were still significant enough to alter the sensor response. To
accurately measure the true sensor response, it is necessary to make sure that the
effects of the measurement parameters are minimal. As such, determining the proper
measure parameters was necessary to continue any further sensor response
measurement. In this experiment, the sensor response was measured with even shorter

pulses than the previous measurement.

6.4.1 Short Pulse Measurement Setup

The parameter analyzer used in the last few experiments could only produce a
pulse of 0.5 second. As this pulse was found to affect the sensor response, a different
measurement system, with a capability for shorter pulses was used to measure the
sensor response. An arbitrary waveform generator (TGA1244) was used to generate
pulses down to 20 us with an interval of 1 minute. Two channels of this pulse
generator were used to generate pulses for the control gate and the drain
simultaneously. The drain voltage was also reduced to minimize its effect on the
sensor. The applied potential on the control gate and drain was set to Vcg =5 V and
Vp = 0.5V respectively. A Keithley 428 programmable current amplifier was used to
measure the current from the source of the FGMOS. This current amplifier can
convert currents down to few nano-amperes with a time constant of 10 microseconds.
The output of the amplifier is a voltage which is proportional to the current. This

output was displayed on an oscilloscope to measure Ips. An Agilent oscilloscope
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(DSO5014A) was used to display and measure this voltage which was proportional to

Ips.

| Water/Methanol

. Gas Flow system
Probe Station

LS ] [su]

diyd 1osuss

~

Current amplifier Oscilloscope

[=]
Lc]

Pulse generator

Figure 6.11. Measurement setup for short pulse measurement.

6.4.2 Short Pulse Measurement Results

In this experiment, the pulse widths were set to 20 ps (shortest pulse possible

from the pulse generator) and were then changed to 40ps and 60ps. A constant 2
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minute pulse period or interval was used. As shown in the results of previous
experiments (Figure 6.4), an exposure to a higher gas concentration produced a faster
sensor response. Therefore, in this experiment the sensor was exposed to 40% CH3;OH

with No.

In Figure 6.12 the sensor response is shown to be relatively independent of the
pulse width. For these short pulses, the applied bias does not appear to affect the
sensor response to the analyte. In all the subsequent experiments a 40 us pulse width
and a 2 minutes interval was used. Now that a measurement biasing condition was
found that did not appear to affect the sensor response; an investigation of the sensor

response to different concentrations of gas analyte was undertaken.

10" 4
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107 : . - . - T - .
0 10 20 30 40
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Figure 6.12. Short pulse measurement using 20us, 40us and 60 ps pulse width and 2

minutes pulse interval.
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6.5 Sensor Characterization using a Short Pulse

The previous measurement results provided the necessary measurement

parameters to measure the sensor response without affecting the response itself. To

investigate the sensor response to different analyte concentrations, the sensor was

exposed to concentration of CH3OH varying from 10% to 50% in 10% increments.

The Ips measurement was performed with a 40 ps pulse applied every 2 minutes

interval. The bias was applied to the control gate (Vcg = 5 V), drain (Vp = 0.5 V),

source (Vs = 0 V) and substrate (grounded) only during this 40 ps pulse period. The

experiment sequences for this experiment are given below,

Vi.

The sensor was exposed to N, for 2 hours and response was measured using

a 40us pulse every 2 minutes interval.

. The sensor was then exposed into 10% CH3;OH with N, for 1 hour and the

sensor response was measured using the same pulse width and interval that
was used in step (i).
The CH30OH concentration was increased by 10% and the sensor response

was measured without changing the pulse width and interval.

. The measurement duration for each concentration was 1 hour.

After 50% CH3;OH exposure the sensor was again exposed into 40%
CH3OH for an hour to check the reversible response of the sensor.
At the end of the experiment, the sensor was exposed to pure N, for an hour

to refresh the sensor.

The measurement results shown in Figure 6.13 demonstrate that for a given

concentration, the source-drain current (Ips) was decreasing over time. The change in
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Ips at low concentrations (10-20%) was very small, compared to the sharp decrease in
Ips at higher concentrations (30-40%). Moreover, the current change was also small
when the concentration was increased from 40% to 50%. After the 50% exposure, the
sensor was exposed to 40% methanol to check the reversible response of the sensor.
However, it was found that the response was minimal and did not return to the value
expected from the first 40% response. This might be a result of the sensor reaching
some form of analyte saturation. The change in the sensing polymer with increasing
(10% to 40%) analyte exposure might bring the sensor to a condition after which the
sensor can no longer detect any changes in the concentration. On the assumption that
a saturation condition was being reached, a method of initialization or refreshing the

sensor was needed.
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Figure 6.13. Pulse measurement with 10%-50% methanol exposure with 10% increase

in concentration.

In a resistive sensor using the same polymer (Polypyrrole) and dopant, the
sensor was found to need to be refreshed by exposing into nitrogen for 30 to 60
minutes [50]. To test the similar characteristic, the FGMOS sensor was exposed to N,
for an hour after second 40% exposure. However, it was found that this was
insufficient as the sensor response did not change significantly and remained in
virtually the same saturation condition. Therefore, the conventional N, refreshing
technique of conduction polypyrrole based resistive sensor was found not to be
practical for refreshing this FGMOS based sensor. A different and fast refreshing

mechanism for polymer based FGMOS sensor was needed.
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The I-V sensor responses shown in Section 6.1.3 demonstrated that as the
control gate voltage was increased, the Ips was increased towards the initial sensor
response (i.e. the response after 2 hours of N, exposure). Therefore, if a high voltage
was applied to the control gate, the sensor might reach to a condition which is close to

sensor response after 2 hours N, exposure.

6.6 Electrical Refreshing

To investigate the effect of an electrical refreshing mechanism, a high voltage
was applied to the control gate for a certain time, and Ips current was continuously
measured. To establish an initial reference response, the sensor was exposed to N, for
2 hours. The Ips current was measured after 2 hours by applying a constant bias on the
drain (Vp=0.5 V) and sweeping the control gate voltage from 0 to 10V in 0.1V step
(I-V measurement), while N, was flowing (Figure 6.14 (a)). The sensor then was
exposed to 30% CH3OH with N, for 30 minutes after which another I-V measurement
was performed (Figure 6.15 (b)). After the gas exposure, the electrical refreshing was
tested by applying a high control gate voltage (Vcc=30 V) where the Ips current was
continuously measured. The measurement results shown in Figure 6.13 demonstrate
that, after a high bias was applied to the control gate, the Ips current was found to
increase rapidly and reached to saturation level within 5 seconds. This measurement
was repeated 3 times to check the sensor was properly refreshed and no variation in
Ips was found. After this experiment, another 1-V sweep measurement was performed
(Figure 6.14 (c)). This result was compared with the initial reference response
(response after 2 hours of N, exposure) and is shown in Figure 6.14. After a high bias

was applied to the control gate for 5 seconds, the sensor response changed
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significantly and reached a response similar to that after 2 hours initial N, exposure.

Therefore, it was assumed that this electrical refreshing was sufficient to return the

sensor to a known, initial condition.
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Figure 6.14. The sensor response (a) after 2 hours N, exposure (reference response),

(b) after 30% methanol exposure, (c) After electrical refreshing with high control gate

biasing.
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Figure 6.15. Electrical refreshing by applying a constant high voltage on the control

gate (Vce=30 V) for 10 seconds.

6.7 Pulse Measurement with Electrical Refreshing

After defining the sensor refreshing and measurement parameters, the sensor
was tested again with different analyte concentrations. The sensor responses were
measured for 10% to 50% concentration of CH3OH in N, with a 10% increment. The
sensor was electrically refreshed after each exposure. For each concentration the
measurement was repeated three times to check repeatability of the measurement and
sensor response. The applied potential on the control gate, drain, and source was set to

Vee=5V,Vp=0.5V and Vs = 0 V for 40 ps during which Ips was measured. This
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measurement was repeated every 2 minutes. The measurements procedure for this

experiment are given below,

i)

vi)

The sensor was exposed into 400 sccm N for two hours. The response was
measured with a 40 ps pulse once every 2 minutes.

The sensor was then exposed to 10% CH3;OH with N, for 1 hour and
sensor response was measured with the same pulse width and interval that
was used in step (i).

The gas flow was stopped and the sensor was electrically refreshed by
applying Vcs=30 V and Vp=0.5 V for 5 seconds.

For each concentration step (ii) and (iii) was repeated three times.

The CH3OH concentration was increased by 10% and the step (ii), (iii) and
(iv) for each concentration.

The measurement process continued till 50% CH3OH concentration.
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Figure 6.16. Repeated sensor response from 10% to 50% CH3OH in N, with 10%

increment in the concentration. After each exposure the sensor was electrically

refreshed.

The measurement results are shown in

Figure 6.16 and demonstrate that for concentrations of 30% to 50% CH3OH, the
sensor responses improved significantly after electrical refreshing. However, for
concentration from 10% to 20%, the response was very small. In the previous
experiment, the sensor was electrically refreshed and exposed in N, for two hours
while in the present experiment, the sensor was refreshed electrically without
exposure to N,. The results after electrical erasing are significantly different and more

reliable. Electrical refreshing would also be more preferable for practical applications
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of the sensor due to the complications requiring a refresh of the sensor with N, for
few hours. The sensor also showed a more consistence shift in the response for each

repeated measurement with the electrical refreshing.

6.8 Sensor Responses in Continuous, Reverse and Random Order

In the previous experiments, the analyte concentration was continuously
increased from 10% to 50% with a 10% increment. In a practical application, the
sensor would need to be able to detect any concentration change at any time.
Therefore, in this experiment, the sensor response was measured by changing the gas
concentration in a random, increasing and decreasing order. The measurement setups
and parameters were same as the previous experiment. The sensor response was
measured after 30 minutes of gas exposure. The sensor responses shown in Figure
6.16 demonstrate that Ips for each concentration was significantly different from
others after ~10 minutes of the gas exposure. In this experiment, the responses,
measured after 30 minutes of exposure, should give a good variation in Ips for each
different concentration. The sensor responses were initially measured continuously
when increasing the concentration from 10% to 50% with a 10% increment. The gas
concentration was then changed randomly and responses were measured. Finally, the
concentration was changed from 50% to 10% with a 10% decrease. The measurement

results are shown in Figure 6.17.
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Figure 6.17. The gas concentration was changed in continuous order, the random

order and reverse order.

In continuous increasing concentration measurement, the sensor shows a
significant shift as the concentration increases. The random and reverse exposures
show the similar response for each individual concentration. For each concentration,

the responses are closely spaced and significantly separate from other concentration.
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Chapter 7 — Conclusions and Future Work

A FGMOS based chemical sensor, that can be used to design a large sensor
array to emulate the mammalian olfaction, was developed in this research. A new
FGMOS was designed where the top metal layer of the CMOS process was used as a
sensor pad. This metal layer remained exposed on top of the sensor chip and reduced
the number of post processing steps that were required to expose the sensor pad for
polymer deposition. A sensor chip was designed which contained a few test sensors,

an 8 x 8 sensor array, array control circuits and an output amplifier for the sensor

array. The individual sensor device was tested and results are presented in this
research. A FGMOS model was developed and the results were compared with the
fabricated devices. It was found that, measured characteristics of the fabricated FGMOS
were significantly different than an ideal FGMOS. At present the reasons are not fully
understood for the discrepancy. However, through an SEM image, it was discovered that
the actual physical structure of the device was significantly different than the ideal
structure used in the model. Nonetheless, the FGMOS sensor was still able to produce a

stable response for charge injection onto and charge removal from the floating gate.

During the post processing, a thin layer of gold was deposited on top of the sensor
pad using lift-off process. This was followed by the electrochemical deposition of a thin
polymer film (polypyrrole). After depositing the polymer onto the sensor pad, the
FGMOS was tested by exposing it to methanol and water vapor. The sensor response
was measured with both a constant potential and with voltage pulse of different
duration and duty cycle. The results suggested that the sensor response was sensitive

to the applied bias during and after exposure, to the analyte concentration and to the
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time of exposure as well as the measurement time. Several measurements were
performed with various pulse duration and intervals to investigate those effects. It was
found that for a short pulse of 40 ps in 2 minutes interval, the sensor was able to

produce a response which was not affected by the applied bias.

Finally, the sensor response was measured with different concentrations of
analyte gas. The measurement results demonstrated that, the sensor was able to show
very good response for high concentrations of analyte gas. However, for lower

concentration of analyte gas, the sensor response was very small.

This research successfully demonstrates that, a FGMOS device can be used to
design a gas sensor. The same device can be used to sense many types of analyte
gases. Designing a larger sensor array using this device will enable the design of a
sensor chip which can be used to detect many analyte gases and can be used for

electronic nose application.

7.1 Future work

The FGMOS response was found to be significantly different than an ideal
FGMOS device. The model that was developed to characterize the FGMOS was not
able to explain the electrical response of the FGMOS. The SEM image (shown in
Figure 4.9) of the FGMOS showed that the fabricated device structure was
significantly different than the ideal structure. For future work, a new FGMOS model,

based on the fabricated device structure, needs to be investigated to have a better
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understanding of the FGMOS. Conversely, a different device technology could be

used to fabricate a device that more closely resembles an ideal structure.

The field dependent sensor response that was observed during the sensor
measurement might be the results of several factors such as, bias dependent chemical
reaction between the analyte gas and the polymer, diffusion or absorption of the
analyte gas and/or charge by the polymer, polarization of the polymer due to the
applied bias or a de-doping process in the polymer due to the presence of an analyte
gas. For future work, several experiments can be performed to investigate those
effects. To understand if, the analyte and/or charge diffusion or absorption in the
polymer, several experiments with different bias polarity, duration and interval might
yield some information. To understand the possibility of a polymer/analyte chemical
reaction that could be bias dependent, selecting a suitable polymer and analyte gas
pair with a known chemical interaction might shed some light on the device response.
De-doping of the polymer could take place when the sensor is exposed to an analyte
gas and a bias is applied on the device. This process is sensitive to the types of the
dopant used in the polymer, the applied bias and the analyte gas. This effect can be

investigated by changing the dopant type and/or concentration in the polymer.

The applied bias across the device might also polarize the polymer and might
increase or decrease its sensitivity of the polymer. This can be investigated by
measuring the sensor response with different bias voltage and exposing the sensor to

analytes with molecule that are more or less polar to if there is an effect.
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The sensor response was very small while it was exposed to low concentration
of water and methanol vapor. This might be due to the poor sensitivity of deposited
polymer. The sensitivity of the polymer depends on the type of the monomer,
deposition parameters and type of dopant in the polymer. Those parameters should be

investigated in future to improve the sensor response for low gas concentration.

After having a better understanding about the FGMOS characteristic and
polymer interaction with the gas analyte, the FGMOS sensor should be tested with
different analytes gases and polymers. Several polymers have been discovered in
recent years [1], which might be sensitive to a particular gas or a group of gases. In
future work, the use of different polymers with varying sensitivities should be

included in the device to maximize the sensor response.

Finally, once the individual device with the different polymers is more fully
understood, the sensor array can be investigated where in the ideal case, each

individual sensor could be functionalized with a specific polymer.
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