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Abstract

With the most advanced and mature technology for electronic devices, silicon (Si) based
devices can be processed with practically no material defects. However, Si technology
has difficulty meeting the demand for some high-power, high-speed, and high-
temperature applications due to limitations in its intrinsic properties. Wide bandgap
semiconductors have greater prospects compared to Si based devices. The wide band gap
material system shows higher breakdown voltage, lower leakage, higher saturation
velocity, larger thermal conductivity and better thermal stability suitable for high-power,
high-speed, and high-temperature operations of the devices. In recent years, GaN based
devices have drawn much research attention due to their superior performances compared
to other wide bandgap semiconductor (SiC) devices. Specifically, implementation of
AlGaN/GaN high electron mobility transistor (HEMT) based power amplifiers have
become very promising for applications in base stations or radar. With the increase in
device power, channel temperature rises. This introduces high-temperature effects in the
device characteristics. In addition, high-power, high-frequency and high-temperature

operation of AIGaN/GaN HEMT is required for telemetry in extreme environment.

AlGaN/GaN HEMT also shows great potential as chemically selective field-effect
transistor (CHEMFET). Due to simpler imprint technique and amplification advantages
CHEMFET based detection and characterization of bio-molecules has become very
popular. AlGaN/GaN HEMT has high mobility two-dimensional electron gas (2 DEG) at
the hetero-interface closer to the surface and hence it shows high sensitivity to any

surface charge conditions.



The primary objective of this research is to develop a temperature dependent physics
based model of AIGaN/GaN HEMT to predict the performance for high-power and high-
speed applications at varying temperatures. The physics based model has also been
applied to predict the characteristics of AlGaN/GaN HEMT based CHEMFET for the
characterization of bio-molecular solar batteries - Photosystem | reaction centers. Using
the CHEMFET model, the number of reaction centers with effective orientation on the

gate surface of the HEMT can be estimated.
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Chapter 1  Introduction

1.1 Introduction

Semiconductor devices are the building blocks of modern electronics. Invention of new
semiconductor materials and devices leads to more advanced electronic applications. One
of the major demands of advanced electronics which operates and controls functional
systems is survival in extreme environments. Silicon (bandgap 1.1 eV) technology could
not execute the demand for extreme environment applications due to its intrinsic material
properties. Wide bandgap semiconductors (bandgap ~3 eV or higher) evolved as the third
generation compound semiconductors. These materials possess some special properties,
which are exceptionally suitable for high-power, high-frequency and high-temperature

device applications.

This chapter describes the motivation and objectives of the research and also summarizes

the subsequent chapters.

1.2 Motivation of Research

With the most advanced and mature technology for electronic devices, silicon (Si) based
devices can be processed with practically no material defects. However, Si technology
has difficulty meeting the demand for some high-power, high-speed and high-

temperature applications due to the limitations in its intrinsic material properties. It is



only in the past decade that serious attention has been given to wide bandgap

semiconductors for use in device technology.

1.2.1 Wide Bandgap Semiconductors

Wide bandgap materials have intrinsic properties such as high breakdown voltage, lower
leakage currents, and higher current density which enable the application of these
materials for high-power device operation. Moreover, these materials possess high
saturation velocity, large thermal conductivity and excellent thermal stability which make
the wide bandgap semiconductor devices most suitable for high-speed and high

temperature operation.

Table 1.1 shows the values of different parameters for Si, GaAs and two most widely
used wide bandgap semiconductors: SiC and GaN [1]. To combine the effects of these
parameters, various figure-of-merits have been reported in the literature. In 1965,

Johnson [2] derived a figure of merit, known as Johnson Figure of Merit (JFM) :% to
T

compare the power-frequency product for low-voltage transistors, where E. is the critical
electric field for breakdown in the semiconductor and vs is the saturated drift velocity. In

1983, Baliga [3] derived a figure of merit, known as Baliga Figure of Merit (BFM)
=¢ES, which defines material parameters to minimize the conduction losses in power
FET’s. Here, u is the mobility and Eg is the bandgap of the semiconductor. Also, to
measure the thermal performance of high power device, a figure-of-merit QF; has been

constructed [4] as the product of euE? and thermal conductivity A. Table 1.1 also shows



a comparison of normalized JFM, BFM and QF; among the semiconductors of interest
discussed earlier. GaN has the highest value for each of these indices, which signifies the
greatest prospects of GaN based devices for high-frequency, high-power and high-

temperature applications.

The intrinsic carrier concentration of semiconductor is exponentially dependent on

temperature [6]:

n, =/N.N, exp€E /KT _ (1.1)
where Eg is the bandgap, k is the Boltzmann constant and T is the temperature in Kelvin.
Figure 1.1 shows the intrinsic carrier concentrations of Si, GaAs and various wide
bandgap semiconductors for different temperatures. At 0°C (300 K), Si has intrinsic
carrier concentration of 1.5x10'%cm?® whereas wide bandgap semiconductors (InN, SiC,

GaN or Diamond) show almost zero level of concentration.

Table 1.1: Properties of Competing Materials in Power Electronics [1], [5]

H Vs JFM
Eq E. y! Tmax BFM QF,
Material (cm?| & (10" x Ev
eV) (kV/cm) Wiem-K)| °C) |=a&l | === |z iaEd
V-sec) cm/sec) 2
Si 1.1 | 1300 |11.4] 300 1 15 300 1 1 1
GaAs 1.4 | 5000 [13.1] 400 1 0.46 300 9.6 3.5 94
SiC 29 | 260 | 9.7 2500 2 1.49 600 3.1 60 300
GaN 3.4 | 1500 | 9.5 2000 2.2 1.3 700 24.6 80 910
Diamond | 5.45 | 2200 | 5.5 | 10000 2.7 22 2100 198100




As the temperature increases, carrier concentration increases but remains smaller in wide

bandgap semiconductors compared to lower energy gap materials.

The thermally generated unwanted carriers contribute to thermal noise which degrades
the performance of devices and may destroy the properties of a semiconductor when they
become comparable to the concentration of the majority carrier. Hence, the maximum
operating temperature of a material is determined by the bandgap of a material as also
realized by equation (1.1). Table 1.1 shows the highest operating temperature for GaN
which is 700 °C. Therefore, for operation of the devices at elevated temperatures GaN
based devices have superior performances compared to other wide bandgap
semiconductor (SiC) devices. Diamond possesses a larger bandgap (5.45 eV) which
results in better intrinsic properties than GaN. However, diamond technology is not

matured enough to exceed the performances of GaN based devices.

1014\\\\\\\\\\|\\\\\\\\\|\\\\\\\\\\

Si

106 Diamond/
AIN

0 500 1000 1500

Figure 1.1: Intrinsic carrier concentration as function of temperature [7]
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1.3 Introduction to HEMT

Of the various device structures, high electron mobility transistors (HEMT’s) show better
performances as high-power and high-frequency devices. Capacitive modulation of the
channel charges is the basic principle of operation for all the field effect transistor (FET)
devices. With this common concept, use of different geometries, different materials and
doping profiles results in the variety of FET transistors. Eventually, each type of FET
would differ in the confinement of the channel charges and the isolation between the gate
and the channel, which would result in a novel device with specific properties. The first
HEMT was based on GaAs - AlGaAs superlattices pioneered by L. Esaki and R. Tsu at
IBM in the late 1960’s [8]. They realized that “high mobilities in GaAs could be achieved
if electrons were transferred from the doped and wider bandgap AlGaAs to an adjacent
undoped GaAs layer, a process now called modulation doping” [8]. R. Dingle, H. L.
Stormer, A. C. Gossard, and W. Wiegmann of AT&T Bell Labs, working independently,
demonstrated high mobilities in a GaAs-AlGaAs superlattice in 1978. Realizing the high
performance capability of such a structure of the field-effect transistor, researchers of
various labs in the United States (Bell Labs, University of Illinois, and Rockwell), and
Japan (Fujitsu), and France (Thomson CSF) started working on this device. In 1980, the
University of Illinois and Rockwell first fabricated such a device with a reasonable
microwave performance, which they named as modulation-doped FET or MODFET. The
same year researchers at Fujitsu reported the results for a device with a 400-pm gate.
They called the device “high electron mobility transistor” or HEMT. Thereafter,

Thomson CSF and Bell Labs followed calling their realizations a “two-dimensional



electron gas FET” or TEGFET, and “selectively doped heterojection transistor” or

SDHT, respectively [8].

In conventional metal-semiconductor FET’s (MESFET’s), the donor impurities generate
the electrons (carriers) and reside in the same space/layer with the electrons. As a result,
the conducting electrons start colliding with the impurities as shown in Figure 1.2. For
higher speed, more current is required which necessitates larger concentration of
electrons. This leads to more electron-donor interaction, called ionized impurity

scattering.

Also thinner channel layers and higher electron concentrations are required for smaller
FET size. The isolation of large electron concentration with donors can be obtained by
the heterojunctions. A heterojunction is formed between two different bandgap materials
such as AlGaAs and GaAs. The donors are introduced only into the larger bandgap
(AlGaAs) material [10], [11]. The electrons originally introduced into the larger bandgap
layer (AlGaAs) diffuse to the lower energy (GaAs) layer where they remain confined due

to the energy barrier at the heterointerface as illustrated by the band diagram in Figure

Figure 1.2: Impurity and electron scattering in MESFET structure [9]



1.3. Thus, a 2-dimensional electron gas (2-DEG) is formed at the heterointerface very
close to the gate, which leads to very high electron mobilities and large electron

velocities at very small values of drain voltage [9].

1.4 GaN HEMT Technology

In 1993, Asif Khan et al. first demonstrated a HEMT based on AlGaN and GaN
heterojunctions [12]. Since then much progress has been made for the achievement of
better performances of AlGaN/GaN HEMT. AlGaN/GaN exhibits improved ratings for
power and frequency applications compared to AlGaAs/GaAs HEMT. This is due to the
superior intrinsic properties of GaN material compared to GaAs as evident from Table
1.1 and also due to the polarization effects dominant in AlGaN and GaN materials. GaN
has both Zincblende nad Waurtzite crystalline forms. It is normally grown on the Ga-face,
along its c-axis. It has a substantial spontaneous electrical polarization perpendicular to
the hexagonal plane, and in the direction down into the Ga-face surface as shown in

Figure 1.4. When Al,Ga;«N is grown on GaN, larger electrical polarization results in the

+
+
+

AlLGa;.As

Undoped

GaAs

Figure 1.3: AlGaAs-GaAs HEMT structure and its energy band diagram on the right [8]



same direction. AlyGa;«xN has a smaller lattice constant, so that the two-dimensional
tension causes a piezoelectric effect which adds to the spontaneous polarization [13]. The
total electrical polarization between the pseudomorphic AlyGa;xN top barrier layer and
the GaN channel layer is obtained by the algebraic sum of individual components

as P = P, (AlGaN) — P, (GaN) + P.. (AlGaN) . A positive sheet charge density (o)

appears due to the net polarization effect, which causes an accumulation of electrons at
the interface and thus forms the 2-DEG (Figure 1.5). Thus, even without any intentional
doping in the AlGaN layer, a high charge density (Figure 1.6) channel is formed at the

heterointerface.

= =
Ga-face a N-face a
AlGaN
relaxed
GaN
l PSP relaxed T PSP
Substrate Substrate
AlGaN
tensile strain
GaN
iPSP relaxed T PSP

Substrate

Figure 1.4: Polarization properties of GaN and AlGaN materials [14]
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JPSP GaN
+++++++++++
source gate drain
AlGaN

+++++++++++

fffffffffffff o

2-DEG GaN

Figure 1.5: Formation of 2-DEG at the heterointerface

Especially in wurtzite AlIGaN/GaN based transistor structures; the piezoelectric
polarization of the strained top layer is more than five times larger as compared to that of
AlGaAs/GaAs structures, leading to a significant increase of the sheet carrier

concentration at the interface [14].
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Figure 1.6: Polarization versus Al mole fraction [7]

1.4.1 Prospects of GaN HEMT

AlGaN/GaN HEMT has been an intense interest of research due to great potential of the
material system for high-power and high-frequency applications [15]. With the rapid
increase in 3G mobile subscribers, a large-capacity and high-speed system is becoming
more crucial. To achieve such a system a power amplifier with higher output power and
high linearity for 3G base stations is vital. Such an amplifier should be capable of
simultaneously amplifying multiple channels while efficiently converting power into
radio frequency signals. Thus, the amplifier will reduce the power consumption and

require simpler cooling system resulting in smaller and cost-efficient base stations.

10



Conventional amplifiers composed of Si DMOS transistors or GaAs transistors require
power-combining circuits due to the small output power of each transistor. As a result,

the amplifier is larger in size and there is an increased loss in power.

Figure 1.7 shows the power density and total power of AlIGaN/GaN HEMT achieved by
different companies and laboratories from 1992 to 2002 [1] on both SiC and Sapphire
substrates. As the power increases, channel temperature rises depending on the thermal
resistance of the device. Thermal conductivity of the substrate dominates determining the
thermal impedance of a device. SiC has higher thermal conductivity (4.5 W/cm-K) than
Sapphire (0.42 W/cm-K) but the former is more expensive than later. Hence, a prudent

choice is required for the selection of substrate to optimize the cost and the performance

of a system.
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Figure 1.7: Trend in (a) power density and (b) total power of AIGaN/GaN HEMT [1]
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In 2003, Fujitsu Laboratories Ltd. achieved “breakthrough output with Gallium Nitride
HEMT amplifier” [16]. Fujitsu fabricated GaN HEMT amplifier (shown in Figure 1.8)
with an output of 174 W at 63 V high voltage operations with drain efficiency of 40%
and thus fulfilling the requirements for base stations. In 2006, NEC Corporation
developed high-power GaN transistor amplifier for 3G base stations [17]. NEC reported
operating voltage of 45V and peak output power of 400W for WCDMA signal (2.14
GHz), drain efficiency of 25% at average output power of 60W. Figure 1.9 shows the
power versus frequency domain for GaN with other semiconductors. Based on the power
and frequency prospects, possible fields of applications for AlGaN/GaN HEMT are
mentioned in Figure 1.10. Table 1.2 shows the approximate operating temperatures for
various applications of wide bandgap semiconductors including GaN. Therefore, high

temperature operation of AIGaN/GaN HEMT is required to target various applications.

Figure 1.8: Fujitsu's developed GaN HEMT amplifier chip [16]
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Table 1.2: High Temperature Electronics Applications of Wide bandgap semiconductors [18]

High Temperature Electronics Application | Peak Peak power | Current Future
Ambient Technology Technology
Automotive
Engine Control Electronics 150°C < 1kW BS & SOI BS & S0I
Ou-cylinder Exhaust pipe 600 °C = 1kW NA WBG
Electric Suspension & Brakes 250 °C =10kW BS WBG
Electric/Hybnd Velicle PMAD 150 °C =10 kW BS WBG
Turbine Engine
Sensors. Telemetry, Control 300°C =< 1kW BS & SO S0I & WBG
600 °C < 1kW NA WBG
Electric Actuation 150°C = 10 kW BS & SOL WBG
600 °C =10 kW NA WBG
Spacecraft
Power Management 150°C =1kW BS & 501 WBG
300°C =10kW NA WBG
Venus & Mercury Exploration 550 °C ~1kW NA WBG
Industrial
High Temperature Processing 300 °C <1kW S0I 501
600 °C <1kW NA WBG
Deep-Well Drilling Telemetry
Ol and Gas 300°C < 1kW S0L SOI & WBG
Geothermal 600 °C NA WBG

1.4.2 Potential of AlIGaN/GaN HEMT as CHEMFET

Field effect transistor technology has evolved into a popular device called CHEMFET
([19]-[21]) for the detection and the characterization of biomolecules due to amplification
advantages and simpler imprint methods. Due to higher current and greater sensitivity,
AlGaN/GaN has larger potential as CHEMFET (Figure 1.11) compared to other field
effect transistors. The gate surface of a field effect transistor is chemically modified for

the immobilization of the target molecules. Upon immobilization, the electric field
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Figure 1.11: Application of CHEMFET

distribution of the transistor changes, which in effect modulates the channel charges and

therefore, the output current of the transistor.

1.5 Research Objectives

As discussed in the previous sections, AlIGaN/GaN HEMT is preferable candidate for
high speed-high power applications operating at different temperatures. To predict and
optimize device behavior, analytical model is a quick solution. A very few temperature
dependent analytical models of AlGaN/GaN HEMT exists in literature. Most of the
works published discussed temperature dependent characteristics of the HEMT based on
experiment. Some of the works showed temperature dependent modeling of the HEMT
based on nonlinear cubic fit Curtice model, VVolterra series etc. Some authors only studied
temperature dependent device parameters such as mobility, saturation velocity by Monte
Carlo simulation. Hasina Huq [22] developed a temperature dependent analytical model
based on simplified physics of the device. Moreover, the author [22] did not validate the

model with high temperature data. Therefore, physics based accurate temperature
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dependent model for different operating conditions is required to exploit the superior
performances of AlGaN/GaN HEMT. Keeping this in mind, this research has been
performed to address the following aspects of AIGaN/GaN HEMTs:

a) Development of nonlinear charge control based DC model

b) Development of small signal and large signal model

c) Development of temperature dependent model based on the physics based model

AlGaN/GaN HEMT has also great potential to be used as CHEMFET. Using the the
physics based model, a mathematical formulation has been achieved for AlGaN/GaN
HEMT based bimolecular sensor. In this regard, following work has been done:

d) Investigation of the feasibility of AlGaN/GaN HEMT as sensors

e) Derivation of an analytical model to count the number of photosystem I (PS I)

reaction centers of effective orientation on the gate of an AIGaN/GaN HEMT

1.6  Outline of Dissertation

Chapter 2 discusses the previous work on the fundamental physics and modeling of
HEMT. Various temperature dependent modeling found in literature have also been

elaborated. The work on AlGaN/GaN HEMT based sensor has also been discussed.

In chapter 3, the mathematical formulation of analytical model for DC, small signal and
large signal characteristics of AlGaN/GaN HEMT have been described. The simulated

characteristics have been compared with the experimental data at room temperature.
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In chapter 4, temperature dependent modeling of AlGaN/GaN HEMT has been derived
from the physics based model developed in chapter 3. The simulated temperature
dependent characteristics have been compared with the experimental data for temperature

of 300 K to 500 K.

Chapter 5 describes the application of AlGaN/GaN HEMT as a sensing and

characterization device for bio molecules. An analytical model has been developed to

characterize PS | reaction centers using the HEMT.

Chapter 6 discusses the original contribution to this research, draws the conclusion and

presents an outline for future work.
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Chapter 2  Literature review

2.1 Introduction

Despite the presence of large defects, GaN based device technology has advanced a lot
due to its excellent electrical properties in application of high-power, high-frequency and
high-temperature fields. Due to wider bandgap (3.4 eV), GaN based HEMTs have higher
breakdown voltages and lower leakage currents compared to most commonly used Si and
GaAs based devices. Continuous channel of two-dimensional electron gas (2-DEG)
present at the hetero-interface of GaN and AlGaN layers results in lower on-resistance in
these power HEMTs. High Polarization field results in larger 2-DEG density and hence,
larger current output in the AlGaN/GaN HEMTSs. Higher value of saturation velocity (~
2.5x10 cm/s) facilitates high frequency operation and larger bandgap minimizes the

adverse effects of high temperature operations.

Realizing the greater of potential applications of GaN based devices; researchers have
been trying to model the device from different perspectives in order to get a quick
prediction of the characteristics of the devices or to optimize the performances before
sending the device design for fabrication. As a result, a good volume of literature on the
modeling of AlIGaN/GaN HEMT has been found. In this chapter, some of the previous
work has been described for the physics based modeling of AlGaN/GaN HEMT. In
addition, up to date literature of temperature dependent modeling has been briefly

illustrated.
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This research also includes modeling of the effective number of charges on the surface of
an AlGaN/GaN HEMT based sensor or CHEMFET. AlGaN/GaN based heterostructures
have already been investigated as sensors. In this chapter, literature on GaN based

sensors has also been elucidated.

2.2 Physics based modeling of AlIGaN/GaN HEMT

The physics based model of AlGaN/GaN HEMT is based on the charge control theory of

gate potential, which is also the basic working theory for any field-effect transistor.

2.2.1 Charge Control Model

The HEMT charge control model has been first developed by D. Delagebeaudeuf and N.
T. Linh [23]. Due to heterojuction, a 2-DEG is formed at the heterointerface of a HEMT.
The analytical expression for the sheet carrier density at the heterointerface of an

AlGaAs/GaAs HEMT has been expressed as [23],
e -
Qs =qn, = d_2 (G _Voff - EF _ (21)
2

where ng is 2-DEG density, ¢, is the permittivity of the higher bandgap (barrier) material,
d, is the distance between the 2-DEG and the Schottky gate, Vg is the applied gate
voltage and V is ‘off voltage” which annihilates the 2-DEG and given by

d

Voff =y _AEc _sz _S_ZQi
? (2.2)

VAL ¢,-¢’

P2 282
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e is the thickness of spacer layer between the doped layer and the 2-DEG, Q;j is the
interface states charge. In this paper [23], Efr, which is function of gate voltage Vg, has
been neglected compared to the other terms and thus equation (2.1) has been

approximated as,
€, =
Qs = d_ (G _Voff _ (23)

which describes the linear relationship between the sheet carrier density and the gate
voltage. Based on this linear charge-control, analytical expressions for the current-voltage

characteristics of the HEMT have been developed [25] - [30].

An important physical aspect for the development of the analytical expressions of the
current-voltage and capacitance-voltage characteristics of HEMTSs is the variation of the
sheet carrier concentration (ns) in the 2-DEG as a function of the applied gate voltage
(V). The simple analytical expressions for ns vs Vg, are accurate only for a limited range
of values of ns, (>5 x 10/cm?) [31]. For the modeling near the threshold region of
operation of HEMTSs, the linear charge control is not accurate. A. Shey and W. H. Ku
[32] showed an analytical model for the prediction of current-voltage characteristics

assuming an approximated relationship between Fermi level Er and ng

Er =Eqo +m2° (2.9)
where Ego is equilibrium Fermi level and yis a constant linking the 2-DEG carrier density
with the longitudinal quantized energy. This approximation is valid as long as the device
is not operated in the deep subthreshold region. N. Dasgupta and A. Dasgupta [33]

formulated an analytical expression of ns vs Vg, valid for operation at different
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temperatures, which is shown to be accurate from subthreshold to high conduction
regions of device operation. In the model [33], Er is expressed as a function of ns by a
simple polynomial equation,

Er =k, +k,n’? +k;n (2.5)

S
where ki, ky, ks are temperature dependent constants. But in this work, no closed form
expression for the current-voltage characteristics of the HEMT has been shown which

uses the nonlinear relation between ns and V.

In this dissertation work, nonlinear relation between Er and ng as defined by equation
(2.5) has been undertaken to derive a new formulation of accurate current-voltage

characteristics.

2.2.2 Small and Large Signal Modeling

AlGaN/GaN has been fabricated and measured for small and large signal performances.
Continuous-wave (CW) power densities as high as 11.2 W/mm have been demonstrated
for the AlGaN/GaN devices at 10 GHz [34]. In the Ku-band, a GaN monolithic
microwave integrated circuit (MMIC) operating at 16 GHz has recently been
demonstrated with the total CW output power of 24.2 W [35]. Asif Khan’s group [36] has
reported GaN/AlGaN HEMT operation in the K-(18 - 27 GHz) and Ka-(27 - 40 GHz)
bands. When biased and tuned for the maximum output power, the device showed a total

output power of 1.6 W with an associated power-added efficiency (PAE) of 27% and
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gain of 10 dB. The corresponding power density was 3.2 W/mm [36]. J. S. Moon et al.

[37] reported power density > 6 W/mm at 20 GHz.

To predict the high frequency and large signal performances, research has been done to
develop an analytical model of the devices. The intrinsic small signal model has two
components. One is the intrinsic DC current source, Ips and the other comprises of
extracted capacitances and resistances of the device as shown in Figure 2.1. For
connecting the device to the outer circuits, pad capacitance and bond wire inductance are
incorporated for complete small signal modeling [39], [40]. For large signal modeling,
the current dispersion due to self-heating [42] and trapping of carriers [42] are

incorporated with the intrinsic DC model.

2.3 Temperature Dependent Modeling

The high power operation of a device is limited by the increase in device junction
temperature. Due to high mobility and presence of high density sheet carriers,
AlGaN/GaN HEMT is the most suitable for high power applications. The channel
temperature increases with the increase in output power and consequently, performance
of the device degrades due to spurious effects of the elevated temperature. Also, for
application in extreme environment sensing and telemetry AlGaN/GaN HEMTSs are
require high power and high frequency operation of at higher temperatures. Mobility
degradation, change in threshold voltage, generation of leakage currents are the common

physical phenomena which affect the device characteristics. To find the temperature limit
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of a device, analytical model is the quick solution to predict the device performances at
the temperature required for a specific application. Physics based temperature dependent
modeling is advantageous to predict and optimize the device performance. Most of the
published work to date has focused on the experimental results for the characteristics of
AlGaN/GaN HEMT at different temperatures [44], [45]. Some work has been published
studying the Monte Carlo simulation for the device parameters such as mobility,
saturation velocity [46]. Y. Chang et al. showed temperature dependent static
characteristics of AlGaN/GaN HEMT based on a numerical technique of solving
Schrodinger and Poisson equations self-consistently [47]. There are few physics based
models. A. Ahmed et al. published a temperature dependent model based on Volterra
series [48]. The authors derived the temperature dependent small signal parameters using
Volterra series. This model does not provide full insight to the device physics at varying
temperature. H. F. Huqg [22] showed a temperature dependent charge control model of
AlGaN/GaN HEMT. The author did not consider the variation of Fermi energy as
function of gate voltage, polarization effects and channel-length modulation in the charge
control model. Also, for temperature dependent modeling, self-heating effect has not

been considered in this work [22].
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Figure 2.1: Equivalent circuit for small signal modeling of AIGaN/GaN HEMT

2.4  AlGaN/GaN HEMT as CHEMFET

Recently field-effect transistor based CHEMFETs for the detection and the
characterization of molecules have become very popular due to the simpler imprint
technique and amplification advantages. Using CHEMFET technique, various types of
liquids including bio-fluids, gaseous substances have been detected. Among the different
FET structures, AlGaN/GaN HEMT has the highest potential for working as sensors as
diamond technology is a long way from reaching its maturity. Imprinting biomolecules
for the construction of electrical devices has been a significant challenge due to
temperature and resolution constraints of the growth processes. Several approaches for
fabrication of two-terminal electrical devices using molecules have been reported [49]-

[53]. In order to place contacts across a single molecule, an electrode pair with a gap
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equivalent to the nanometer size of the molecule is required. A lithographically fabricated
mechanically controlled break (MCB) junction has been demonstrated for construction of
an electrode pair with tunable distance [50]. The electrical break junction (EBJ) was
another technique employed for this purpose [51]. The success of these methods depends
on creating a contact across a single molecule or between the molecules. Hence, these are
quite nondeterministic methods due to the constraint of the size of a molecule. The
concept of molecules sandwiched between two metal films [53] is also not appropriate.
Molecules are non-deterministically or discretely immobilized on the substrate metal
which leaves the chances of short circuits during the growth of the second metal.
Therefore, realizing all these difficulties for constructing an electrical device of
biomolecules, researchers have focused on CHEMFET based characterization technique.
In this research, AlGaN/GaN HEMT has been used for the detection and the

characterization of Photosystem | reaction centers.
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Chapter 3  Physics Based Model

3.1 Introduction

This chapter describes the formulation of an analytical model for the AlGaN/GaN
HEMT. The model has been developed considering the nonlinear control of gate potential
on sheet carrier density. Due to the nonlinear nature of the charge control equation,
mathematical complexity arises in the current-voltage relationship, which has been
simplified based on realistic assumption. The relationship between drift velocity and
electric field for GaN channel has been approximated by an empirical equation. Both the
spontaneous and the piezoelectric polarization induced charges at the AlGaN/GaN
heterointerface have been considered. The effects of channel length modulation in the
saturation region have been included. Transconductance, gn and unity-gain cutoff
frequency, fr have been calculated to derive the small signal model of the AlGaN/GaN
HEMT. Self-heating effects have been considered to incorporate large signal

nonlinearity.

3.2 Nonlinear Charge Control

The structure of AlIGaN/GaN HEMT is shown in, Figure 3.1, and the corresponding
energy band diagram are depicted in Figure 3.2. The expression for sheet carrier density

is written as [30],
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ge, =
n, (x)=——— -V (x)-V. 3.1
s(X) q2d+sza'/G (X) =Vio _ (3.1)

where Vg, V(x) and V1o represent applied gate voltage, channel potential at x and
threshold voltage, respectively, d is (dg4 + 4d) with the thickness of AlGaN (barrier) layer,
dq and the offset distance of the 2-DEG density from the hetero-interface, 44 and & and
a are permittivity of the barrier layer and the quantum well shape factor, respectively. For

the nonlinear charge control as described in chapter 2, the threshold voltage Vro is

defined as,
Vio =V +E¢ (3.2)
where Vo IS given by,
AE od
Vo =@ ——— - 99, (3.3)
q €,

¢m 1s the Schottky barrier height of gate, o is the charge density due to spontaneous and
piezoelectric polarizations and AE; is the conduction band offset at the heterointerface.

Using equations (2.5) and (3.2) in equation (3.1), ns can be redefined as,

N, =22 @ —V(x) -V —k, —K,n¥? —kyn, (3.4)
q°d+eg,a

This is a standard quadratic equation in ns and the solution of this equation yields,

IB+\/BZ—4AC1€ G V()-V,

n, (x) =
(%) VX

(3.5)

ge,

where C = 5
q°d+eg,a

,A=1+k,C,B=k,C.

27



A
AN

4 um

-— 02 pm —»

SiC Substrate

Figure 3.1: Schematic of AlGaN/GaN HEMT

Figure 3.2: Energy band diagram of AlGaN/GaN HEMT
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3.3 Current-Voltage Characteristics

The drain current is given by [54],

I, =qn,(x)Zv(x) (3.6)
where Z is the gate width and v(x) is the electron drift velocity. The relationship between
the drift velocity and the electric field used by in this work is expressed as [29],

v(X) = vE (3.7)

JEZ (v, /1)

where Vs is the saturation drift velocity and  is the low-field mobility.

Substituting equations (3.5) and (3.7) in (3.6),

R’ E
I, =G, I o o (3.8)
whereG, = q2v,, E, ==, and R=-B+.[B"—4AC K — €5 —V () —V,,
P ,
3.3.1 Drain Current before Saturation
Writing E(X) =— d\(/j(x) in equation (3.8),
X
1 G 2 R4 1/2
dv(x) —| 2| — - =-£_dx 3.9
RHCSL . -
Now R can be newly defined by — B + Jt , which transforms equation (3.9) into,
4 142
dt(x) p-B+ Jt€) -1 = -aAc dx (3.10)
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Integrating equation (3.10) fromx =0tox =L,

/2

J:Ldt(x)[P(B+ t((/j—lT = —4ACE,dx

where t =B2—4AC K - ¢, -V,

Let,

Hence,

dt

2
—V(x)\, and P:L4 So
- 16A° I

sect /P (=B £ +/t)? :z 0

+sec’?0tan0( sec'?0

Using variable transformation from t tod, equation (3.11) can be rewritten as,

Pl/2

where

1 fL secOtan? 0do +

P?’“ [ V/seco tan® 6d0 = ~4ACE, L

) ~
0, =secl[\/5(B+\/E)}, t, =B? —4AC K — {5 —V,; — I,R;

> ~
0, :sec—l[ﬁ( B+\/K/}, t, =B*-4AC K -, —V,, —Vy + 1R, _

I, = fLsecetan2 0-do =

I, =] +secOtan?0-do =
2

B -3 eL
sm29 +£sine—iln¢ece+tane
| 2cos°0 2 2

99

L

%sec“2 e(tan 0—2cos’?0- F[% mJﬂ

9o

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

3.1)

(3.16)

(3.17)

where F is incomplete Elliptic Integral which requires large computation time and may

encounter convergence problem during numerical evaluation. To avoid this integral,

truncated series is obtained based on the following condition:
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At saturation, 6 =0,co0s0 =1.This is derived in the following section.
Hence, |z| = cos6 <1 and the integral in equation (3.18) can be transformed in z as

follows:

fL Jseco tan? 0do = fL z27°'%\1-7%dz

N 3.18
= 22—3/2+21/2+i25/2+i29/2+i213/2 ( )
3 20 72 832

Zy

where z, = c0s6, and z, =c0s6,

Equations (3.14), (3.17) and (3.19) yield I-V characteristics before saturation i.e., when

Vb < Vpsat Where Vp 4 IS the drain-saturation-voltage.

3.3.2 Drain Voltage at Saturation

Now, the point of saturation is achieved when channel conductance (g, = oo oV )
D

becomes zero.

Let,
615V Vo) = [ dt(x) b8+ yt€)* ~1] = -aace,ax (3.19)
Hence,
G
a, oV,
= =— 3.20
VR (3.20)
o,
% __ancpeaiiy 1T,
EYA

? :4AC|:RD\/P(_B+\/EL)4 -1+ Rs;\/P(—B‘F\/fo)4 —1:|

D
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Gate

Figure 3.3: Schematic of channel layer for AIGaN/GaN HEMT
after saturation

Therefore,
3 4 /2
9. = I)( B+vt,)' -1 (3.21)
[RD\/P(—B+\/fL)4 —14+Ry\[P(-B +to)" —1}
At saturation,
P(-B++/t, )" -1=0
Hence,
B |I Al
Vs 2Vs —Vor +15Rp —k; c fG—'Z _EG_Z (3.22)

3.3.3 Drain Current after Saturation

At the onset of saturation, the channel has been divided into regions: low field
region,0 < x <L, and high field region, L, <x<L. Letx"=x-L,. In the high field
region two dimensional Laplace’s equation is solved to find the current equation.

o oV

e + v 0 (3.23)

subject to the boundary conditions [30] as follows:
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VOy =V, -
€,2V,
oV ~
d =
ax") =5 (3.24)
V&0 =V,
AP

oy - €,2V,

Solving equation (3.23),

~ 2dg, . nx' . my
V&, y = 0 sinh 2 sin ™ 4V
€y == 2d "og TVe

The voltage across the high-field region,

2dS, Si nh— (3.25)
T 2d

VL _VL1

and hence equation (3.25) yields after replacing V| with equation (3.22),

VL1 Dsat
L, = ﬁsmh‘lx (3.26)

T

where
Al B |I
n[k1 +Vp Vg +Vy — IRy +EG—DO+6 GDo]
7\‘ =
2dg,

Now, L, +L, =L and from equation (3.14),

1Y
L = D (3.27)
4ACE,
where
4A° 2AB

Y = I,

I, +

GO VIDGO

and Il and 11, are defined by equation (3.16) and equation (3.17), respectively with
0,=6,=0.

33



Combining equation (3.26) and equation (3.27) yields the current-voltage characteristics

after saturation,

oo = 1o :—4A$§° [L—%sinh‘lkj (3.28)

where &, = p&., p is the fitting parameter for smooth transition of drain current from

linear to saturation region.

3.4 Small Signal Parameters

3.4.1 Transconductance

Let,
1Y 2d .
F, V.V, =L+—2  _““sinph?*a 3.29
GVe Vo > AACE, m (3.29)
where,
2
Y:4A I, + 2AB I, (3.30)
GO IDGO

I, = f“secetanze-de, I, = f“\/secetanzﬂde

At saturation, 9.1=0

_oF
ol, Vg
= = 3.31
o T o o
al,
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OF I, oY 2d 2
N, A4ACE N, 7 OV,

. _ N
Gnh* 2

(3.32)

~JP(B+ ) -1 1
= +
gc fo'\/iz-i-l

f\/sece tan?0-do

o __A _Esecetanze-de+L
ol, CGy&. %o 4C\[1,G,E,

1 ~N
_m\/P(—B+\/§)4—1(3\/E—t0+4ACRS|D/ (3.33)

1 A, B o
g, 17 +1(CGy  2C Gyl °

Using equation (3.32) and equation (3.33) in equation (3.31), transconductance after

drain current saturation can be calculated.

3.4.2 Cutoff Frequency

Channel charge in the saturation region can be written as,

In the regionL, < x <L,

Hence from equation (3.20),

Q=qz f n, € dx+qZ f n, € dx (3.34)
0 ‘(\_ I
S /_ qZVS
1 1L,
Q= qZ_E n, & dx+-—2—2 (3.35)
v

Then using equation (3.9),

35



R? 1 (G, Y
' ax=|" _— | 22| R*-1 3.36
fns‘(’x f 4A%E, \/16A“(IDJ 439

Performing variable transformation on equation (3.22),

__ —aZzB
16A’CE _P3'*

ifseczetan29~de+ﬁ (3.37)
CE.P v

Q 16A°

fsecS’ZGtanze-de—

S

where 0 and 6, are defined by equations (3.12) and (3.15).

Taking derivative of Q with respect to Vg

—-3q9ZB,/1
C, = RQ _—d Vo0, fsec3’29tan26-d6+ qZZg \/P(—B+\/E)4—1

N 4CE_\JG¢ 4A
(3.38)
—%fseczetanze-de+ 20,1oY _ 1o \/P(—B+\/E)4 -1
CéCGO 0 4ACE->CVS VS@C
where Y is defined by equation (3.22).
Unity gain cutoff frequency is given by,
g
fo=_3Im 3.39
T onC, (3:39)

3.5 Self-Heating Effect

The self-heating is a local increase of crystal temperature due to dissipated Joule electric
power [55]. AlGaN/GaN HEMT exhibits self-heating with the increase in channel power.
The increase in channel temperature is determined by the product of dissipated power and
thermal impedance of the device. The equivalent thermal circuit [40] for self-heating

effect is shown in Figure 3.4 .
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Figure 3.4: Equivalent thermal circuit for self-heating effect

Hence, the channel temperature can be calculated as,
Tc = To + ith Rth

(3.40)
= To + IDVDi Rth

where T, is the channel temperature, Ty is the reference temperature, iy, is the dissipated
power, Ry, is the thermal impedance of the device. iy, is the product of channel current Ip

and voltage drop, Vp;i across the gated part of the channel.

3.5.1 Calculation of Thermal Impedance

Thermal impedance has been calculated using the following expression [57], [58],

n

R, ZK = (3.41)

InM InP

{2(1—13 n—Z}
T

Here,

cosh n(
~2Ju+1 4

M u=

- u-t coshB(

n = Number of gate fingers
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Z = Total gate width

L = Gate length

F = Thickness of the layer

S = Spacing between heating elements for multi-finger FET

K = Thermal conductivity of the layer

The thermal conductivity of GaN, SiC or Sapphire decreases with the increase in
temperature. The actual temperature would be different from T, as shown by equation
(3.40). Considering temperature dependent thermal conductivity, the actual temperature

of the layer can be obtained as follows [58]:

(3.42)

To calculate thermal impedance using equation (3.41), the thermal conductivity at 300 K
has been used for GaN. The theoretical limit for intrinsic thermal conductivity due to
crystal anharmonicity in wurtzite GaN is 3.36 — 5.40 W/cm.K. In practice, thermal
conductivity is a function of doping density and concentration of defects. Researchers
[59] have measured the values of thermal conductivity for GaN as low as 1.77 W/cm.K to

0.86 W/cm.K.

Figure 3.6 shows the temperature profile of a field-effect transistor where T;>T,>Ts3. The
elliptic nature of temperature contours is evident [55], [58]. Hence, the thermal

impedance has been calculated considering the gate of the HEMT as the heating element
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as shown in Figure 3.5. The dissipated power, ig across the element has been obtained

using the following expression:
i =1V, —12@ +R, (3.43)

Using equations (3.40) and (3.42), actual channel temperature, Ta has been obtained.

Gate

Ta

T3

Figure 3.6: Temperature profile of a FET

GaN 0.2 um

Figure 3.5: Schematic of an equivalent heat source for the calculation of
thermal Impedance
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3.6 Measurement and Simulation Results

The current-voltage characteristics of the HEMT (Figure 3.1: Sc) have been obtained
using Keithley 2400 source meters and Signatone DC probe station. A Labview program
has been used to sweep the voltages and measure the currents by the source meters. The
transfer characteristics of drain current versus gate-to-source voltage have been obtained
using equation (3.28) keeping drain-to-source voltage constant. Figure 3.7 shows the
simulated (solid) and the measured (circle) transfer characteristics for Vps =10 V. The
analytical curve shows good agreement with the measured data. The threshold voltage is -
4.6 V. Figure 3.8 shows the analytical (solid) and the measured (circle) output
characteristics of drain current versus drain-to-source voltage for the gate voltages of 0 V
to -3 V. The analytical curve has been obtained using equations (3.14) and (3.28) for
linear and saturation regions, respectively. The delayed transition between the linear and
the saturation regions of the analytical curve occurs due to the carrier velocity saturation
in the drift region between the drain and the gate and is equivalent to an increase in the
resistance of the drift region [60]. In the model, a constant value of the resistance has
been considered and hence, the drain current has been overestimated during the
transition. Figure 3.9 shows the simulated output characteristics for higher drain-to-
source voltages of up to 50 V. The output conductance becomes negative due to self-

heating at the large level of signal.
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Chapter 4 Temperature Dependent Model

4.1 Introduction

This chapter describes the temperature dependent physics based model to predict the
current voltage characteristics, small and large signal parameters of AlGaN/GaN HEMT
for different temperatures. To include the effects of temperature, the temperature
dependent parameters of the device have been identified. These are primarily low-field
electron mobility, Fermi energy, conduction band offset, effective width of 2-DEG, and
thermal conductivity. The variations of these parameters with temperature have been
incorporated in the physics based model developed in chapter 3. Temperature- and bias-
dependent on-wafer I-V measurements from 300 K to 573 K have been done to validate

the model.

4.2  Temperature Dependent Parameters

4.2.1 Fermi Energy
Fermi energy in GaN varies with the sheet charge density, ns [24] and temperature and is
defined [33] by the following polynomial equation,

E. =k, +k,n’? +k;n, (4.1)
where ki, ko, ks are temperature dependent parameters which are obtained from three

different values of ng’s and corresponding Eg’s [33]. Table 4.1 shows the values of ki ko,

ks for three different temperatures as calculated by the method described in [33].
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Table 4.1: Values of k; k, and ks at different temperatures

Temperature (K) ks (V) ko x 107°(V.cm)  ksx 10(V.cm?)
300 -0.1526 3.4622 -5.4733
400 -0.2122 4.3243 -9.0229
500 -.2739 5.1828 -12.536

4.2.2 Energy band offset

An important parameter that determines the two-dimensional electron gas density in the
HEMT is the conduction band discontinuity AEc at the heterointerface. Higher AE¢ is
expected to produce higher 2-DEG density. In Al,Ga;-mN/GaN HEMT, AE¢ is expressed
as [62],

AE (T, m) =0.75 €2 €, m T ESN ¢, m (4.2)

where m is the Al mole fraction in AlGaN, T is the lattice temperature and Eq is band gap
energy.

The band gap of the alloy Al,Ga;-mN has been approximated by the quadratic relation

EXNEm=mEMNC FC-mESN & FmC-m_ (4.3)

The empirical Varshni formula [63] well approximates the temperature dependence of the

band gap energy. The band gap energy for AIN and GaN is given by [64], [65],
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EAN G 16.34-1.799x10 3 x —— 4.4
o €5 T 1462 (44)

T2

ECN € =3.582-9.09x107*
o O T 830

(4.5)

4.3  Quantum Correction

Schrodinger and Poisson equations have been solved self consistently to calculate the
average distance of the 2-DEG from the AlGaN/GaN interface [66]. The variation in the

average distance of the 2-DEG at different temperatures is shown in Figure 4.1.

4.3.1 Spontaneous and Piezoelectric Polarization

In AlGaN/GaN based heterostructures, large spontaneous and piezoelectric polarization
fields exist due to the material properties of AlGaN/GaN [[62], [67]]. Because of this
property 2-DEG is formed with very high sheet carrier concentrations of 10* cm™, even
without any intentional doping [68]. Although the spontaneous polarization is very strong
in group Il nitrides, the pyroelectric coefficients, describing the change of the
spontaneous polarization with temperature, are measured to be very small [69], [70]. It
has been demonstrated [47] that the effect of pyroelectric coefficients on the channel

current at high temperature is negligible.

The piezoelectric polarization Py, in the direction of z-axis can be determined by the

elastic and piezoelectric constants [14]. Py, is also found to be nonlinear in terms of the
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Figure 4.1: Quantum correction (4d) dependency on temperature

alloy composition. An extensive literature search did not yield any report on the

temperature dependence of piezoelectric polarization. Since it is expected to be very

small as in spontaneous polarization, the temperature dependence of piezoelectric

polarization is neglected in this model.

4.3.2 Mobility

Mobility is identified as the key parameter in the physics based model for significantly
altering the transistor characteristics with variations of temperature. Authors in [71]

presented a simple analytical model to describe the temperature and concentration
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dependencies of the low-field mobility in bulk doped GaN material. In the paper [71], the

low —field mobility in terms of temperature is expressed as,

;
BNE'ITJ
o T = 10, € :

0_ T a+pB
1+BQ | —
TO

Where o and £ are constants with values 0.7 and 0.2 respectively for electrons and B(N)

(4.6)

is defined as follows in [71],

N /4
Hmin ‘-O /+ Hmax ‘O ENQJ
BN = S = @.7)

Hinax ‘-0 = Hnin ‘-O —

Model parameters £z, Lna» N ,and  are dependent on semiconductor material and N

is the doping concentration of the semiconductor. The 2-DEG mobility is function of the
2-DEG density, ng which in turn is function of gate-to-source voltage. Hence, in this

paper the low-field mobility is defined by a phenomenological model [72],

P,

Ho = 2 (4.8)
p2 + ()3 +Vgs —~
where p;, p2 and ps are extracted parameters. The empirical relation between 2-DEG
mobility and temperature incorporated in the presented model is as follows [73],
T -1.8
= — 4.9
Hr = Hazook (300j (4.9)

4.4  Simulation and experimental results

By incorporating the temperature variation of the model parameters in equations (3.14)

and (3.28), the output characteristics between drain-to-source current and drain-to-source
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voltage are obtained at different temperatures as shown in Figure 4.3 for gate-to-source
voltage of OV. The analytical curve matches very closely with the measured data as
shown for three different temperatures (Figure 4.3). The bulk resistances from gate-to-
source and gate-to-drain are assumed to be constant in this formulation of the analytical
model. These resistances are function of 2-DEG density and carrier mobility across the
non-gated regions. Due to larger spacing between the gate and the drain terminals of this
power device the drain resistance becomes larger than the source resistance. By including
the variation of bulk resistances and Schottky barrier height [73], [74] with temperature,

the current-voltage characteristics can be more accurately predicted.

Figure 4.2 shows the variation of transconductance with gate-to-source voltage for
different temperatures. The transconductance plot (Figure 4.2) has been obtained by
considering temperature variation of the parameters and applying equation (3.31).
Similarly, unity gain cutoff frequency with varying temperatures (Figure 0.1) has been
calculated using the temperature dependent expressions of the parameters and applying

equation (3.39).
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Chapter 5 AlGaN/GaN HEMT as Sensor

5.1 Introduction

This chapter describes the application of the physics based model of AIGaN/GaN HEMT
to CHEMFET/sensor. AlGaN/GaN HEMT based CHEMFET technique has been applied
for the detection and the characterization of biomolecular photovoltaic PS | reaction
centers. In oxygenic plants, photons are absorbed with high quantum efficiency by two
specialized reaction centers, Photosystem | (PS 1) and Photosystem Il (PS II). PS I
reaction centers have been extracted, purified and anchored on a metal surface without
denaturation. PS | reaction centers can be self-assembled and oriented on organosulfur-
modified gold substrates. Absorption of photon triggers rapid charge separation and the
conversion of light energy into an electric potential across the nanometer-scale (~6 nm)
dimension of reaction centers. Investigating the physics of the AlIGaN/GaN HEMT and
the floating gate field-effect transistor, an analytical model has been developed to
estimate the number of PS | reaction centers effectively oriented on the floating gate
surface of an AlGaN/GaN HEMT. This work effectively demonstrates a practical
approach for the electrical characterization of PS 1 reaction centers to date as other

methods of characterization are primarily heavy laboratory instrument oriented.

In this chapter, the significance of PS | reaction centers as unlimited source of solar

energy has been described first. Then AlGaN/GaN HEMT based CHEMFET technique
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for the characterization of PS | reaction centers has been discussed, and finally the

analytical model for the CHEMFET has been elaborated.

5.2 Role of Photosystem | Reaction Centers

PS I reaction centers are potential sources of solar energy. Using sunlight, these reaction
centers generate electrical potentials which can be accumulated to build substantial
source of electrical energy if proper extraction technique can be developed. In oxygenic
plants there are two types of reaction centers — Photosystem | (PS 1) and Photosystem I
(PS I1). Both of the reaction centers work in succession to produce glucose for green
plants, some bacteria and protistans in photosynthesis. Photosynthesis is a two phase
process. The first phase is light dependent which requires direct energy of light to
produce energy carrier molecules. The second phase is light independent. During the first
phase, light energy induces electron separation in PS Il. PS Il fills the electron from a
water molecule, breaking the water into H+ ions and O-2 ions. These O-2 ions combine
to form O, molecule. The electron is boosted to a higher energy state and finally
transferred to PS | through electron acceptor and a series of redox (reduction + oxidation)
reactions. The electron is again passed through a series of redox reactions and eventually
becomes attached to NADP+ and H+ to form NADPH, which is energy carrier in the
light independent reaction. There is thus a continuous flow of electrons from water to
NADPH, which is used for carbon fixation in the light independent process. Thus, PS I
and PS Il work as energy harvesting units in photosynthesis. Figure 5.1 shows the

schematic for the entire chain of photosynthesis.
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Figure 5.1: Role of reaction centers in photosynthesis (used with permission from Dr. Lee)

Figure 5.2: Schematic illustration of the structure and function
of an isolated PS | reaction center core antenna complex
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5.2.1 Structure of Photosystem | Reaction Center

PS 1 reaction center can be isolated efficiently from thylakoids of plant leaves (such as
spinach) using the technique of detergent solubilization and hydroxylapatite column
purification [82]. Each reaction center contains about 40 chlorophylls per photoactive
reaction center (P700 in Figure 5.2). The isolated PS | complexes are elliptical in shape
with major and minor axes of about 6 and 5 nm, respectively [82].

Figure 5.2 shows the approximate structure and pigments of PS | reaction centers. An
isolated PS | complex contains electron acceptors (Ao, A1, Fx and Fag) in addition to
P700 and the antenna chlorophylls. Chlorophylls serve as an antenna to capture photons
and transfer photon energy to P700. The photochemistry of P700 generates a primary
charge separation (P700" Ao ) within about 1.5 pico second [83]. Due to efficient
excitation transfer and trapping, the entire photophysical chemistry can be completed in
10-30 pico seconds. The electron released from P700 is transferred to the terminal
acceptor Fag at the reducing side of PS I, through intermediate acceptors Ao, A; and Fx.
The quantum yield of PS | photochemistry is very close to 100%. Charge separation in
this natural photovoltaic device generates a potential difference of about 1 volt across
about 6 nm between the reduced (Fag) and oxidized (P700") sides of the PS | complex,
resulting in a very strong electric field (~ -10% volts per meter). The first measurement of
exogenous photovoltages generated from single PS | reaction centers immobilized on
atomically flat gold surfaces has been done using the technique of Kelvin force probe

microscopy (KFM) [84]. However, no two-terminal micro device or sensor has been
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developed for the characterization of these biomolecular photodiodes. AlGaN/GaN
HEMT based CHEMFET is a convenient technique for the characterization of PS |

reaction centers.

5.3 Immobilization of PS | Reaction Center

Organic self-assembled monolayers (SAMs) on solid surfaces have been regarded as one
of the most suitable functional linkage-layers for the immobilization of biomolecules. To
date, the most intensively studied systems are SAMs of alkanethiols on gold surfaces.
Functional PS I reaction centers can be selectively immobilized and oriented by chemical
modification of a surface [82]. Two-dimensional vectorial arrays of functional PS I
reaction centers have been prepared on atomically flat derivatized gold surfaces [82]. The
atomically flat Au {111} substrate treated with mercaptoacetic acid (HSCH,COOH), 2-
dimethylaminoethanethiol [(CH3),NCH,CH,SH], or 2-mercaptoethanol (HSCH,CH,0H)
can form a negative, positive, or hydrophilic surface, respectively. After incubating the
substrates in PS | solution, it has been found that 65% of the area was covered with PS |
when the gold electrode was treated with mercaptoacetic acid with negatively charged
end groups that attract and orient PS | reaction centers. Previous studies have shown that
the polar regions (both ends) of the PS I are positively charged [82]. These regions serve
as the docking sites for ferredoxin and plastocyanin, the natural electron acceptor and
donor, respectively, for PS I. On the other hand, very little PS | coverage was found (i.e.,
5.0%), on 2-dimethylaminoethanethiol—treated gold surface terminated with positively

charged end groups [82]. Hence, a positively charged surface does not attract PS | very
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well. When the gold electrode was treated with 2-mercaptoethanol, 70% of the area was
covered with PS I. This chemical treatment terminates the surface with end groups that
form hydrogen bonds with PS | and can also be used to construct arrays of PS I reaction

centers on gold surfaces.

In addition, the orientation of PS I can be selectively made by chemical modification of a
surface. For mercaptoacetic acid, 83% of the electron transport vectors were parallel to
the surface Figure 5.3A, whereas with 2-mercaptoethanol 70% were oriented

perpendicularly in the “up” position (with P700 facing the Au surface) (Figure 5.3B) and

only 2% were in the “down” position (Figure 5.3C). No preferential orientation was

observed with 2-dimethylaminoethanethiol.
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54 AlGaN/GaN CHEMFET

The concept of AlIGaN/GaN HEMT based CHEMFET for the characterization of reaction
centers is illustrtaed in Figure 5.4. PS | reaction centers are immobilized on the
chemically modified gate (Au) surface of the HEMT. Upon illumination, PS 1 reaction
centers create positive charges on the surface and eventually modulate the 2-DEG at the

hetero interface. This results an increase in drain current of the CHEMFET.

5.4.1 Experiment and Results

Before immobilization of the reaction centers on the AlGaN/GaN HEMT, the

characteristics of the bare HEMT have been measured in dark and light environments.

The photochemical activity (Figure 5.5) and light absorption characteristics (Figure 5.6)
of PS | reaction centers have been measured before immobilization. As shown in Figure

5.5 with the light on, PS | signal rises immediately and remains in the steady state as long

2384

Gate Contact

\Z

Source Contact

Drain Contact

n+ GaN n+ GaN

Undoped GaN 2-DEG Channel

Figure 5.4: PS | Reaction Centers immobilized on the gate of an AlGaN/GaN HEMT
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as the light is on. With the turn off of light, the signal of PS I goes down to the previous
state. Thus, the photochemical activity of PS I has been confirmed with the measurement
shown in Figure 5.5. Figure 5.6 confirms the light absorption performance of
chlorophylls as an antenna in the reaction centers. The absorption maximizes at two

wavelengths of light such as 437 nm (blue), and 672 nm (red).

The surface of the AlGaN/GaN HEMT has been treated with 2-mercaptoethanol to
functionalize for PS | reaction centers. After waiting for 30 second, the die has been
immersed with filtered solution of PS | and kept in refrigerator for 24 hours. The dc
current voltage characteristics have been measured by Signatone dc probe station with
Keithley source meter for the sweep of drain-to-source voltage. The measurement has
been done under floating gate condition in both dark and white light identical to the
conditions during bare surface measurement of the HEMT. Figure 5.7 shows the
schematic of the HEMT on the die and microphotograph of the die during measurement

of current-voltage characteristics under floating gate condition.
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Figure 5.6: Absorption spectrum of PS I reaction centers
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Figure 5.7. (A) Schematic of parallel HEMTs (B) Microphotograph of the HEMT during 1-V measurement

Figure 5.8 shows the output characteristics of the HEMT measured up to drain-to-source
voltage of 3 V. In this figure the light-dark characteristics of the bare HEMT and the PS |
modulated HEMT have been plotted. The light current is less than the dark current for the
bare HEMT measurement, which explains photon-assisted charge collapse from the 2-
DEG. Figure 5.9 shows change in light and dark characteristics of the HEMT due to
immobilization of PS | reaction centers. The change in light current for PS | has been
obtained by deducting the light current of the bare HEMT from the total light current of
the PS | modulated-HEMT. Similarly, the change in dark current for PS I is found by
subtracting the dark current of the bare HEMT from the total dark current of the PS I

modulated-HEMT.

As reported in [82], 70-80% of PS Is on 2-mercaptoethanol-modified gold surfaces is
oriented primarily with the electron acceptor side up and the P700 donor side down
(adjacent to the 2-mercaptoethanol-modified gate surface). Under illumination, the

electric potential on the oxidizing side (P700) of PS | develop a positive voltage
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following electron release, whereas in the dark, the potential is negative [84]. Thus, under
the light, the 2-DEG density is enhanced due to positive charges created by PS | reaction
centers at the surface. As a result, the change in drain current due to PS | in light is
positive and increases with the increase in drain-to-source voltage as seen from Figure
5.9. On the other hand, in dark, the change in current is negative and increases with the
applied voltage. This behavior implies that the negative charges of PS | in dark drive the
device toward inversion. Also, the changes in light current are less than the changes in
dark current with the applied voltage as shown in Figure 5.9, which implies that not all of
the reaction centers immobilized have been activated by light to create effective positive

charges on the gate surface.
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and light responses, respectively in both cases.
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Figure 5.9: Change in light (solid) and dark (dotted) characteristics of the HEMT due to

immobilization of PS | reaction centers only

5.5 Model formulation

Let, Ip; and Ip, represent the drain-to-source currents measured in light for the PS I

modulated HEMT and for the bare HEMT, respectively with a drain-to-source voltage

applied for linear region of operation.

The drain current of a HEMT can be expressed as,

I'p =qn, ((ZV((:
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where ng(x) is the sheet carrier density, which is defined under floating gate condition by,

~ 82 ~ =
n =—€EV & -V 5.2
S ‘(/ qﬂd +Ad ‘_ ‘(/ th _ ( )

where &, is permittivity of AlGaN, dy is the thickness of AlGaN layer, 4d is the effective
thickness of the 2-DEG channel, V(x) is the voltage at x in the 2-DEG channel due to
applied drain bias, Vy, is the threshold voltage which can be expressed as [[27],[30]],

AEC AE od
Vth = ¢b - + = <
q q &,

(5.3)

where ¢, is Schottky-barrier height between gate metal and AlGaN, 4E; is conduction
band discontinuity, 4Eg; is the change in Fermi energy at the heterointerface (0 at 300
K), o is the sheet charge density due to spontaneous and piezoelectric polarizations.
Following the approximation described earlier, for each positive or negative ion adsorbed
at the free surface of the HEMT, one electron is gained or lost in the 2-DEG. According
to the models of floating gate transistor and CHEMFET theory, the binding of PS I
charges will be reflected in changes, 4Vi, of threshold voltage or floating gate voltage,

Vgg as follows,

d+d
Vo _av. - Q __QU+d,) 54

C £,

gc
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Figure 5.10: Schematic of the AIGaN/GaN CHEMFET with PS I reaction centers for analytical
modeling (drawn not to scale).

where Q is the effective charge per unit area and Cg is the gate-channel capacitance, d is
defined by 4d + dg, d; is the root mean square (RMS) roughness (Figure 5.11) of gate
surface and v(x) is the drift velocity which is related to the longitudinal electric field E(x)
by,

v.E
V= — (5.5)

JEZ+E2

where v is saturation velocity of electron in GaN, E, = —, 1 is low-field mobility of
Ho

electron in the 2-DEG. Now, change in drain current measured under illumination due to

presence of PS I reaction centers can be analytically expressed as,

Al =l 4—1y, =CW51—”5J(<Z (5.6)
Combining equations (5.2) — (5.6),
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where G = 5 Zv, . Equation (5.7) can be written as,
E
E= < (5.8)

BEN

Substituting E by (jj—v and integrating fromx=0tox =L,
X

, /2
Al E.L

=1 ¢ - 9

° G{-F{VDD_AIRD-FRSJ] 9

Assuming one electron charge per reaction center, the number of reaction centers

immobilized on the area Z x L can be calculated as,

2 1/2
E.L
N c - (5.10)
qG Vo, — Al K, + R,

Here, Rp and Rs are drain and source contact resistances, respectively and L is the source-

drain spacing as shown in Figure 5.10. As PS | reaction centers have the chances to be
immobilized on the non-metalized part of the AlGaN surface, integration has been done

for the length measuring source to drain distance rather than for the gate length only.
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200.0 nM

Figure 5.11: AFM image of the pure gate Au surface. The roughness of the surface can be
understood from the hillocks in the AFM image and RMS roughness was measured as 24.4 nm.

5.6 Discussion

For Vps of 1.00V, 47 was measured to be 1.8 mA. Using the experimental values and the
modeling constants from Table 1 in equation (10), 4.47 x 10 number of light-active
reaction centers is calculated. For atomically flat surface and closed packed orientation, a
maximum of 4.8 x 10 of reaction centers can sit on the gate and non-metalized surfaces.
In practice, not all the molecules would be vertically oriented and continuously spaced
due to surface adulation (Figure 5.11). The RMS value of the surface roughness is
considered for calculation of the distance between the 2-DEG and the PS | charge
centers. However, the effective charges of PS | reaction centers depend on the
orientation on the surface. Hence, the calculated number of reaction centers is slightly

less than the maximum number of reaction centers. Ve induced by the reaction centers is
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0.4 V as calculated from equation (5.4). The effective number of light-active reaction
centers slightly decreases with the increase in drain-to-source voltage as shown in Figure
5.12. The number of reaction centers at 3.00V is 1.2 times less than the number at 1.00 V.
The decrease in effective surface charges can be explained by the leakage current flowing
between drain to gate causing void of the charges [74]. The leakage current increases
with the increase in drain electric field [74] and thus decrease the effective charges on the

surface with the increase in drain-to-source bias.
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Chapter 6  Conclusion and Future Work

GaN as wide bandgap material shows greater prospects for the construction of high-speed
and high-power devices operating at higher temperatures compared to Si and GaAs. On
the other hand, due to heterojunction, HEMT/MODFET offers the highest mobilities
among the different structures of field effect devices. Combining material and device
properties,, AlIGaN/GaN HEMT is most promising for the integrated high-speed, high-
power and high-temperature operations. Moreover, AlIGaN/GaN HEMT shows great
potential for sensor applications. To take advantage of such different applications of
AlGaN/GaN HEMT, accurate modeling of the device is required to predict and optimize
the performances before implementation of the circuit. Physics based analytical model
can provide deep insight into the device behavior. A temperature dependent physics
based model of AIGaN/GaN HEMT is required under different operating conditions such
as dc, small and large signal ac. In this research, following contributions have been made
in the field of AlGaN/GaN HEMT research:
> Development of new current-voltage expression based on nonlinear charge
control method
> Development of temperature dependent analytical model for various operating
conditions
» AlGaN/GaN HEMT based detection and characterization of bio-molecules
» Development of analytical model to estimate the number of bio-molecules with

effective orientation on the gate surface of the AlIGaN/GaN HEMT
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Future Works

AlGaN/GaN HEMT is a newer technology compared to Si or CMOS. Gate leakage, traps
and surface defects are some of the barriers to the commercialization of this high
performance wideband gap device. With the increase in temperature, the undesired
effects become more prominent in devices. Hence, including the effects of following
phenomena with temperature would help understand the device behavior more
accurately:

» Parasitic parallel conduction for higher gate voltage

» Variation of drain and source resistances with gate voltage and temperature

» Leakage currents

> Trapping effects
In this work, the dc current-voltage characteristics of AlGaN/GaN HEMT have been
validated by the measured data for varying temperature. The future work can include
measurement of temperature dependent small and large signal parameters as function of

temperature and comparison with the measured data.
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