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Abstract 
The objective of the work of this thesis is to design, fabricate, and characterise a GaAs 

MESFET based monolithic microwave integrated circuit (MMIC) downconverter which 
operates at Ka-band frequency (35GHz). In the course of the project active and passive 

elements required for the MMIC were designed, fabricated, characterised and their 

equivalent circuit models extracted. Fabrication processes for passives, actives and 
MMIC were realised using mainly electron beam lithography (EBL) techniques. 
The main findings of this these were: 
* Devices 

- Influence of gate recess offset on MESFETs 
The MESFETs were patterned by EBL and gate recessing was accomplished by 

selective dry etching. The influence of the gate recess offset on the small signal ac 

equivalent circuit, DC device characteristics, overall high frequency device 

performance, and low frequency noise behaviour of 0.2ýtm gate length GaAs 

MESFETs implemented in the low noise amplifier (LNA) circuit design in this 

thesis was investigated. Numerical simulations of the ac small signal equivalent 

circuit dependence were carried out in order to help understand the effects 

observed. Good qualitative agreement between measured and simulated response 

was obtained. 

- Schottky diodes 

The performance of Schottky-contact diodes used in the MMIC mixer were 
studied as a function of their geometry and processing conditions. 

0 Passives 

- CPW losses 

Losses in coplanar interconnect topologies (coplanar waveguide and slotline) 

using different metallisation processes were investigated. 

- CPW to slotline transitions 
A range of coplanar waveguide to slotline transitions required for the MMIC 

mixer were studied. Broadband performance with insertion loss of < 0.5dB per 
transition was observed. Transmission line models of the structures have been 
implemented to enable circuit performance to be predicted and designed to suit 
the application frequency. The effect of parasitic modes on transition performance 
was also investigated. 

- NiCr resistors 
A NiCr resistor process developed during this thesis was proven to be reliable. 

- CPW Discontinuities 

CPW discontinuities such as MIM capacitors, interdigitated capacitors, 
semiconductor resistors, and (50-50 -56)Q Tee junctions were designed. 



fabricated, and their equivalent circuit models are derived from measured S- 

parameters 
MMICS 

The design, fabrication, and evaluation of a fully integrated Ka-band monolithic 
downconverter which consists of a three stage low noise amplifier (LNA) and a 

single balanced diode mixer on a single chip is presented. 

- LNA 

The amplifier showed a gain of > l7dB and input and output return loss of >7dB 
in the frequency band 32 - 42GHz, which is in agreement with the simulated 

response. 

- Mixer 

The mixer showed a minimum conversion loss of 20dB, this relatively high 

conversion loss is most probably due to the high series resistance of the diodes. 

- Integrated LNA / Mixer 
Integration of the LNA with the mixer reduced the conversion loss by around 
20dB, indicating that the fully integrated downconverter was performing as 

expected. The integrated downconverter was a first pass success and had a high 

yield. Furthermore this is pioneering work in monolithic down converters using 
coplanar waveguide interconnects. 
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Chapter I 

1.1 Introduction 
At microwave frequencies, signal attenuation in the atmosphere results from absorption 
by water vapour and molecular oxygen, however, there are windows at about 35GHz, 
94GHz, and 140GHz where atmosphere absorption is relatively low[I-11 as shown in 
Figure I. I. Interest in the Ka-band (29 - 40GHz) is currently increasing for a range of 
broadband wireless applications such as LMDS (local microwave distributed systems). 
The realisation of high performance, cheap manufacturable 35GHz monolithic 
microwave integrated circuit (MMIC) chipsets including front end receivers 
(downconverters) is key to further commercial exploitation of the Ka-band. 
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Figure I. I. - Signal Atmospheric Attenuation at Sea Level as a Function of Frequency 

The term MMIC generally defines circuits that operate at frequencies in the range I GHz 
to about 300GHz in which all the active and passive components are fabricated on a 
single chip. The active and passives components often comprise a range of FETs, 
diodes, transmission lines, capacitors, resistors, filters, and transitions as in this project. 
A schematic diagram of a MMIC downconverter is shown in Figure 1.2. In this project 
the issues relevant to the integration of the low noise amplifier, the mixer together with 
the high pass and low pass filters were addressed. 
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RF 
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35 ± 2GHz 
High Pass 

Filter 

----------------- 
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0.2ýtrn GaAs MESFET Schottky-contact Diode 
35 GHz LNA Single Balanced Mixer 
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F1 k I-4 GHz 

Low Pass 
Filter 

----------- 

35 GHz ' 
Local Oscillator 
Signal 

Figure 1.2. - Schematic diagram a MMIC downconverter 

IF 

Current wireless communications links operate at up to 1.8GHz and direct broadcast 

satellites (DBS) systems operate at carrier frequencies of around 12GHz. Higher 
frequency systems are attractive because they offer advantages such as: 

" Large bandwidth can be achieved at higher frequencies, e. g. 1% bandwidth at 
60OMHz is 6MHz (bandwidth of one TV channel), while 1% bandwidth at 35GHz 
is 350MHz (bandwidth of about 58 TV channels). 

" Small chip size can be realised at higher frequencies 

" Small antenna size can be realised at higher frequencies since its size is proportional 
to the wavelength 

" Higher resolution can be achieved at higher frequencies for imaging applications 
" Certain frequency bands are highly attenuated by the atmosphere[ 1.2], and therefore 

applications in the area of remote sensing of the atmosphere, frequency re-use in 

communication, and vehicle collision avoidance are possible. 
All monolithic microwave integrated circuits (amplifier / mixer) reported to date 

operating at Ka-band use microstrip as a transmission line mediall. 3-1.11] unlike the 

work in this project where coplanar waveguide (CPW) is used. As will be discussed in 

chapter 5 CPW has several advantages over microstrip such as avoiding of the use of 
ultra-thin substrates, backside wafer processing, and parasitic via hole inductance. Most 

of the effort in MMICs has been focused in the area of making low noise amplifiers. 
The active devices in such circuits are either GaAs MESFETs (ion-implanted and MBE 

grown) or HEMTs. Table 1.1 summarises reported MMIC details and performance at 
Ka-band, together with the 35GHz GaAs MMIC designed and fabricated during this 

project. 
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Chapter I 

Two papers on W-band MMIC downconverters that incorporate Schottky diodes similar 
in design to the ones used in this project are worth noting. [1.121reports a MMIC single 
balanced mixer using a Schottky -contact diode whose cathode is produced by simply 
connecting the drain and source of a GaAs based InGaAs pHEMT. A conversion loss of 
8dB at LO drive of lOdBm was reported. The diode incorporated in the mixer showed 
18Q series resistance and 16fF junction capacitance. In[ I- 13], the MBE grown wafer 
incorporates two different types of material structure, the first being an optimised 
pHEMT structure for the realisation of the LNA, the second an optimised GaAs based 
diode structure used in the mixer circuit grown on top of the pHEMT. Once the 
Schottky diodes for the MMIC mixer were fabricated, the GaAs based "mixer" layers 

outside the diode areas were etched and HEMTs for the LNA were fabricated on the 

exposed pHEMT layer. The single balanced mixer was fabricated on a 0.25[tm 

n(7xlOI7)cm-3 on top of 1.5gm n+(6xlOI8)cm-3 GaAs layer. The thick burled n+ layer 

and the vertical current flow structure are chosen to minimise series resistance. Three 

finger Schottky contact diodes with anode length of 0.4gm and gate width of lOgm 

were used, series resistance and junction capacitance values are not stated in the paper. 
A conversion loss of 8.5dB was reported at LO drive of I OdBm. 

From this literature search it is clear that the MMIC amplifier designed and fabricated 
during this project is highly competitive with Ka-band amplifiers reported to date. 

However the MMIC mixer conversion loss is higher than produced elsewhere. 
To the author's knowledge, the work of this thesis was the first reported realisation of a 
Ka-band MMIC using coplanar waveguide (CPW) as the transmission line media[ 1.14]. 

Additionally, The following work was performed in the course of this project. Novel 

work has been done on active and passive elements that were required for the MMIC. 

0 The influence of the gate recess offset on the small signal ac equivalent circuit, DC 
device characteristics, overall high frequency device performance, and low 
frequency noise behaviour of 0.2ýtm gate length GaAs MESFETs was 
studied[ 1.15,1.16] 

0 Schottky-contact diodes used in the MMIC mixer were studied as a function of their 

geometry and processing conditions. 

0 Losses in coplanar interconnect topologies using different metallisation processes 
were investigated. 

eA range of coplanar waveguide to slotline transitions required for the MMIC mixer 
were studied. Broadband performance with insertion loss of < 0.5dB per transition 

was observed. Transmission line models of the structures have been implemented to 

enable circuit performance to be predicted and designed to suit the application 
frequency. The effect of parasitic modes on transition performance was also 
investigated[ I- 171 

0A NiCr resistor process developed during this thesis was proven to be reliable[ 1.18] 

6 
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0 CPW discontinuities were designed, fabricated, and their equivalent circuit models 
are derived from measured S-parameters 

1.2 Summary of the FoHowing Chapters 

Chapter 2 describes fabrication techniques used, layout consideration, material 

characterisation, and the newly developed NiCr resistor process. Chapter 3 introduces 

some theory of MESFET operation, then presents results of DC, RF, low frequency 

noise device characterisation and numerical simulation of 0.2gm T-gate GaAs 

MESFETs as a function of gate recess offset. Chapter 4 introduces some theory of 
Schottky diode operation, then presents results of DC, RF, low frequency C-V 

measurements and characterisation of diodes with different geometeries and process 

conditions. Chapter 5 introduces transmission lines including design rules, followed by 

a study of coplanar waveguide (CPW) to slotline transitions and CPW discontinuities. 

Chapter 6 begins with an overview of the theory and design of low noise amplifier and 

mixer before moving to discuss the details of the LNA, mixer and integrated LNA / 

mixer (downconverter) realised in this project. Chapter 7 concludes the finding of the 

thesis together with suggestions for future work. 
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Chapter 2 

Fabrication Techniques, Layout Design Considerations and Material 
Characterisation 

Introduction 

This chapter covers the fabrication techniques, layout considerations and material 

characterisation relevant to the work of this thesis. First, electron beam lithography 

(EBL) and pattern transfer techniques are summarised. The structure of the molecular 
beam epitaxial (MBE) material used in device and circuit fabrication is then described 

and its electrical properties are presented. Next layout design considerations and the 
fabrication process required for monolithic microwave integrated circuits (MMICs) and 
devices are described in detail. Ohmic contact resistance for MESFETs fabricated in the 

project are then presented. Fabrication of on-wafer standards for the Vector Network 

Analyser calibration are outlined. Finally, the reliable Nickel Chromium (NiCr) resistor 

process developed during this project is described. 
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2.1 Electron Beam Lithography 
Direct write Electron Beam Lithography (EBL) has several advantages over other types 

of lithography such as optical photolithography and x-ray lithography, including higher 

resolution, greater alignment accuracy, and layout design flexibility[2. H. EBL uses an 
electron beam steered by scan coils of the lithography tool to write directly on resist 
coated wafers. The scan coils can steer the electron beam to pattern a layout designed 

on a PC-CAD package, and therefore a set of optical masks is not required. The three 

advantages of EBL mentioned above will now be considered in more detail. 

- Resolution 
At frequencies beyond 30GHz, FET based MMICs require gate technologies of 0.3ýlm 

or less, particularly for low-noise and high gain[2.2] operation. Deep ultraviolet sources 
optical lithography can achieve features sizes of 0.12gm[2.3]. X-ray lithography can be 

used to achieve features size down to 30nm[2.4]. One major disadvantage of x-ray 
lithography is the special material needed for masks such as silicon nitride membranes 

coated with a thick layer of gold and the cost to produce them[2.5]. The highest 

resolution is achieved by direct write electron beam lithography. Features sizes down to 

about 50nm can be comfortably realised using EBL, with ultimate resolution currently 
at 3nm[2.6]. The resolution of electron beam lithography is limited by backscattering, 

the quality of e-beam focusing and steering, and the resolution of the resists and the 
fabrication methods used to transfer the written patterns. 

- Alignment Accuracy 
Devices and circuits fabricated in this work required several levels of lithography. 
Therefore good alignment accuracy was essential to deliver high yield devices and 
circuits with reproducibility. Commercially available electron beam lithography tools 

can achieve an alignment accuracy of around 80nm. In this project the gate level is the 

most critical in terms of resolution and alignment accuracy when a 200nm length gate is 

aligned in a 1.1 ýtm source/drain gap. The source/drain gap needs to be small in order to 

reduce the drain and the source access resistance. 

- Flexibility 
Flexibility is a further advantage of electron beam lithography over other types of 
lithography. Modification of a designed pattern or correction of faults is possible not 
only before starting fabrication but also during fabrication between levels. 
These advantages of electron beam lithography over other types of lithography made its 

use essential throughout this project for all levels except the airbridge level where the 
thick resist used and large feature sizes are more suited to optical lithography. 
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2.2 Electron Beam Writing System 

All the electron beam (e-beam) lithography of this project was performed using a Leica 

Cambridge EBPG5-HR electron beam writer. Figure 2.2.1 shows a schematic diagram Z: 5 
of this machine. The main features of the EBPG5-HR are summarised in Table 2.2.1. 

electron source 

ISO 
lin, 61 

Eg - 
s- 

Pattern Generator 
to x and y deflection . 1, 

15 bit DACs 

--- -- 

-I--- 
-0i 

Computer final lens system 
VAX 3100 

Autofocus N71 
---JnhJ 

x-stepper motor, 
laser interferometer 

'V120 (5nm) 

accurate positioning 

( -s- 
u--b 

-st 
ra 

x, y, stage 

ether 

computer control 
stage movement 

y-stepper motor, 
laser interferometer 

ýJ 120 (5nm) 

accurate positioning 

PC IIPC IIPC I 

beam current monitor (using Faraday Cup) 

automatic alignment and calibration 

z dernagnifying lenses 

beam blanker 

-m dernagnifying lenses 

-m dernagnifying lenses 

Height measurement system using 
Laser reflected beam 0.2ýtm accuracy 

> 

Faraday cup 

back scatter 
electron 
detector 

Figure 2.2.1 - Schematic Diagram of Electron Beam Writer used in the Project. 
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General Gaussian-shaped beam; vector scan writing strategy 
System control VAX computer control 

Acceleration voltage 20kV, 50kV, and 100kV 
Operator selectable, computer control 

Writing speed Variable between 50OHz and IOMHz 
Main field size I OOOgm xI 00%tm @ 20kV 

800gm x 80%tm @50kV 
560gm x 560gm @I OOkV 

Trapezium field size Max. 8gm x 8gm @20kV 
Max. 6ýtm x 6gm @50, and 100kV 

Grid size 5nm to 31.25nm 
Step size 1,2,5 or 10 times grid size 

Minimum feature size 20nm @1 OOkV 
Main field stitching 80nm (1000grnx I OOOgm) 

(mean+2sigma) 40nm possible 
Overlay accuracy 80nm, 40nm possible 
(mean+2sigma) 

In-field distortion 60nm (1000ýtrnx I 000ýtm) 
(mean+2sigma) 30nm possible 
Beam current 50pA to 500nA 

Operator defined, computer controlled 
Beam current stability Better than I% per hour 

without calibrations 
Sample Holders 2.5", 4", and 6" Masks 

3", 2" GaAs wafers 
4" Silicon wafers 

Small samples down to 3mmx3mm 

Table 2.2.1 - Features of the EBPG5-HR Electron Beam Pattern Generator 

2.3 Electron Beam Lithography Resist 

Pattern transfer from the device or circuit layout on a PC to the semiconductor substrate 
is achieved using Electron Beam Lithography (EBL) techniques. First, the substrate is 

coated with electron sensitive resist. The EBL pattern transfer process in this work 
relied on a multilayer positive electron beam resist strategy. The positive e-beam resist 
process results in the selective removal of the resist exposed by the electron-beam 
during the development process. 
Positive e-beam resist is made up of long polymer chains[2.7]. These chains are broken 
by the electron beam, this reduces the average molecular weight and hence the chains 
become soluble in a developer which selectively removes shorter chain length 

molecules. 
Patterns were developed in a mixture of 4-methyl pentan-2-one (MIBK) and Propanol 
(IPA). The mixture ratio of 1: 1 was used for all levels except for the gate level where a 
2.5: 1 ratio shown to have optimal resolution and contrast characteristics [2.81 was used. 
Two types of e-beam resist were used for this project. 
(a) Poly-Methyl Methacrylate(PMMA) 

(b) co-polymer of Methyl Methacrylate and Methacrylic Acid P(MMA/MAA) 
A bi-layer e-beam resist system was used to produce an undercut profile to enhance the 
lift-off process[2-91, and tri-layer system was used for T-gate definition[2.101. 
PMMA of two molecular weights were used, referred to by the names of their supplier. 
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85000 molecular weight referred to in this work as BDH. 
350000 molecular weight referred to in this work as Elvacite(Elv). 

In this work the BDH is dissolved in chlorobenzene and Elvacite dissolved in xylene. 
Xylene is a poor solvent compared to chlorobenzene, therefore high concentrations of 
BDH(15%, 12%, 10%) were dissolved in chlorobenzene. A uniform layer of resist on 
the substrate was produced by dispensing a few drops of dissolved PMMA from a 
pipette and then spinning the wafer at 50OOrpm for 60 seconds. The solvent was then 
driven off by baking the wafer at 180T. Figure 2.3.1 shows the pattern transfer process 
in a bi-layer resist system. 
The thickness of the coated resist depends on the concentration of PMMA dissolved in 

the solvent and the spin speed. Table 2.3.1 shows the different resists used in the course 

of this project and their thicknesses. The pattern transfer process using the tri-layer 

resist system is outlined in section 2.9.5. 
dispense and Spin 
First Layer of 
E-Bearn Resist 

STU býs ýtlr at ýe --Wl. 

I 

Bake Substrate 

at 180*C 
For I Houi 

Spin 50OOrpm 

Opipette 

High mw PMMA 

Low mw PMMA --Np- 

Substrate 

Spin 50OOrpm 

Bake Substrate 
at 180'C 
For 2 Hours 
(ýi) 

Opipette 

-DO- 

--immm- 

Write With E-Beam 

ITT 

mwPMMAI 

mwPMMA 

Substrate 

Figure 2.3.1 - Pattern Transfer Process in a Bi-layer Resist System 

Developed Pattern 
Note Undercut Profile 
of the Resist 
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Resist Type Solvent Thickness(nm) 

(Spun at 50OOrpm for 60sec) 

2.5 % BDH (PMMA) Xylene 25 

4% EIv (PMMA) Xylene 100 

12 % BDH (PMMA) Chlorobenzene 700 

15 % BDH (PMMA) Chlorobenzene 1420 

9% co-polymer (PMMA/MAA) Cellosolve 300 

Table 23.1 - Different Resists used in this Project and their Thickness 

2.4 Metallisation and Lift-Off 

This is a standard method for selectively patterning a wafer with metal. The procedure 
is illustrated in Figure 2.4.1. A layer of metal is deposited on an exposed, developed 

resist coated substrate. Metal deposition was performed using a Plassys MEB 450 

Electron Beam Evaporator. This system contains six different metal sources and has a 
base pressure of Ix 10-7 mbar. The metal deposition thickness was measured by a quartz 

crystal thickness monitor. Prior to the metallisation, samples were oxygen ashed in a 
barrel etcher in order to remove any residual resist in the developed areas. It is then the 
deoxidised in HCI: H20 in the ratio 1: 4. The bi-layer resist process produces an 

overhang profile resulting in a discontinuity in the evaporated metal film which 
improves the reliability of the lift-off process. After metallisation the substrate is 

immersed in acetone, where the unexposed resist is dissolved and the metal on top of it 

is "lifted off". For high reliability the deposited metal thickness must be less than the 

thickness of the resist. 
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Coat Substrate with Two 
Layers of Resist then 
Pattern with E-Beam 

TIT 

Deposit Metal Layer 
This is a Directional 
Process 

Developed Pattern 
Note Undercut Profile 
of the Resist 

Immerse in Acetone 

Lift-Off of Unexposed 
Resist and Metal on Top of it 
Resulting in Metal Pattern 

Substrate 
--Wm. 

ýZ711 
U 

Figure 2.4.1 - Illustration of Lift-Off Procedure using a Bi-layer PMMA Resist System 

2.5 Etching 

This is a standard method of pattern transfer where the substrate is selectively etched 
through windows in the resist defined by e-beam exposure and development. The 

procedure is illustrated in Figure 2.5.1. 
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Coat Substrate with Two 
Layers of Resist then 
Pattern with E-Beam 

ITT 

-IBM- 

Etch 

-0101. 
The Resist Mask can 
be Used to Selectively 
Etch the Substrate 

Developed Pattem 

Immerse in Acetone 
to Desolve Resist 

Figure 2.5.1 - Illustration of Etching Procedure 

2.6 E-Beam Exposure Parameters 

2.6.1 Exposure Dose 

The exposure dose defines the number of electrons per unit area (ýW/cm2) that strike the 

resist coated wafer. The optimal exposure dose is an important parameter to ensure that 

all unwanted resist is removed. For large feature patterns, under-exposed substrates will 
have a thin layer of undeveloped resist in the exposed regions. This thin layer of resist 

will prevent adhesion of deposited metals resulting in a poor electrical contact, or 

giving non uniform substrate etching. Conversely over exposure produces larger 

features size than designed. An optimised exposure dose is extremely important for the 

gate level where the "T" gate profile and the gate length reproducibility are critical. 
Further correct dose assignment to avoid proximity effects[2.1 I] is important for the 

ohmic level where a source/drain gap of about I [tm has to be achieved. 

2.6.2 Spot Size 

The spot size is the physical size of the focused electron beam that is scanned across the 

wafer. A large spot size results in a large beam current and so reduces writing time. The 

spot size was chosen to be about twice the resolution (beam step size) and the resolution 

was chosen to be between 1/5 and 1/10 of the minimum designed feature size[2.121. The 

resolution defines the pixel size in the range 5nm to 312.5nm, whilst spot size can be 

chosen in the range l2nm to 400nm. For large features a large spot size was used to b 
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minimised writing time. This applies to all the levels in this work except the critical 
gate and ohmic levels where writing speed was traded for improved resolution. 

2.7 Material Design 
The substrate used to fabricate the active devices and the MMIC circuits shown in 
Figure 2.7.1, was designed by the MONOFAST consortium [2.13]. From the surface the 

material structure comprises a 15nm n-GaAs Si doped to 1.1 x 101 8CM-3 layer for low 

resistance ohmic contacts, a 24nm n-GaAs layer doped to 5. OxjOI7cm-3' followed by 
5nm of AlO. 3GaO. 7As. This AlO. 3GaO. 7As layer acts as an etch stop for the selective low 
damage dry etched gate recess etch process[2.14]. The conducting channel is 56nm n- 
type GaAs with a doping level of 5. OxjOI7cm-3. A p-type GaAs buffer layer below the 

conducting channel introduces an electrostatic barrier which provides good electron 
confinement to reduce the output conductance so improving the device voltage gain. 
This also results in a high gm close to pinch-off which improves the noise figure[2,15]. 

The growth interrupt prior to the 100nm undoped-GaAs buffer layer traps impurities 
from the wafer surface and improves the quality of the buffer/active layer interface[2.16] 

15 nm n-GaAs 1.1 x 10 18 cm-3 
24 nm n-GaAs 5x 10 17 cm-3 
5 nm n-AlGaAs 5x 10 17 cm-3 
56 nm n-GaAs 5x 10 17 cm-3 

100 nm p-GaAs 5x 10 15 cm-3 

100 nm un-GaAs 
Interrupt 
17 nm GaAs 

Figure 2.7.1 - Wafer Structure 

The molecular beam epitaxy (MBE) grown substrate material was characterised by Van 
der Pauw (VdP) structure shown in Figure 2.7.2. The material was evaluated by 

measuring the Hall electron mobility 4te), sheet resistance (Rsh), and electron sheet 
concentration (nsh). The optimal sheet resistance (Rsh) to produce high quality 
MESFETs for this MBE layer is 550±50Q/square[2.17]. This target sheet resistance 
defined the acceptance criteria for each epilayer supplied by the Glasgow MBE group. 
Two levels of lithography were required to fabricate VdP structures. The first level of 
lithography in these structures was an isolation trench in the mesa of 100nm depth or 
larger. This was realised using the isolation process described in section 2.9.2. Then an 
ohmic contact level was aligned to the isolation level. The ohmic contacts were formed 

using the metallisation scheme described in section 2.9.3 and annealed at 360'C in a N2 

atmosphere for 60 seconds. 
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Ohmic Contact 

Mesa 

- -- Semi-Insulating Substrate 

Figure 2.7.2 - VdP Test Structure 

Hall electron mobility 4te), sheet resistance (Rsh), and sheet electron concentration (nsh) 

measured at 300K in the light using a Bi-Rad Polaron HL5200 Hall measurement 

system for wafers supplied for this work are surnmarised Table 2.7.1. 

Wafer Number Sheet Resistance U/sq. Mobility (Lt)cm2N-s Sheet Conc. cm-2 

B364 540 3390 3.4 x 10 12 

B365 550 3370 

B440 600 3601 

B441 713 3615 

B561 950 - 

B562 900 - 

A926 704 3648 2.4 x 1012 

A930 540 3380 3.4 x 1012 

A966 481 3278 3.9 x 1012 

A977 559 3400 3.3 x 1012 

A 1036 500 3132 4.0 x 1012 

A 1040 545 3170 3.6 x 1012 

A 1045 564 3246 3.4 x 10 12 1 

A 1049 525 3266 3.6 x 1012 

A 1051 531 3230 3.6 x 1012 

Table 2.7.1 - VdP Structure Measurements 

The large deviation in sheet resistance from the target value of 550±50 ohms/square for 

some wafers was investigated and traced by the MBE group at Glasgow to a design 
fault in the silicon source of the growth system[2.18]. 
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2.8 Substrate Preparation 
2 inch wafers grown to the above specification by the Glasgow MBE group were 
cleaved into four equal quarters. 1/4 wafers are a convenient size for fabrication. 
Substrate cleaning is an essential step which is performed before fabrication 

commences. The cleaning and degreasing of each quarter wafer was achieved using 5 

minutes ultrasonic agitation in each of Trichlorethylene, Acetone, and Isopropyl 
Alcohol(IPA). The sample was blown dried using nitrogen and immediately coated with 
PMMA in preparation for the first layer of fabrication (Registration Mark Level). 

2.9 Layout Design and Fabrication Process 

2.9.1 Registration Marks 

Registration marks are required to fabricate devices comprising more than one level of 
lithography. The design and quality of the marks are of great importance to produce 

well aligned, reproducible devices with high yield and optimised performance. Good 

alignment is critical for the gate level, where 200nm footprint T-gates must be centrally 

positioned in a 1.1 gm source-drain gap. In addition to the registration marks, text to 
identify the structures on the wafer, bottom plates of Metal -In su I ator-metal (MIM) 

capacitors, and the RF probe positioning marks were also written at this level. RF probe 

positioning marks ensure reproducible high frequency measurements; this will be 

discussed further in section 2.9.6. 

The registration mark pattern is shown in Figure 2.9.1. Four groups of marks varying in 

size from (10x10) microns to (3000) microns were written at each corner of a (axa) 

mm chip or cell. One mark from each cell was required for each level of fabrication 

because markers assigned to a particular lithography level are subject to e-beam 
exposure during alignment and therefore they lose their quality after sample 
development and metal deposition. The cluster of marks at the corners of each cell 
allows alignment of each cell individually, if for example an extra layer of lithography 
is needed for a specific cell at a later stage. The registration mark metal comprised 
30nm NiCr at the substrate interface to provide good adhesion and a 120nm Gold(Au) 

top layer to enhance the contrast for the e-beam automatic alignment system. The 

registration mark fabrication procedure is summarised in Table 2.9.1. 
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Figure 2.9.1 - Layout of Registration Mark Pattern 

SPIN EXPOSE DEVELOP 02 ASH DE-OXIDISE EVAPORATE 

12% BDH Beamwriter 1: 1 IPA: MIBK oxygen ash wet IPA Plassys 

5k rpm 60 s Exposure Dose for 30s at 23'C for 60s 1: 4 HCLH20 Marks 

Bake I hour 250ýtC/cm2 rinse in IPA for 30s 30 nm NiCr 

at 1800C Resolution I for 30s rinse H20 120 nm Au 

4% ELV 150 nm blow dry blow dry Liftoff 

5k rpm 60 sec. Spot Size Acetone 

Bake 2 hours 300 nm In warm bath 

at 1800C at450C Mr. 

Table 2.9.1 - Fabrication Procedures for the Registration Mark Level 

2.9.2 Isolation 

PMMA resist was spun and e-beam exposed everywhere except for islands where mesa 
is required for active devices and semiconductor resistors. After development of the 
isolation level, wafers were post baked at 120'C for 30 minutes in order to drive away 
any residual solvent and enhance adhesion of the resist. This step prevents the removal 
of the resist etch mask during the wet chemical etching process. Device isolation was 
achieved by wet etching using a mixture of NH40H (Ammonia): H202: H20 in the ratio 
1: 1: 200 to form a mesa. The active area of the FET, diode, or semiconductor resistor 
was protected by a PMMA mask during this process. The etch depth is critical for 
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reproducible, optimised device and circuit performance: under-etching results in current 
leakage and poor pinch-off of MESFETs, affects bias levels in circuits, and alters the 
impedances of transmission lines. Over-etched devices have low yield due to a 
discontinuity of the gate metallisation at the gate feed area where the gate strip crosses 
the mesa step. Isolation of devices was measured electrically by monitoring the current 

passing between two 20N200ýtm pads separated by 15ýLm defined at the markers level, 

as a function of isolation etch time and confirmed by surface profile measurement of the 

etched depth using a "Talystep". These tests were performed without stripping the 
PMMA resist in case extra etching was required. The etched mesa depth was measured 
by passing the stylus of the talystep across the registration mark before and after 

etching. Once isolation was complete (acceptance criteria >100MQ resistance across 
the isolation test structure in the dark at about 2V) the resist was stripped and the 

recessed mesa height confirmed. The total depth of the etched mesa should be greater 
than the total thickness of the uppermost four layers of the wafer, ie 100nm. Most 

wafers processes in this work were etched between 60 and 80 seconds which resulted in 

etch depths between I l0nm and 130nm. Figure 2.9.2 shows the mesa isolation profile 
for MESFETs. The isolation process is outlined in Table2.9.2. 

No Conduction Path for Current 
due to mesa isolation 

No Conduction Path f 
Current 
due to mesa isolation 

Mesa 

Ohmic Contact 

--p t--t---r-r--# 
N''''' 

r' 

Highly Doped Layer Current Conducting 
Layer 

- 
Un-doped Buffer 
Layer 

Figure 2.9.2 - Mesa Isolation Profile for MESFETs 

Semi-Insulating 
Substrate 

23 



Chapter 2 

SPIN EXPOSE DEVELOP 02ASH MESA ETCH Resist Strip 

12% BDH Beamwriter 1: 1 IPA: MIBK oxygen ash 1: 1: 200 Acetone 

5k rpm 60 s Exposure dose for 30s at 23'C for 60s Ammonia: 3 min 

Bake I hour 220ýW/cm2 rinse in IPA H202: H20 ulrasonic 

at 1800C Resolution for 30s Post Bake steps of 20s rinse IPA 

4% ELV 150nm blow dry at 1200C 
_till 

isolated blow dry 

5k rpm 60 sec. spot size for 30 min. electrically 

Bake 2 hours 300nm talystep 

at 1800C measure depth 

Table 2.9.2 - Fabrication Procedure for the Isolation Level 

2.9.3 Ohmic Contacts 

The formation of low resistance source and drain contacts is critical to the optimised 

operation of a GaAs MESFET. The ohmic contacts should ideally have a negligible 

resistance compared with the access resistance due to the finite sheet resistance of the 

channel. The access resistance can be reduced by reducing the separation between the 

source and drain contacts. A designed 1.6ýLm gap between the source and the drain 

contacts resulted in a 1.1 -1.2ýtm gap after processing because of the proximity 

effect[2.191. This was the smallest source-drain gap which could be produced with high 

yield and reproducibility. The ohmic contacts of one, two, and four finger MESFETs, 

shown in Figures 2.9.3, were designed with a 1.6[tm gap between the source and the 
drain. Ohmic contacts were formed using the metallisation scheme shown in Table 2.9.3 

and annealed in a N2 atmosphere at 360'C on a silicon substrate for 60 seconds in a 
Jipilec Rapid Thermal Annealer. The annealing temperature of 360'C was reached in 10 

seconds from room temperature. After temperature ramp-up annealing took place at 
360'C for 60 seconds before the temperature was ramped down to room temperature in 
10 seconds. The fabrication procedure for ohmic contact is summarised in Table 2.9.3. 

Airbridge connecting source ýý(required for four finger MESFETs) 

Drain 

-F 
Drain ýEEraEn 

f 

L 
Drain 

Figure 2.93 - Ohmic Pattern for One, Two, and Four Finger MESFETs 
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SPIN EXPOSE 
ýDEVELOP 

DE-OXIDISE EVAPORATE RTA 

12% BDH Bearnwriter 1: 1 IPA: MIBK wet IPA Plassys in N2 

5k rpm 60 s Exposure dose for 30s at23 'C 1: 4 HCI: H20 Mikeohm I Os ramp 

Bake I hour 225ýtC/cm2 nnse in IPA for 30s 14 nm Au 60s at 3600C 

at 1800C Resolution for 30s rinse H20 14 nm Ge 10s ramp 

4% ELV 80nm blow dry blow dry 14 nm Au 

5k rpm 60 sec. Spot Size II nm Ni 

Bake 2 hours 160nm 02 ASH 240 nm Au 

at 1800C oxygen ash Liftoff 

for 60s Acetone 

In warm bath 

at 45'C I hr. 

Table 2.9.3 - Fabrication Procedures for the Ohmic Level 

The Transmission Line Matrix (TLM)[2.20] test structure shown in Figure 2.9.4 was 

used to evaluate ohmic contact resistance (Rc) using an HP 4145B Semiconductor 

Parameter Analyser and DC needle probes. Test structures were fabricated at various 

sites across the wafer in order to evaluate the material quality and process uniformity. 
TLM structures were fabricated in the same manner as the Van Der Pauw structures 
described previously. The mesa width of the TLM structure was 40ýLrn with designed 

gaps between the contacts of 1.6,2.6,3.6, and 4.6gm. A four point probe method was 
used to obtain the value of the contact resistance (Re) two probes passed the current, the 

other two measured the voltage. The resistance was plotted as a function of gap size, the 
intercept with the vertical axis is 2Rc per mesa width. This 2Rc per mesa width value 
corresponds to zero gap size. Figure 2.9.5 shows the results of a typical measurement. 

Figure 2.9.4 - TLM Test Structure 

Mesa 

Semi-Insulating 
Substrate 
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Figure 2.9.5 - Ohmic Contact Measurement 

For 40 gm mesa width 
Rc = (8.574/2) x 0.04 

Rc = 0.17 Q-mm 

The results of the TLM measurements for the wafers fabricated during this work are 

summarised Table 2.9.4. 

Wafer Number Ohmic Contact (Q-mm) 

B364 0.11 

B365 0.16 

B440 0.19 

B441 0.21 

B561 0.20 

B562 - 

A926 0.20 

A930 0.13 

A966 0.12 

A977 0.20 

A1036 0.14 

A1040 0.17 

A1045 0.195 

A 1049 0.17 

A1051 0.16 

Table 2.9.4 - TLM Structure Measurements 
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2.9.4 Nitride Level for Metal-Insulator -Metal (MIM) Capacitors 
MIM capacitors are widely used in MMICs. These capacitors are realised by first 
fabricating a bottom metal electrode, then depositing a dielectric material such as 
Silicon Nitride or Silicon dioxide and finally by depositing the top metal electrode. In 

our process Silicon Nitride (Si3N4) was deposited by plasma enhanced chemical vapour 
deposition (PECVD) in an Oxford Plasma Technology microP80 Plus. Silane (SiH4), 
Ammonia (NH3), and Nitrogen gases with flow rates of 10,44,170 sccm were admitted 
to the reaction chamber which was pumped to 1.0 Torr. A plasma was struck with an rf 
(13.56MHz) power of 20W. The substrate was placed on a stage maintained at 300T 

during the Si3N4 deposition process. The thickness of the silicon nitride used in this 

work was nominally 150nm. The variation in thickness (run-to-run) of the deposited 

silicon nitride layer was less than 10%. The relative permittivity of the silicon nitride is 

6.5 as extracted from the RIF measurements of MIM capacitors (see section 5.3), which 

gives a capacitance of 0.38fF/RM2. It was found that silicon nitride films less than 

150nm in thickness resulted in poor capacitor yield due to pinholes. However, a thicker 

layer of silicon nitride results in a larger physical size of capacitor. MIM fabrication in 

this work was performed by first fabricating the bottom electrode of the capacitor 
(markers level described in section 2.9.1), prior to silicon nitride deposition across the 

whole wafer. Positive e-beam resist was spun on top of the silicon nitride then exposed 

and developed. The resist was exposed everywhere except the areas above the bottom 

capacitor plate. The unexposed resist acts as a mask during the silicon nitride dry 

etching process. The Si3N4 was etched everywhere on the wafer except the areas 

covered with the unexposed e-beam resist. A damage free Si3N4 etching process was 

developed in the department using SF6 reactive ion etch (RIE) in a Plasma Technology 

RIE80[2.211. This process is a damage free, as determined by depositing Si3N4 on a VdP 

structure and then removing nitride using the etching process. The measured values of 

sheet resistance, mobility, and sheet carrier concentration were unaffected either by 

silicon nitride deposition or subsequent etching. The time required to etch the 150nm 

layer of nitride is about 2 minutes. After removing the resist in acetone, second level 

metal (described in section 2.9.6) was fabricated to produce the top electrode of the 

capacitor and connecting pad. The MIM capacitor fabrication process is illustrated in 

Figure 2.9.6 and the process sequence listed in Table 2.9.5. 
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- Dispense I st Layer of E-Bearn 
Resist 12% BDH, Spin, and Bake 

- Dispense 2nd Layer of E-Beam 
Resist 4% ELV, Spin, and Bake 

- E-Beam Expose - 
Develop 

- Metallise Bottom 
Capacitor Plate 

and 
- Lift-Off 

- Dispense I st Layer of E-Bearn 
Resist 12% BDH, Spin, and Bake 

- Dispense 2nd Layer of E-Bearn 

Deposit S13N4 
Resist 4% ELV, Spin, and Bake 

u trate, 

Spin 50OOrpm 
for 60 Sec. 

- E-Bearn Expose 

- Develop 
and 

- Si 3 N4 Etch 

u st 

- Dispense I St Layer of E-Bearn 
Resist 15% BDH, Spin, and Bake 

- Dispense 2nd Layer of E-Bearn 
Resist 4% ELV, Spin, and Bake 

Spin 50OOrpm 
for 60 Sec. 

- E-Beam Expose - 
Develop 

- Metallise Top 
Capacitor Plate 
and 

- Lift-Off 

N"ýý 4 %s 
t ýjat 

Figure 2.9.6 - MIM Capacitors Fabrication Technique 

DEPOSIT SPIN EXPOSE DEVELOP DE-OXIDISE Si3N4 Dry Etch 

Si3N4 PECVD 12% BDH Bearnwriter 1: 1 IPA: MIBK wet IPA RIE 

substrate 30WC 5k rpm 60 s Exposure Dose for 30s at23 'C 1: 4 HCLI-120 gas SF6 

RF power 20W Bake I hour 
_220ýtC/cm2 

rinse in IPA for 30s flow rate30sccm 

chamber press. at 180'C Resolution for 30s rinse H20 etch pressure 

.0 Torr 1 4% ELV 150nm blow dry blow dry 200mTorr 
1 

gases and rate 5k rpm 60sec. spot size 02 ASH er 10W 

Sil-14 10sccm Bake 2 hours 300nm oxygen ash RESIST STRIP 

NI-13 44sccm at 1800C for 60s Acetone 

N2 170sccm POSTBAKE rinse IPA 

de Bake at 120'C blow dry 

for 30 min. Measure Si3N4 

Thickness 

Table 2.9.5 - Fabrication Procedures for the Silicon Nitride Level 

2.9.5 Gate Level 

The objective of producing T-shaped gates[2-221 is to reduce the gate resistance (Rg) 

whilst maintaining a short gate length in contact with the substrate. Low Rg is needed 
for low noise and high gain devices[2.23]. 

Z15 T-gates of gate length 200nm with an upper 
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part of the "T" about 450nm wide were targeted. The T-gate structure is realised with 
three layers of e-beam resist with different sensitivities (the Tri-Layer System). The first 
layer of 100nm thick PMMA (4% Elvacite) has the lowest sensitivity to electron beam 
irradiation and is used to define the gate length. Subsequently a 300nm layer of high 

sensitivity co-polymer of methylmethacrylate and methacrylic acid P(MMA/MAA) was 
spun. This resist layer is used to define the upper part of the "T" shape of the gate. 
Finally, a 25nm thick layer of PMMA (2.5% BDH) was used to enhance the metal lift- 

off process by forming an overhang resist profile. Figure 2.9.7 shows the tri-layer e- 
beam resist structure used for the gate level. Three different exposure doses were 
required to define the "T" gate profile as shown in Figure 2.9.8. The highest dose is 

used to expose all three resist layers and define the 200nm footprint (gate length) of the 
"T"-gate. The side regions were exposed with two different dose levels in order to form 

the top part of the "T"-gate. The exposure dose level of the side regions is sufficient to 

expose only the top two layers of e-beam resist without affecting the gate footprint size. 
This process is greatly facilitated by the large sensitivity difference between the bottom 

and the middle layers of e-beam resists as shown in Figure 2.9.9. Figures 2.9.10 (a) and 
(b) show schematically the T-gate profile before and after metallisation and lift-off. 

E-Beam Expose 

and Develop 

')5nm 2.5% BDH 85k mw PMMA 

300nm 9% Copoly P(MMA/MMA) 

I 00nm 4%EI. V 350k mw PMMA 

Figure 2.9.7 - Tri-Layer Resist Structure and the Thicknesses Used to Fabricate 

T-gate Structures 

Central Line Exposure Dose =5x Base Dose (lOOgC/cM2) 

Side Lines Exposure Dose = 1.1 x Base Dose (I 00ýtC/cm2) 

Edge Lines & Gatefeed Exposure Dose = 3.2 x Base Dose (100ýtC/cm2) 

Figure 2.9.8 - Exposure Strategy to Obtain "T"-gate Structure. 
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125 

loo 

75 

50 

25 

0 

350k mw PMMA (Elvacite) 

Aý 

P(MMA/MAA) 

I 
50 75 100 125 150 175 200 

Exposure Dose qLC/cm2) 

Figure 2.9.9 - The Sensitivity Curves of the Bottom and the Middle Layers of E-Beam Resists at the Side 

Line Used in the T-gate process 

(a) (b) 

Figure 2.9.10 - (a) T-gate Resist Profile (b) After Metallisation and Lift-Off. 

2.9.5.1 Gate Recess Etching 

Controlling both the gate recess depth and offset as shown in Figure 2.9.11 is very 
important in the fabrication of high performance field effect transistor based microwave 

circuits[2.24]. This is because of the influence they have on the overall performance of 

the device as shown in Chapter 3. During this project two methods were used to 

perform gate recessing. 

Gate Recess Depth 

Source 

56nm5xlOl7cm-3 n-GaAsChannel 

Gate Recess Offset 

15nm I. Ixlol8cm-3 

n+ GaAs Cap 

24nm 5xIO17cm-3 
n GaAs Cap 

5 nm 5x 10 1 7cfly3 

n AIO. 3GaO. 7As 

etch stop 

Figure 2.9.11 - Indicating Gate Recess Depth and Offset 

25nm 2.5% BDH 85k mw PMMA 

300nm 9% Copoly P(MMA/MMA) 

Gate Length 
100nm 4%EI. V 350k mw PMMA 
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i) Selective Dry Etching Process 
Selective gate recessing was performed using Freon-12 (CC12F2) reactive ion etching 
(RIE). This chemistry selectively etches GaAs over Alo. 3GaO. 7As with an etch 
selectivity of up to 4000: 1. The 5nm AlO. 3GaO. 7As layer inserted in the material 
structure is sufficient to stop the cap etch, producing a repeatable recess depth defined 
by the MBE growth process[2.25]. This results in good channel current and threshold 

voltage uniformity and reproducibility. The minimum time required to repeatably etch 
the 39nm cap GaAs layer and stop on the 5nm Al0.3Ga0.7As etch stop layer is 25 

seconds. Once the cap has been etched, any over etching will result in gate recess offset 
(the distance between the edge of the gate resist opening and the wall of the recess). The 

gate offset can be precisely controlled by varying the etch time. Figure 2.9.12 shows a 

plot of gate recess offset as a function of etch time. Figures 2.9.13 (a) and (b) show 

selectively dry etched recesses before and after metallisation and lift-off. T-gate 

fabrication and REE details using the Freon- 12 process are summarised in Table 2.9.6. 

80 

70 

60 
E 

50 

40 

30 

20 

Etching Time(sec) 

Figure 2.9.1.2 - Gate Offset as a Function of RIE Time 
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Figure 2.9.13 - T-gate Profile Selectively Dry Etched Before and After Metallisation and Lift-Off 

Illustrating the T-gate in a Gate Recess Trench 

ii) Wet Chemical Etching Process 

Wet chemical gate recess etching was performed using a mixture of 1: 1: 200 Sulphuric 

acid (95%) H2SO4: Hydrogen Peroxide (35%) H202: de-ionised H20 and 1% Fluorad 

FC-93 wetting agent. The use of a wetting agent has been shown to improve the 

uniformity of the gate recess etching and the etch rate[2.9.26]. In the wet chemical 

etching process, the saturation channel current was monitored periodically as a function 

of etch time. Channel saturation current was reduced to the same value as the dry etched 
devices. Channel saturation current was measured by probing a gate recess test structure 
through the gate resist using DC needle probes and a HP4145B semiconductor 

parameter analyser. Gate recess test structures were fabricated on every sample. A 

target saturation current of 165mA/mm measured on dry recess devices was determined 

for this transistor process and wet etching was terminated when this target current was 

reached. Figure 2.9.14 shows the channel saturation current as a function of wet gate 

recess time. In comparison with the selective dry etch, it was found that wet chemical 

gate recess produces poor uniformity and high irreproducibility of the gate recess 

geometry and saturation channel current. Saturation channel current variation of up to 

30% was observed in some wet etched samples. 
Schottky contacts were then formed by depositing 33nm Ti and 260nm Au. A thick 

gold layer was used to reduce the gate resistance and produce low resistance electrical 

contacts to the probing pads for external wiring. To reduce base pressure in the 

evaporator prior to gate metal deposition, a titanium evaporation without opening the 

sample shutter was used. This procedure was found to improve gate metal adhesion to 

the substrate. 
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Figure 2.9.14 - Channel Saturation Current as a Function of Wet Gate Recess Time 

SPIN EXPOSE DEVELOP DE-OXIDISE DRY ETCH EVAPORATE 

4% ELV Bearnwriter 2.5: 1 wet IPA BP80 Plassys 

5k rpm 60 s base dose IPA: MIBK 1: 4 HCLH20 Gas CC12F2 Gatel 

Bake I hour 10%, C/cm2 for 30s at 23'C addl%FC93 I Osccm 33 nm Ti 

at 1800C resolution rinse in IPA de-oxidise 30s 50mtorr 260 nm Au 

9% Copoly 10nm for 30s rinse H20 30 W, 50V pressure,, ý10-7 

5k rpm 60 sec spot size 20nm blow dry rinse IPA Torr 

Bake 1 hours blow dry OR 

at 180"C WETETCH 

2.5% BDH 1: 1: 200 Liftoff 

5k rpm 60 sec H2SO4(95%) Acetone 

bake ovemight : H202(35%) In warm bath 

at 1800C : de-ionised H20 

added 

at 45'C I hr. 

I% Fluorad 

FC93 

etch as 

required 

Table 2.9.6 - Fabrication Procedures for the Gate Level 

2.9.6 Probe Pads and Transmission Lines 

The probing pads were designed to be used with on-wafer microwave probes measuring 
RF signal response up to 60 GHz. Figure 2.9.15 shows the probing pad pattern used in 

this work. The dimensions of the RF probes used are shown in Figure 2.9.16. The tips 

of the probes have a coplanar waveguide (CPW) configuration with a characteristic 
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impedance of 50Q. In use the tips of the probes were aligned to pad markers. Probe pad 
markers were essential to maintain a known distance from the probe tips to the 

measured device. Variations in distance from the device under measurement to the 

probe tips alters the values of the extracted equivalent circuit elements obtained from 

the RF measurements. 
The tapered coplanar configuration probe pads were designed to give a 50Q 

characteristic impedance using the design equations outlined in section 5.1.2. 

The fabrication process is outlined in Table 2.9.7. Thick resist was used to lift-off the 

metallisation consisting of 50nm NiCr followed by 500nm gold. The 50nm NiCr layer 

at the bottom provides good adhesion whilst the thick 500nm gold on the top reduces 
the series resistance from the probe tips to the ohmic contact. The same metallisation is 

used to form transmission lines connecting active and passive components to realise a 

complete circuit and also used to produce filters, transitions, calibration standards, 

interdigitated capacitors, and the top plate of MIM capacitors. This is the only 
fabrication level where samples are baked at 120'C and not 180'C after each resist 

coating step. This was done to prevent the diffusion of Gold into the substrate through 

the Titanium of the gate metallisation; this results in lowering the Schottky-barrier 

height, causing degradation of the MESFETs and diodes electrical performance. 

Probe Position 

ge Connecting 
Planes 

ntre Line 

Figure 2.9.15 - Probe Pads 

Ground 

V-Conector 
Signal 

40prn 

; 

6k%trn 

Ground 

Figure 2.9.16 - RF Probes (Top View) 
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SPIN EXPOSE DEVELOP 02ASH DE-OXIDISE EVAPORATE 

15% BDH Beamwriter 1: 1 IPA: MIBK oxygen ash wet IPA Plassys 

5k rpm 60 s exposure dose for 30s at 23'C for 60s 1: 4 HCI: H20 BondNcr 

Bake I hour 250ýLC/cm2 rinse in IPA for 30s 50 nm NiCr 

at 120'C resolution for 30s rinse H20 500 nm Au 

4% ELV 150nm blow dry blow dry Liftoff 

5k rpm 60 sec. spot size Acetone 

Bake 2 hours 300nm In warm bath 

at 1200C at 45'C I hr. 

Table 2.9.7 - Fabrication Procedures for the Probe Pad Level 

2.9.7 Airbridges 
One purpose of using airbridges is to suppress the unwanted even mode, known as the 

slotline mode (or balanced mode), that exists in coplanar waveguide (CPW) along with 
the odd mode, known as the CPW mode (or unbalanced mode). This slotline mode is 

effectively eliminated by the use of airbridges to short the two ground planes. Air 

bridges are also needed to connect the sources of four finger FETs. The airbridge level 

was realised using an optical photo lithographic process and electroplating, with almost 
100% yield[2.27]. A schematic diagram of the airbridge process is shown in Figure 

2.9.17. The process is performed in two steps. First, the airbridge supports are defined 

in resist coated by multiple spin and bake sequences followed by exposure and 
development. The total thickness of the multiple layer resist was 5.6gm: this determines 

the height of the airbridges. A 50nm Ti layer and 5nm Au plating seed layer was then 

deposited using the Plassys MEB Electron Beam Evaporator. The Ti layer provides 

adhesion for the airbridge contact. The 5nm Au layer prevents the Ti layer from 

oxidising. A 50nm layer of Au was then sputtered to provide electrical contact for the 

subsequent electroplating process. Next the airbridge tracks were defined in 2gm thick 

photoresist followed by electroplating of 2[tm of gold onto the seed layer. The gold 

plating solution was maintained at 50'C during plating. The plating current was set by 

the equation. 
Plating Current (mA) = (sample holder area - sample area) MM2 x 0.013 

The top layer of photoresist was removed by a flood exposure and development. The 

seed layer was then etched away in 4: 1 buffered HF for 30 seconds to remove the Ti 

followed by gold etch in KLII for 10 seconds. Finally the bottom two layers of photo 

resist were removed using warm acetone. Figures 2.9.18 and 2.9.19 shows a 

micrographs of the fabricated airbridges. The airbridge fabrication process is outlined in 

Table 2.9.8. 
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Dispense and Spin 
First Layer of Photo// 

Use Resist S1400-37 
Pipette 

Dispense and Spin 
Second Layer of Photo 
Resist S1400-37 1/, Use 

Pipette 

IMIKI&KIM, Aw- ý0= L Substrate Bake Sample 
at 90'C 

Spin 40OOrpm for 15 Min. 
for 60 Sec. 

Optical Photo Lithography 
UV Expose I ST Mask 

for Airbridge 

ff SIPPOrts Develop Pattem 

---------- ----------- 
EJ 

L- ý LJ 
N-N,; ýSNI; S S ý111; z SSSS 

Optical Photo Lithography 
UV Expose I ST Mask 

for Airbridge 
Supports Developed Pattem 

Bake Sample 
at 90'C 
for 15 Min. 

Optical Photo Lithography UV 
Expose No Mask 
Fload Expose 

Gold Plating 

vý, nnz. SZ 

Develop Pattern Ti Etching in 4: 1 HF 

Spin 40OOrpm 
for 60 Sec. 

Bake Sample 
at 90'C 
for 15 Min. 

Dispense and Spin Second 
Layer of Photo Resist S 1400-37 

Use 
Syringe 
with Filter Q 

Q 

- Evaporate 
50nm Ti + 5nm Au 

- Sputter 
40nm Au 

-jw- a- 

Gold Etching Strip Ist, 2nd resist 
in KI/I Solution layers in Acetone 
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Figure 2.9.18 - Fabricated Airbridges Structure Connecting Ground Plans in a CPW to Slotline 

Transition 

Figure 2.9.19 - Airbridges Structure Connecting the Sources of a Four Finger FET 
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AMBRIDGE SUPPORIS 

SPIN EXPOSE DEVELOP HARDBAKE 02ASH EVAPORATE 

Photo resist clean I 
St 

mask 1: 4 bake 30 min. Barrel Etcher Plassys 

I stlayer 

(use pipette) 

5 min Acetone developer: 1-120 at 120*C for 60 sec SEED Layer 

50nm Ti 

S1400-37 (resist) ultrasonic developer 

(Shiply 351) 

5nm Au 

spin 4000 rpm Expose120sec. for 60 sec. SPUTTER 

for 60 sec. rinse H20 40nm Au 

thickness 2.8 ýtrn blow dry 

Bake 15 min 

at 90*C 

2ndlayer 

same as Istlayer 

AMBRIDGE TRACKS 

SPIN EXPOSE DEVELOP 02ASH STRIP 1400-13 

Photo resist clean2nd mask 1: 1 Barrel Etcher flood expose Gold Etch 

use filter 5 min Acetone developer: 1-120 for 60 sec for 60 sec KI/I 
S1400-31 
(resist) 

ultrasonic developer 
(S1400-31) 

Gold PLATE develop 1: 1 
developer: H20 

for 10 sec 

spin 3000 rpm Expose 60 sec. for 60 sec. 2ýtm Gold Layer developer(S 1400- 
31) 

Rinse H20 
Inspect 

for 60 sec. rinse H20 Plating Time 
20min. 

rinse H20 Ti Etch 
BufferHF 4: 1 

thickness 2 ýtrn blow dry Plating Temp 
50*C 

blow dry for 8 sec 

Bake 15 min 
at 90'C 

Solution. Stir 
Speed 90rpm 

Ash 02 for 60s rinse H20 blow 
dry 

ýStrip Ist, 2nd 
r ri n esist in Acetone 

Table 2.9.8 - Fabrication Procedures for the Airbridge Level 

2.10 Nickel Chromium (NiCr) Resistor Fabrication Process 

NiCr Resistors are an essential components in MMICs. They are normally used to 

provide several functions such as circuit stabilisation, feedback for broadband circuits, 

power dividers and combiners, and biasing circuits[2.28]. Also, they are used in RF 

measurement systems broadband calibrations standards such as the line-reflect-match 

(LRM) and the short-open-load-through (SOLT) where a 50Q load match is 

required[2.29]. 
Nickel Chromium (NiCr) resistors fabricated using existing process techniques showed 

a frequency dependence behaviour due to the parasitic capacitance arising from the poor 
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contact between the NiCr resistor metal and bondpad level. In the existing process the 
NiCr metal film was deposited in a step performed before the bondpad level, and so the 
NiCr was exposed to atmosphere prior to bondpad level resulting in the formation of a 
surface oxide layer. This oxide layer between the NiCr and bondpad acts as a small 
capacitor in series with the NiCr resistor. Figure 2.10.1 shows a measured resistor as a 
function of frequency using process scheme outlined above. The increase in impedance 

at low frequencies can be modelled using a series capacitor as shown in the figure 

insert. 

90 

85 

80 

75 

70 

,ý 65 

60 

55 

RI=9Q CI =1.5pF 

- -- ------- --- ----------------------------- R2=62Q 

------------- 

0 10 20 30 40 50 60 

Frequency (GHz) 

Measurement port I 
Measurement port 2 

Model (line) 

Figure 2.10.1 - Measured 50Q Load NiCr Resistor as a Function of Frequency using ISS SOLT 

calibration 

A more reliable process for the fabrication of NiCr resistors developed during this 

project is summarised in Figure 2.10.2. The fabrication sequence comprised an initial 

lithography level to define the registration marks for probe alignment during RF 

measurement. The resistor was defined, patterned and metallised using a 33nm NiCr 

alloy and 100nm gold in the Plassys evaporator. This was followed by the bondpad 

level. Finally, windows were defined at the resistor structures using EBL and the 100nm 

top gold layer was removed in KI/I gold etch solution. The 100nm gold cap layer 

prevents the formation of oxide on the NiCr which can degrade the contact between the 
bondpad level and the resistor. The 33nm thickness layer of NiCr produced a 50Q/sq 

sheet resistance. The NiCr resistors fabrication process is outlined in Table 2.10.1. 

50Q loads were realised by connecting two lOOQ resistors in parallel between the input 

signal pad and ground, and another two lOOQ resistors in parallel between the output 

pad and ground as shown in Figure 2.10.3. Figure 2.10.4 shows a 50Q resistor 
fabricated using the new process as a function of frequency. The lack of frequency 

dispersion is clearly evident. 
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Dispense and Spin First 
Layer of E-Beam Pipette 
Resist 12% BDH 

, 
=N' \NN' \ý'IM-NOM 
Substrate Spin 50OOrpm 

. <-ý)60 Sec. 

Develop Pattern 

Dispense and Spin First 
Layer of E-Beam Pipette 
Resist 15% BDH 

Spin 50OOrpm 
60 Sec. 

E-Beam Expose 

180T 

Bake Sample 
I Hours 

Develop Pattern 

Dispense and Spin Second 
Layer of E-Beam Pipette 
Resist 4% ELV 

180. 

Bake Sample Spin ýUUUrpm Bake Sample 
I Hours 60 Sec. 2 Hours 

Evaporate 33nm NiCr zz 
100nm Au ýý 

Dispense and Spin Second 
Layer of E-Beam 

7ýýipette 

Resist 4% ELV 

Spin 50OOrpm 
1=60 Sec. 

j"TAU 

Dispense and Spin First 
Layer of E-Beam 

t- 
Pipette 

Resist 12% BDH o 

>>> 

Spin ýý 50OOrpm 

.. dr-D 60 Sec. 

E-Beam Expose 

-_IN- 

Evaporate + 
50nm NiCr ;0 
500nm Au 

Lift-Off 

7 

Bake Sample 
2 Hours 

Lift-Off 

Dispense and Spin Second 
Layer of E-Bearn 

Pipette Resist 4% ELV 
0 

180T 

Bake Sample 
I Hours 

Develop Pattem 

>>>> 

Spin 50OOrpm 
60 Sec. 

Gold Etching in 
KVI Solution 

-Iw 
R4ý'S, 

- 

1: 
: 
8OW* C 

Bake Sample 
2 Hours 

Figure 2.10.2 - Schematic Diagram of NiCr Resistors Fabrication Process 
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Figure 2.103 - 50L2 Loads 
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55 
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Figure 2.10.4 - Measured 50Q Load NiCr Resistor as a Function of Frequency using ISS SOLT 

calibration 

First Level : Marks for Probe Alignment and Resistors (Pattern and Metalise) 
I 

SPIN EXPOSE DEVELOP DE-OXIDISE EVAPORATE 

12% BDH 1: 1 IPA: MIBK 02 ASH Plassys 

5k rpm 60 s Bearnwriter for 30s at 23'C for 60s 33nm NiCr 

Bake 1 hour exposure dose rinse in IPA 100nm Gold 

at 180'C 25%tC/cm2 for 30s wet IPA Liftoff 

4% ELV resolution blow dry 1: 4 HCI: H20 Acetone 

5k rpm 60 sec. 150nm for 30s In warm bath 

Bake 2 hours spot size rinse H20 at 45'C I hr. 

at 1800C 300nm blow dry 
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Second Level B ndpad Level 

SPIN EXPOSE DEVELOP DE-OXIDISE EVAPORATE 

15% BDH Bearnwriter 1: 1 IPA: MIBK 02ASH Plassys 

5k rpm 60 s exposure dose for 30s at 23'C for 60s 50nm NiCr 

Bake I hour 250gC/cm2 rinse in IPA 500nm Gold 

at 1800C resolution for 30s wet IPA Liftoff 

4% ELV 150nm blow dry 1: 4 HCI: H20 Acetone 

5k rpm 60 sec. spot size for 30s In warm bath 

Bake 2 hours 300nm rinse H20 at 45'C I hr. 

at 1800C blow dry 

Third Level : Define Windows at Resistors Structures then Etch the 100nm Au 

metal Deposited at First Level Leavi g only NiCr 

SPIN EXPOSE DEVELOP 02 ASH ETCH GOLD 

12% BDH Bearnwriter 1: 1 IPA: MlBK for 60s Gold Etch 

5k rpm 60 s exposure dose for 30s at 23'C (KI/1) 

Bake I hour 25%tC/cm2 rinse in IPA for 5 sec. 

at 1800C resolution for 30s rinse H20 

4% ELV 150nm blow dry blow dry 

5k rpm 60 sec. spot size 

Bake 2 hours 300nm ist 

at 1800C in Acetone 

Table 2.10.1 - Fabrication Procedures for the NiCr Resistors 

2.11 On-Wafer RF Calibration Standards 

The usefulness of any microwave probing technique depends on accurate 

measurements, which in turn depends on accurate calibration. Calibration of the Wiltron 

Model 360B Vector Network Analyser produces an error model which compensates for 

the losses and reflections in the system connectors, cables and probes. The calibration 

technique used in the course of this project is the I ine-reflecti on-line (LRL) 

method[2.30]. The standards required to define the calibration technique were fabricated 

on semi-insulating GaAs. Figure 2.11.1 shows a set of LRL calibration standards which 

consists of short., open, and 100grn, 50ORm, and 150ORm lines. The probe pad layout is 

identical to the active and passive devices and circuits fabricated in this work. The 

fabrication of the standard calibration components requires two levels of e-beam 

lithography and airbridges. The first level comprised registration marks for probe 

alignment during RF measurements. Probe alignment marks were fabricated using the 

same process as the registration marks described in section 2.9.1. The second level was 
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the bondpad level where the signal pads, thru line tracks and ground plane were 
patterned and metallised. The fabrication process was described in section 2.9.6. Then 
airbridges were connected at intervals of < ýA[2.311. For lines shorter than ýA, only two 
airbridges were required, one at the input and the other at the output. 

ý; Z-. ý 2nd Metal 

M Airbridges 

M NiCr Resistorsl 

Figure 2.11.1 -A Set of LRL Calibration Components. 

2.12 Conclusion 

In this chapter fabrication techniques, layout considerations and complete description of 
the process steps required to realise all active and passive devices and circuits produced 
in this project have been covered. Evaluations of the molecular beam epitaxial (MBE) 

material used in device and circuit fabrication was presented. A reliable Nickel 

Chromium (NiCr) resistor process developed during this project has been detailed. 
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Chapter 3 

GaAs MESFETs For MMIC Design 

Introduction 

Many MMICs employ GaAs Metal -Semiconductor Field Effect Transistors (MESFETs) 

to perform tasks such as amplification and switching. For MMIC performance to be 

within specification with high yield, the transistors must be engineered with a 
considerable degree of precision, accuracy, and reproducibility. This requirement led to 

a study of the influence of the fabrication process on MESFET performance during this 

project. 
This chapter begins with a brief outline of physical structure of a GaAs MESFET and a 

summary of device operation. Useful quantities and figures of merit of device 

performance at both DC and high frequency are then discussed together with the small 

signal equivalent circuit of the MESFET. Also, factors influencing low frequency noise 
behaviour are outlined. Next, the fabrication process for the GaAs MESFETs are briefly 

mentioned. DC, RF, and low frequency noise measurement techniques used to 

characterise the devices are then outlined. The numerical simulation method used to 

gain insight into device performance is presented before a detailed investigation of the 

effect of varying gate recess offset on the small signal equivalent circuit, DC device 

characteristics, overall high frequency device performance, and low frequency noise 
behaviour in 0.2gm gate length GaAs MESFETs. The numerical simulations in this 
latter section were carried out to help understand the effect of varying the gate recess 

offset on the device characteristics and also to explain the experimentally observed 
influence of the gate recess offset on the extracted small signal equivalent circuit 

elements. 
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3.1 Brief Outline of Structure and Operation of MESFET 

The cross section of a MESFET device is shown in Figure 3.1.1 The device consists of 
two ohmic contacts the source and drain, deposited on a heavily doped cap layer. The 

third electrode the gate, is aligned between the source and drain directly on the active 
channel with which the gate forms a rectifying Schottky barrier contact. A region of 
depleted material exists in the channel below the Schottky gate. In operation the source 
contact of the MESFET is grounded and varying potentials are applied to the drain and 

gate contacts. The influence of the drain source and gate source voltages on device 

operation are discussed next. 

Heavily-doped 
Cap Layer 

Figure 3.1.1. - Cross Section of a MESFET Device 

Figure 3.1.2. shows the output characteristics of an ideal GaAs MESFET. Concentrating 

on one of the Ids(Vds)curves, for example, the curve for Vgs=O, it can be observed that 

the Ids(Vds) characteristics has two distinct regions 
i) the linear region at low Vds 

ii) the saturation region at higher values Of Vds 

In the linear region, the drain source current increases with the drain source voltage as 

the velocity of electrons in the channel rises in response to the larger electric field In the 

channel. Beyond a certain field strength however, the electron velocity reaches a 

maximum value, producing a constant current irrespective of drain source voltage. This 

mechanism gives rise to the saturated region in the device characteristics. The drain 

current dependence on the gate source potential results from the influence of the gate 

voltage on the depth of the depletion region under the Schottky gate contact. 

As the gate voltage is made increasingly negative with respect to the source, the depth 

of the depletion region under the gate increases. This reduces the conducting channel 

thickness, resulting in a reduction in the drain source current for a given drain source 

voltage. Eventually for sufficiently large negative gate voltage, the depletion region 
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extends to the complete channel depth, resulting in a barrier to current flow. In this 

condition, the device is deemed to be pinch-off. i. e. no current flow from source to 
drain. 
Actual MESFET output characteristics are similar to the ideal characteristics, shown in 

Figure 3.1.3 with the important exception that the slope of the curves in the saturation 
region remains slightly positive even after velocity saturation has been reached. The 

slope of the Ids-Vds curve represents the output conductance (gds) of the device. A 

number of factors contribute to this finite conductance including charge injection from 

the channel to the undoped buffer, and conduction mechanisms via surface and channel- 

substrate states[3.11. Short-channel effects due to hot electron and drain induced barrier 

lowering also results in an increase in the output conductance for MESFETs with gate 
lengths less than 300nm[3.21. 

Current Saturation 
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20 Saturation Region Vgs = 0.4 V 

15 
0 

- ------- , M) : __ 
Vgs 0.2 V 

vgs 0.0 V 

U 10 - 
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0 IF 
Vgs - - 0.6 V 
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Drain - Source Voltage (Vds) volts _ Pinch-Off 

Figure 3.1.2. - Output Characteristics of an Ideal MESFET 
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Figure 3.1-3. - Output Characteristics of an Actual MESFET 
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3.2 Summary of Important MESFETs Parameters 
The gain mechanism of a FET is embodied in the transconductance (gm), defined as the 

modulation of channel current (Ids) by the gate voltage (Vgs) with a fixed drain voltage 
(Vds). 

- 
8lds 

gm 
8v 

gs Vds = constant 

In a simple I -D approximation, when the device is operated in velocity saturation mode, 
the drain source current Ids can be written as[3.31 

Ids = qNDvsatZ(w - d) + Isc 

where 

d= depletion region depth 

3.1.1 

d 
ýC(Vbi Vgs) 

[3.41 
qND 

i- vgs) 
3.1.2 

q= electronic charge 
ND = doping concentration of the channel 
Vbi = built-in potential on the gate 
F_ = permittivity of GaAs = CrCo 

Vsat : --: saturation velocity 
device width 

w= channel thickness 
Isc = substrate current 

Substituting equation 3.1.2 into 3.1.1 and differentiating with respect to Vgs 

gives 

gm - 
F-VsatZ 

d 
High gm requires high saturation velocity and shallow depletion region depth, so the gm 
is expected to decrease as depletion region width increases, i. e. with increasing negative 

gate bias. 

The depletion region under the gate can, to first order, be considered as a parallel plate 

capacitor of capacitance Cg. The gate capacitance may be expressed as 
F-L 9z 

9d 

where Lg is the metallurgical length of the gate. 
Cg is expected to decrease as depletion region width (d) increases. 

The output conductance (gds), is defined as the derivative of the drain-source current 
(Ids)with respect to the drain-source voltage (Vds) at a fixed gate-source voltage (Vgs) 
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gds =: 
I 

=: 
8lds 

rds 8Vds 
Vgs=constant' 

Another important parameter for a FET is the voltage gain (AV), which relates directly 
to its power gain, and is here related to both the transconductance gm and the output 
conductance 9ds 

Av = 
8Vds 

- 
gm 

8vgs gds 

When a sufficiently large negative voltage is applied between the gate and the source 
(Vgs) to deplete fully the N-channel layer under the gate, making d=w, the channel is 

said to be "pinched off". The value of Vgs required to pinch off the channel is called the 

pinch-off voltage (Vp) (threshold voltage). At pinch-off there is no conducting path 
between the source and drain, and as a result there is no current flow between the source 

and drain for any applied drain-source voltage. The expression for the pinch-off voltage 
for a MESFET is given by 

V- qNDw 2_ 
Vbi P2 F_ 

where Vbi is the built-in potential of the Schottky barrier. 

3.3 MESFET RF Behaviour 

FETs used in MMIC amplifiers are generally operated in the common source mode, 

where the drain and gate electrodes are biased with respect to the source. The gate 

electrode is then supplied with an RF signal, with an amplified version of this signal 

extracted from the drain electrode. In MMIC design, it is the equivalent circuit of the 

FET deduced from RF measurements that concerns the design engineer. The DC bias 

conditions are important only to establish the values of the equivalent circuit elements. 
The equivalent circuit is an abstraction and simplification of the MESFET which yields 

an electrical representation of the device that is manageable in circuit design software 

packages such as Touchstone(k Figure 3.3.1 shows a diagram of the GaAs MESFET, in 

which an electrical network is superimposed on the cross-sectional view. Each element 
is intended to represent the electrical character of a particular region of the device for 

example, the metallurgical resistance associated with the gate is represented by the 

lumped element Rg. Figure 3.3.2 shows the basic equivalent circuit required to describe 

the electrical behaviour of the physical structure of the FET at microwave frequencies. 

The region within the dashed box is defined as the intrinsic region of the MESFET, 

which is physically situated below the gate. The other elements are the extrinsic 
(parasitic) elements of the device. 

51 



Chapter 3 
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Figure 3.3.1. - GaAs MESFET, in which a Network is Superimposed 
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Figure 3.3.2. - Equivalent Circuit Elements of a MESFET, the Intrinsic Device is Represented by 

Components Inside the Dashed Box. Elements outside are Parasitics. 

3.3.1 Intrinsic Equivalent Circuit 

The gate-source capacitance (Cgs) represents the charge in the depletion region under 
the gate at the gate-source side of the device. The channel resistance or input resistance 
(Ri) in series with Cgs represents the resistance of the semiconductor under the gate. 
The gate drain capacitance Cgd is the capacitance associated with the charge in 

depletion region at the drain edge of the space-charge layer generated and modulated by 

the gate-drain voltage. The current generator gmVgs represents the gain of the device, 

where gm is the intrinsic transconductance and V, s is the voltage dropped across the Z: ' 
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gate capacitance. Rds represents the finite output resistance of the device. The output 
resistance at microwave frequencies is usually lower than the DC value as a result of 
dispersion which is mainly due to the charge exchange with deep levels located at the 
interface of the device channel and buffer[3.5]. At high frequencies the states cannot 
follow the applied voltage, hence the output resistance decreased. The drain source 
capacitance (Cds) in parallel with Rds arises from capacitive coupling between the 
doped regions of the drain and source separated by the depletion region. 

3.3.2 Extrinsic Equivalent Circuit 
The parasitic (extrinsic) elements of the equivalent circuit are shown outside the dashed 

line in Figure 3.3.2. The series parasitic resistances, the source resistance (Rs) and the 

drain resistance (Rd), each have two components. First the contact resistance component 
(Rc) which arises from the resistance of the ohmic contact to the semiconductor. Second 

bulk resistance of the semiconductor in the source-gate (or drain-gate) access regions. 
The gate resistance (Rg) is determined by the number of gate fingers (m), the gate cross 

section area [gate length (Lg) x gate height(h)] and its width (Zg). Multi-finger gates are 

connected in parallel, resulting in a reduced gate resistance by a factor of m2. 

R- 
PZ 9 [3.61 9 3m 2hLg 

where P is the resistivity of the gate metal and h is the height of the gate fingers. 

The RF gate resistance is distributed resulting in the factor of 3 in the denominator of 

the expression [3.7]. 

The gate, drain, and source parasitic inductances, Lg, Ld, and Ls, arise from feed pads of 

the electrodes. 
The parasitic geometrical capacitances, Cpg, Cpd, and Cpgd, caused by the electrical 
field distributions between metallic contacts in the MESFET are determined by the 

layout of the device. 

3.3.3 RF MESFET Figures of Merit 

- The current cut-off frequency ft) 

The current cut-off frequency or transition frequency (fT) is the frequency at which the 

short circuit current gain 
i Out falls to unity under the short-circuit output 
lin 19 

condition. Using the intrinsic equivalent circuit model for the GaAs MESFET shown in 

Figure 3.3.3 with output shorted Vout =0 (drain is shorted to source). 
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Figure 3.3.3 - Intrinsic Equivalent Circuit Model for the GaAs MESFET 

id gmVgs 

19 jW(Cgs + Cgd)Vgs 

Id 
= 

gm 

ig jW(Cgs + Cgd) 

For unity short circuit current gain 
id 

=I and f= fT 
ig 

gm 

2TCf T 
(Cgs + Cgd) 

gm 
2TCf TCg 

where Cg=Cgs+Cgd 

=> fT = 
gm 

2nCg 

Taking into consideration the parasitic resistances of the equivalent circuit shown in 

Figure 3.3.4, fT can be defined as[3.8]. 

f gm 

27c (Cgs+ Cgd) I+ 
Rs +Rd 

+ gmCgd (Rs +Rd) 
Rds 

Gate R 
0 ýg 

V9 s cgs 
Cgd 

gmvgs 

Ri 

Source s 

Cds 

Rds 

Rd 
Drain 

Figure 33.4 - Equivalent Circuit Model for the GaAs MESFET Including Parasitic Resistances. 
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- Maximum Frequency of Oscillation ffmax) 
The maximum frequency of oscillation ffmax) is defined as the frequency at which the 
device power gain (Gp) falls to unity. Using the equivalent circuit shown in Figure 
3.3.5, a first order approximation of the power gain can be made as follows: 

iin Rg 

I 

vgsl 
Vin vout 

Figure 3.3.5 - Equivalent Circuit to Determine Power Gain 

The Voltage Gain 

Gv = 
Vout 
Vin 

Vout 

Vin 

In the limit 

gmRL 
I+ jwCg(Rg + Ri) 

gmRL 
I 

ll+co 2c9 2(Rg + Ri )2]-2 

[wCg(Rg 
+Ri )l 2 

>>I 

Gv gmRL 

wCg (Rg + Ri) 

Gv gm RL 

21ufCg (Rg +R i) 

GV 
fT RL 

f 

)Rg+Rl 

The power gain Gp is defined as the ratio between the power delivered to the load and 

the power input to the FET, or the product of current and voltage gains. 
Gp = GjGv 

GP gm gmRL 

coc (0c, 9 
(Rg + Ri) 

G gm gm RL 
P 21ufCg 

_27cfCg, 
Rg+Rl 

iout 
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Gp = 
fT 2 RL 

fR +Ri 9 1- 
The maximum output power for a FET is obtained when 

RL = Rds 

which is 

Gp= 
fT)2 Rds 

f 4(Rg + Ri) 

since fmax occurs at unity power gain 
therefore 

f 
max - 

fT 

By including the parasitic resistances to the intrinsic equivalent circuit as shown in 

2 
Rg+Ri 2 

Rds 

Figure 3.3.4, fmax can be defined as[3.9], 
V 

fT 
'max - 

2 
Rg + Ri + Rs 

Rds 
(271f 

TRgCgd) 
2 

- The maximum available gain (MAG) 

The maximum available gain (MAG) is an important performance parameter of a GaAs 

MESFET. It is defined as the maximum power gain that can be achieved with a perfect 
input and output match. The expression for MAG is give by [3.10] 

MAG =4 Rg + Ri + Rs 

Rds 

(f 
f 

)2 
f 

+ 4TUf TCgd 
(2Rg + Ri + Rs 

3.4 Low Frequency (excess) noise 
When a current passes through a semiconductor, shot noise results from the random 

passage of individual charge carriers across a potential barrier[3.1 1]. In addition, excess 

noise, with a spectral density which decreases as the frequency increases is also 

generated. This is known as'low frequency'noise or'l/f noise' since its power spectrum 
has an approximate 1/f dependency. In semiconductors, low frequency excess noise 

contributions to the channel current are generated as a result of fluctuations in the 

number of charge carriers from random movements in and out of traps associated with 

crystal imperfections, particularly at the crystal surface[3.12]. 
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3.5 The Effect of Gate Recess Offset Engineering and Process Conditions on 
0.2gm Gate-length GaAs MESFET 

3.5.1 Introduction 
The gate recess offset is an important parameter in the design of deep submicrometer 
GaAs and InP based compound FETs[3.13]. Varying the gate recess offset of GaAs 
MESFETs by extending the recess towards the drain changes the effective channel 
length, the access resistances and gate capacitances[ 3.141, the breakdown 

voltage [3.15,3.161 and hence influences the overall performance of the device. The extent 
of the gate recess influences the extracted intrinsic small signal equivalent circuit due to 
its impact on gate capacitances, access resistance and transconductance. 
Thus, proper understanding of the variations in the intrinsic small signal equivalent 
circuit with the recess offset is very important for MMIC based amplifiers circuit 
design[3.17]. Also, the associated change in series resistance, capacitance, and the 
ideality factor of the gate Schottky diode is important when designing mixer based 
MMIC circuits where it has direct effect on conversion gain/loss[3.181. Further transistor 
low frequency noise performance is affected by the recess process conditions. In 

oscillator based microwave circuits the low frequency noise component is an important 
figure of merit as transistor low frequency noise is converted into microwave phase 

noise by active device nonlinearities[3.19]. 
Selective or non-selective gate recessing can be performed by either conventional wet 

chemical etching or reactive ion plasma dry etching[ 3.20-3.231. Non-selective wet 

chemical gate recessing offers little control over the offset width and the recessing is 

terminated when a targeted saturated channel current is reached [3-20,3.221. Selective 

etching produces an accurately controlled recess depth where the vertical etching stops 

at a specially designed thin epi-layer structure [3.21,3.23] introduced into the substrate at 
the growth stage. The high selectivity of the etching process prevents further vertical 

etching once the cap-layer is removed. Any extra etching results in lateral over etching 

producing a gate recess offset. Wet chemical etchants generally have poor selectivity 

and reproducibility of gate recess offsets compared with that of selective dry etching. 
in this work, a highly uniform, highly selective low damage dry etching process using 
CC12F2[3.23] was used to produce gate recesses with different recess offset in 0.2ýLm 

gate length GaAs MESFETs. The effect of the recess offset on the elements of the 

intrinsic small signal equivalent circuit and the overall high frequency performance is 

studied and presented. The effect of the recess offset on DC and low frequency 

behaviour is also studied and reported. Numerical simulations were carried out to help 

understand the reasons for the observed experimental results. 
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3.5.2 Fabrication 

MESFETs with gate lengths of 200nm and widths in the range 10ýtm - 120ýtm 

embedded in a coplanar waveguide structure were fabricated. All the devices were 
fabricated on the material structure shown in Figure 3.5.1 and previously discussed in 
Section 2.7. 

Gate Recess Offset 

Source 

56nm 5x 10 1 7cm-3 n-GaAs Channel 

100nm3xlol5cm-3 p-GaAs Buffer 

100nm undoped GaAs Buffer 

(100) Semi-Insulating GaAs Substrate 

All lithographic levels were defined by electron beam lithography (EBL) using a Leica- 

Cambridge EPBG-5 Bearnwriter. The 0.2ýtm footprint T-gate was defined using tri- 

layer resist PMMA/P(MAA-MMA)/PMMA techniques[ 3.241. The gate recess was 

accomplished by selective reactive ion etching (SRIE) using CC12172 with an etch 

selectivity between the GaAs and the AlGaAs of greater than 4000: 1. The GaAs cap 
layer was etched, with the etch stopping at the 5nm AlO. 3GaO. 7As etch stop layer[3.25]. 

The etch time required to remove the GaAs cap layer was 25 seconds. Figure 3.5.2 

shows the gate recess offset as function of SRIE etching time. The etch rate is 

reproducible to within 10%. Three samples were etched for 30,40, and 50 seconds 

producing gate offsets of 33nm, 47nm, and 67nm respectively. 
80 

60 

70 

Drain 15nm 1.1 x 10 18cm-3 
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5 nm 5x 10 1 7crW3 

n A]0.3Gao. 7As 

etch stop 

T 

I 

50 

40 

30 

20 
20 30 40 50 

Etching Time(sec) 

Figure 3.5.2 - Gate Recess Offset as a Function of RIE Time 

Figure 3.5.1 - Vertical Layer Structure of the 200nm T-gate MESFET 
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Schottky gate contacts were formed by depositing Ti/Au directly onto the dry etched 
AlGaAs surface. Nonselective, wet chemical etched devices were gate recessed using 
1: 1: 200 H2SO4: H202: H20 containing Ippm FC-93 wetting agent. Etching of these 
latter devices was terminated when the ungated, saturated drain current reached the 

same value as that of the dry etched devices. Full fabrication details were described in 

Section 2.9. 

3.5.3 Measurement Techniques and Measurements 

The DC measurements were performed using a HP4145B Semiconductor Parameter 

Analyser. The devices were probed using Cascade Microtech on-wafer probes which 

present low source inductance thus preventing the devices from oscillating. The RF 

measurements were performed using system based around a Wiltron 360B Network 

Analyser shown schematically in Figure 3.5.3. 

FET BIAS IEEE 488 
GPIB 

IF CONTROLLER 

0 --w- 
0 

(29 
HP 414513 Semiconductor 
Para Parameter Analyzer 

Wiltron Model PC 
360B 
24MHz - 60 GHz 000 
NETWORK 

00MM 

ANALYZER 
13 13 13 

Cascade Microtech Probes 

PROBE STATION 

Figure 3.5.3 - RF Measurement System 

The RF response of devices was evaluated for small signal excitations - (-20dBm) in 

the frequency range from 240MHz to 60GHz. The cutoff frequency fT, the maximum 

oscillation frequency fmax, the RF transconductance gm, and the RF output conductance 

gds were derived from the measured S-parameters at each bias point. Calibration of the 

Network Analyser was performed before device measurement using the Short-Open- 

Load-Through (SOLT) [3.26] calibration technique 

Low frequency noise measurements were conducted using the measurement 

system shown in Figure 3.5.4, with the devices probed using Cascade Microtech on- 

wafer probes, bias being supplied by low noise power supplies via RC low pass filters. 
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Figure 3.5.4 - Low Frequency Noise Measurement System 

The output voltage noise spectral density (Sov(f)) was measured in the frequency range 
2kHz- I OOkHz using a HP3561 dynamic signal analyser with 500 times averaging. The 
input (Siv(f)) and the output (Sov(f)) voltage noise spectra densities are related through 
the voltage gain of the measurement system by 

[Si, (f )]112 = (I / G)[S,, (f )]1/2 

where G, the voltage gain of the system IG = gm(f)RLRds/(RL + Rds)] was measured 

at each frequency (gm is the device transconductance and Rds the device output 

resistance). The gain measurements were performed by applying a known signal to the 
input of the device and measuring the resulting output signal. 

3.5.4 Simulation 

In order to understand better the effect of the gate recess offset on the device 

characteristics and the observed dependencies of the device parameters, numerical 

simulations were employed. The simulations are carried out with the drift-diffusion 

module of the commercial device simulator MEDICI[3.27]. It has been previously 
demonstrated, by comparison of Monte Carlo simulations with experimental 

measurements, that a well calibrated drift-diffusion simulation with enhanced saturation 

velocity in the mobility model can represent accurately the dc characteristics 13.2 81 and 
the RF performance[ 3.29] of deep submicrometer FETs. To assess the MESFET RF 

performance, Y- parameters were extracted using Fourier decomposition[3-30] from the 

transient response of the gate and drain current in respect of small changes in the gate 

and drain voltages. The parameters of the six component small signal intrinsic MESFET 

equivalent circuit surrounded by dashed lines in Figure 3.5.5 were extracted from the Y- 

parameters analytically [3.3 1 ]. 
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Figure 3.5.5 - Intrinsic Small Signal Equivalent Circuit of the MESFET 

The device simulation includes the resistances in the source gate and gate drain access 
regions. These resistances were subtracted from the Y-parameters via Z-parameter 

transformation before extraction of the lumped element equivalent circuit. The steady 

state and transient drift-diffusion simulations are carefully calibrated against Monte 

Carlo simulations and the measured characteristics of fabricated MESFETs. The 

simulation are carried out for three values of the surface charge in the recess region 
(2xlOI2,3XIO12,4xIO12 CM-2) introduced to emulate the surface potential pinning 

and/or the introduction of electrons trapped on defect states generated by the dry 

etching process. 

3.5.5 Results and Discussion 

The measured and simulated DC output characteristics of a 200nm T-gate two finger 

GaAs MESFET with total gate width of 120ýtm and gate recess offset of 33nm are 

shown in Figure 3.5.6. A typical saturated drain source current Idss(mA/mm) of 
147mA/mm at 2V drain bias and OV gate bias was observed uniformly for all measured 
devices, irrespective of the recessing techniques employed. 
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Figure 3.5.6 - Measured and Simulated DC Characteristics of a 200nm T-gate Two Finger GaAs 

MESFET with Total Gate Width of 12%tm and Gate Recess Offset of 33nm 

61 

0.5 1 1.5 
Vds (v) 



Chapter 3 

Further, the drain-source saturation voltage at a OV gate bias is approximately 0.8V for 
both dry gate recessed and wet gate recessed devices. In addition, drain source 
breakdown voltage measurements show that all devices have a similar breakdown 

voltage Vdsb of about 7.2V regardless of gate offset or recessing method, indicating a 
gate-channel dominated breakdown rather than gate-drain limited breakdown. Finally, 

the ideality factor of the Schottky gate contact was 1.15 for all the devices regardless of 
the type of etching and the etching time. 
The small signal equivalent circuit elements from Figure 3.5.5 were extracted by fitting 

the measured S-parameters using the equivalent circuit extraction package 
Lysander[3.321 and compared with the analytically extracted parameters from the 
MEDICI modelling. The effect of increasing the gate recess offset on a number of the 

equivalent circuit parameters obtained experimentally and from the simulations is 

shown in Figures 3.5.7 - 3.5.9. 
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Figures 3.5.7 - Measured and Modelled Small Signal Transconductance (gm) and Output Conductance 

(gds) as a Function of Gate Recess Offset for 120ýtm Wide Two Finger Gate MESFETs Blased at 2V 

Drain Source and OV Gate source 
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Figures 3.5.8 - Measured and Modelled Small Signal Capacitances (Cgs) and (Cgd) as a Function of Gate 

Recess Offset for 120ýLm Wide Two Finger Gate MESFETs Biased at 2V Drain Source and OV Gate 
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Figures 3.5.9 - Measured and Modelled Rin as a Function of Gate Offset for 120 ýLm Wide Two Finger 

Gate MESFETs Biased at 2V Drain Source and OV Gate Source 

There is not a dramatic influence of the recess offset on the overall device performance. 
All devices showed fT of approximately 85GHz. Devices with 33nm gate recess offset 

showed fmax of approximately 120GHz. A IOGHz reduction Of fmax with the increase 

of the gate recess offset was observed. 
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This conclusion hides the fact that there is a well pronounced reduction in both the 
transconductance gm and gate source capacitance Cgs was observed with increasing the 
gate recess offset from 33 to 67nm. Also, a significant increase in Rin was observed. 
Most of the other equivalent circuit parameters such as the output conductance gds, and 
the drain gate capacitance Cgd are less sensitive to the changes in the recess offset. The 

observed reduction in gm as a function of gate recess offset is caused by an increase in 
the effective channel length as the cap layer is etched away from the sides of gate. For 

small recess offset the charge in the cap layer screens the fringing gate field resulting in 

good gate control of the mobile charge in the region directly under the gate. With the 
increase in the recess offset the gate control extends over the unmetallised recess region 
resulting in extension of the effective channel length. This reduces the channel current 
modulation efficiency, and so degrades the transconductance. The dependence of Cgs 

and Cgd on the gate recess offset for 120ýtm wide two finger gate MESFETs biased at 
2V drain voltage and OV gate voltage is shown in Figure 3.5.8. The reduction of Cgs 

with the increase of the gate recess offset resulted from the increasing separation of the 
heavily doped cap and the gate, and is dominated by the source end of the channel 

where the mobile charge in the cap layer is closer to the gate. On the drain side of the 

channel the depletion layer edge in the cap layer is already significantly removed from 

the gate at Vds of 2V and the increase of the recess offset does not have so profound 

effect on Cgd. The behaviour of Rin as a function of gate offset for 120Rm wide two 
finger gate MESFETs biased with 2V drain voltage and OV gate voltage for devices 

with gate recess offsets of 33,47, and 67nm is shown in Figure 3.5.9. The increase in 

Rin with increasing offset is believed to be related to both the increase of the gate 

charging area when the effective channel length increases together with an increase in 

the charging resistance due to the extension of the ungated recess region. 
Whilst the trends in the offset dependent variation of equivalent circuit elements 

extracted from the measurements and modelling agree, it is not possible to fit the 
dependence with one unique surface charge density. 

This is mainly due to the different extraction procedures used to determine values of Rs 

and Rd. The small signal equivalent circuit parameters extracted from the measured S- 

parameters are obtained by global matching without restriction of the element values, 

and correspond to the best possible fit. The element values extracted in this way, 

particularly Rs and Rd do not necessarily correspond to the physical values extracted 
from the MEDICI model which are determined from the geometry and sheet resistance 

of the device access regions. For clarification, in the procedure used with the simulation 
data, the measured DC source resistance is subtracted from the calculated Y parameters 

and then the small signal parameters are analytically extracted from the equivalent 

circuit of the intrinsic device. In this work the fitting procedures from the measured S- 

parameters data underestimates the physical source and drain series resistances. For 
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example for 33nm gate-offset MESFET the extraction predicts source resistance 
Rs=1.43Q whilst DC measurements suggest that the physical source resistance is at 
least 7.50. The effect of varying the series resistances is illustrated in Figure 3.5.10 

where Ri and Cgs are extracted from simulation for various values of Rs ranging from 0 
(complete negligence of Rs) to 8Q which corresponds to the physical DC source series 
resistance in the device. 
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Figure 3.5.10 - The Effect of Neglecting the Series Resistances 

In this work, the ambiguity in matching the RF source and drain resistances from the 

simulation and measured data make it difficult to identify the physical mechanisms 

causing the variation in equivalent circuit parameters. The most likely interpretation of 
the data is that the effects are due to variations in the recess geometry and that a 

constant surface charge density of around 4xjOl2cm-2 is present in the recess region. 
This is further backed up by the low frequency noise measurements presented in the 

next section. 
Low frequency noise measurements (2kHz- I OOkHz) were performed on 200nm 

dry etch gate recess T-gate MESFETs as a function of etching time. For comparison, 

the low frequency noise behaviour of non-selective wet chemical gate recess devices are 

also presented. Figure 3.5.11 shows the input referred noise voltage dependence on dry 

etching time compared with that of a wet gate recess devices for 60gm wide MESFETs 

biased with LOV drain source voltage and OV gate source voltage. There is little 

difference between the devices etched for 30,40, and 50 seconds suggesting the etching 
is introducing little damage. This is further evidence that the constant surface charge 
density model presented above is an accurate representation of the situation in the dry 
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etch recessed devices. In the frequency range 20kHz to I OOkHz, the wet etched devices 
have input referred noise values 60% larger than the 30 second dry etched devices and 
below 20kHz, the slope of the input noise (frequency) curve differs from that of the dry 

etched devices. These observations indicate that the noise generating processes in the 
two types of devices is different, and is presumed to be affected by the different surface 
chemistry of the wet and dry etching. We observe a similar frequency dependence of 
the input referred noise in wet and dry etched MESFETs at drain biases in the range of 
0.5 - 2. OV from one finger gate devices of widths lOgm, 20ýtm and two finger devices 
having a gate width of 120W. This suggests the dry etch process may be passivating 
the recess surface, improving the device low frequency noise performance. 
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Figure 3.5.11 - Input Referred Noise for 60ýtm Wide Devices Etched at 30,40,50 seconds and Wet 

Etched Device Biased at LOV Drain Source and OV Gate Source 

3.6 Conclusion 
In this section, the effect of gate recess offset on the DC and RF performance, and small 

signal equivalent circuit for 0.2ýtm gate length GaAs MESFETs which were gate 

recessed using a selective dry etching has been considered. All devices show the same 
drain-source breakdown voltage (7.2V) and ideality factor of the Schottky gate contact 
(1.15) regardless of their gate recess offsets. Non-selective wet-chemical gate-recess- 

etched control devices showed the same breakdown voltage and ideality factor as the 

dry recess devices. A number of the small signal equivalent circuit elements were 

influenced by the increase of gate recess offset. An increase of Cgs and Rin was 

observed with increasing gate recess offset. A significant reduction in gm was also 
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observed. Most of the other equivalent circuit parameters were insensitive to changes in 
the recess offset. Numerical simulations were carried out in order to understand the 
influence of the gate recess offset on the device characteristics and parameters, and 
qualitative agreement between measured and simulated response was obtained. It 

appears the results can be explained using one surface charge density independent of 
etch time indicating that extra etching time dose not introduce any extra trapping. This 
is borne out by low frequency noise spectra (2-IOOkHz) which were measured for 

selective dry etch recessed devices and compared with non-selective wet-chemical gate- 

recess-etched devices. Little increase in low frequency noise behaviour with increasing 

gate recess offset was observed for dry etched devices. Additionally, the input referred 

noise in the frequency range 20-100KHz of the wet etched devices was greater than that 

of the dry etch gate recessed devices, suggesting that the noise generating processes in 

the two types of devices is different, and that the dry etch process passivates the recess 

surface improving the device low frequency noise performance. 
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Chapter 4 

Schottky- Contact Diodes For MMIC Mixer Design 

Introduction 

Diode based MMICs are used widely to perform tasks such as mixing of two signals of 
different frequencies. Mixing of two signals could also be performed by FET circuits, 
but diodes are often preferred to FETs for the following reasons: 

The RF performance (bandwidth) of diode circuits is superior to that of FET circuits 
due to lower RC product. 

0 Less demand for fabrication control and smaller plan area than for a FET, thus 

giving better yield and cost advantage. 

0 In some circuits, no external DC bias is required and therefore fewer on-chip 

components are needed which results in less fabrication steps and smaller chip size. 
The purpose of the work on Schottky contact diodes for mixer application presented in 

this chapter are: 
(a) To identify process conditions. 
(b) To evaluate diode quality. 
(c) To identify suitable diode geometry. 
(d) To extract equivalent circuits for diodes in order to design the mixer part of 

the MMIC. 

This chapter begins with a brief outline of basic Schottky-contact diode operation. A 

series resistance analysis of the diode studied in this project is discussed. The small- 

signal equivalent circuit of the Schottky -contact diode is presented. The layout of the 

diodes studied is described, and their fabrication techniques are briefly mentioned. DC, 

RF, and low frequency C-V measurement techniques and measurements to characterise 

the diodes are outlined. Finally, results and discussions on the effect of varying 

Schottky-contact (anode) recess offset obtained from the IN diode characteristics and 

C-V measurements, and the small signal equivalent circuit deduced from RF 

measurements for different diode geometries are presented. 
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4.1 Basic Operation and Useful Quantities of Schottky- Contact Diodes 
A Schottky -contact diode is a majority-carrier device in contrast to p-n junction diodes 

where the minority carriers are responsible for current transport process. The Schottky- 

contact diode is a metal- semiconductor junction formed by depositing a metal contact 
such as titanium or platinum (the anode) on a semiconductor such GaAs (the cathode). 
Diode mixers almost exclusively use n-type rather than p-type semiconductors, because 

of greater electron mobility which results in a lower series resistance and higher cut-off 
frequency. Figure 4.1.1 shows the energy band diagram for a metal and n-type 
semiconductor, where qOm and qOs represent the energy differences between the 

vacuum level and the Fermi level for the metal and semiconductor respectively. This 

quantity is termed the work function. When a contact between metal and semiconductor 
is made, carriers will flow from the semiconductor to the metal until an equilibrium 
condition is reached at which point the Fermi levels in the two materials will be 

coincident as shown in Figure 4.1.2. The resulting potential difference, called the built- 

in potential (Vbi) across the junction, is the difference between the two work functions, 

(OM-0s). 

ýM-eýtal ýSemiconducto] r 

Free Space Energy Level 

Efm 

qOm 
qO S7 

1 qX 

Electron Affinity (qX) = Energy 
required to remove electron from 

Ec the conduction band to free space 

I. & ---------- Efs 

-- Ev 

Figure 4.1.1. - Energy band diagram for a metal and n-type semiconductor before contact 
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Space Energy Level 

qVbi qX 
Ec 

----------------- Efs 
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Ev 

Figure 4.1.2. - Energy-band structure of the Schottky junction 

The positively charged depletion region in the semiconductor under the metal contact 

behaves like the dielectric in a capacitor. The free charge from the depletion region is 

transferred onto the metal contact giving rise to the built-in potential difference. The 

width of the depletion region may be expressed as 
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where 

2es (Vbi, 
- V) 

w 
I 

qNd 

Es = dielectric permittivity; 
Nd = doping density; 

q electronic Charge; 

V applied voltage 

[4.1] 

The charge in the depletion region Qi per unit area is defined as 
Qj = qNdW = ý2csqNd (Vbi 

- V) Coulomb / cm 
The depletion layer capacitance per unit area is defined as the derivative of the charge 
with respect to the junction voltage 

aQ qN F- S C(V) ý(v -Ed av 
-S 

- V) W 
(F/cm2) 

b 

or 

C(V) 
Cjo 

VO 
-V/ Vbi) 

Where CjO is the junction capacitance at zero bias voltage. 
Current transport in Schottky-contact diodes occur by thermionic emission of majority 

carriers over the barrier created by the unequal work functions between the 

semiconductor and the metal[4.2]. The equation for the diode current is given by[4.3] 

I= Is exp 
qV 

_ 1] 
I 

flkT 

Is =A 
** T2Ac exp kT 

where 
Boltzmann's constant; 

q= electronic Charge; 

absolute temperature; 
Ac junction Area; 

A** modified Richardson's constant; 

Tj = ideality factor; 

Obn = barrier height, which is defined as the difference between the Fermi level 

and the peak of the semiconductor conduction band at zero bias condition; or the 

difference between the metal work function and the electron affinity of the 

semiconductor) 
The ideality factor fl acts as a mathematical parameter to correct for various effects such 

as crystal structure damage on the surface of the active layer and contamination under 

the Schottky metal resulting from the fabrication process and metal deposition of the 
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anode. In practice its value is determined experimentally and usually lies in the range 
1.05 - 1.25 for good diodes. 

The physical origin of the resistive components of the diode implemented in the mixer 
of this project can be related to the diode geometry shown in Figure 4.1.3. The equation 
for the diode current which accounts for the series resistance is given by 

I=ls[exp qV-IRs. 
_l] [4.4] 

i1kT 

The series resistance (Rs) for Schottky diodes arises from the spreading resistance (R, p) 
under the anode, the resistance of the undepleted epitaxial layer which accounts for the 
largest part of the series resistance (Rg+Rr), the metallic resistance of the anode finger 

(Rm), and the ohmic contact to the cathode (Rc). 

10+ 

19 

1w 

Figure 4.1.3 - The Physical Origin of The Resistive Components of a Diode 

Except for the gate metal resistance, all the resistances depend only on the total gate 

width, not the number of fingers[4.5]. 

The spreading resistance and the metallic resistance of the gate are distributed, and 

therefore effectively divided by three[4.6]. 

For n anode fingers the total resistance is therefore: 

Rc + R, + Rr + 
Rsp 

Rs m3 
32 
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where 
Rc = ohmic contact resistance 

Pc 
wg n 

Rg = resistance of the unetched material in gate-ohmic gap = 
10 *Pu 
wg, n 

R, = resistance of the gate recess offset region = 
Ir * Pe 
wg, n 

Rsp = spreading resistance under the gate = 
'g-Pe 

2wg *n 

Rm = metallic resistance of the gate = 
PM. W9 

n- hg * Ig 

n= number of gate fingers. 

where 
pc = contact resistivity 
pu = unetched resistivity 
p, = etched resistivity 
pn, = gate metal resistivity 
hg = gate metal thickness 

and 
lo, In Ig, wg are defined in Figure 4.3.1. 

giving: 

Rs - 
Pm' W9 

+ 
PC 

+ 
lo-Pu 

+ 
lr*Pe 

+ 
Ig 'Pe 

3n-hg*lg 2wg*n 2wg*n 2wg'n 12wg*n 

Pc +lo 'Pu +Pe Ir +9 
Pm*W 6 

Rs -g+ 3n. hg*lg 2wg *n 

Using this analysis, the predicted value of the series resistance of the four finger diode 

implemented in the MMIC mixer circuit in this project can now be calculated. Using the 

data from chapter 2 and the diode layout dimensions described in section 4.4. 

contact resistivity (pc) = 0.2Q-mm 

unetched resistivity (pu)= 600Q/square 

etched resistivity (Pe)= 8251-Ysquare 

gate metal resistivity (pm)= 2.44xlo-8 Q-m 

gate metal thickness (hg) = 300nm 
10 = 650nm 
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Ir = 50nm 
Ig = 500nm 

W9 =Iogm 

giving 

RC - 
0.2 x 103 

=M (10)(4) 

Rg _ 
(650) x 10-3 (600) 

= 9.8Q 
(10)(4) 

Rr - 
(50) x 10-3 (825) 

= IQ 
(10)(4) 

Rsp _ 
(500) x 10-3 (825) 

= 5.2. Q 
2(10)(4) 

RM = 
(2.44 x 10-8) x 106 (10) 

= 0.41Q 
(4)(300) x 10-3(500) x 10-3 

Given total resistance (diode series resistance Rs) = 8.9Q 

For the large circular area diode of radius R=90ýtrn shown in Figure 4.4.1, the Rs value 
was estimated to be 42Q. The calculation was based on the equation 

Rs = -! 
ý-m 

+ Rc + Rg + Rr + 
Rsp 

33 

Rs - 
pm . 27uR 

+- 
PC 

+ 
lo-Pu 

++ 
R'Pe 

3n. hg, R 2nR. n 2nR. n 2nR. n 3-2-27rR. n 

where 
R= anode radius (27cR = circle circumference). 

4.2 Diode Circuit Model 

A circuit model for the Schottky barrier diode which is valid for both small-signal and 
large-signal excitation is required to analyse the mixers. Because the Schottky-contact 

diode does not suffer from minority carrier effects, the junction capacitance and diode 

current described in section 4.1 change almost instantaneously with junction voltage, 

and the DC expressions for these quantities are valid to several hundred gigahertz[4.71. 
Therefore, we can assume that the large-signal diode model is quasistatic; that is, the 

capacitance and current are a function of junction voltage alone and change 
instantaneously with that voltage. 

The intrinsic equivalent circuit of the Schottky-j unction diode is shown in Figure 4.2.1. 

It consists of a nonlinear junction conductance and capacitance connected in series with 
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a resistance (Rs). The series resistance (Rs) varies little with junction-voltage, so its 

nonlinearity is negligible and it can be considered as a linear element. 

C( 

Figure 4.2.1. - Intrinsic equivalent circuit of Schottky-j unction diode 

4.3 Cutoff frequency 

A figure of merit often used for mixer diodes is the cutoff frequency (fc) 

fc -I 2TcRsCjo 

A value of fc can be deduced from dc measurements (I/V) of Rs and low frequency 

capacitance measurements (C-V) of CjO. 

4.4 Schottky Diode Layout Design 

Two different physical layouts of Schottky contact diodes were designed and fabricated 

during this project. The first type is a large area circular diode (180[Lm diameter) 

Schottky -contact with a 20[tm anode-cathode gap shown in Figure 4.4.1. This diode 

structure was used to obtain the IN and CN characteristics. 

Cathode 

Figure 4.4.1. - Large area circular diode 

The second type of Schottky contact diode is embedded in a coplanar waveguide 

structure as shown in Figure 4.4.2. 
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Figure 4.4.2. - Schottky contact diode embedded in a coplanar waveguide 

This was used for RF measurements to obtain the small signal equivalent circuit, and 

was used in the MMIC mixer in this work. The layout of this diode consisted of 
Schottky finger (anode) lengths of 500nm embedded in a coplanar waveguide structure. 
Two finger pyramidal and T-shaped cross section structure devices with total anode 

width of 10 and 20ýtm, and four finger devices with total anode width of 20 and 40[Lm 

were realised. The cross-sectional geometry of various structures is shown in Figure 

4.4.3. Changing the Schottky contact area by changing the Schottky finger length (Lg) 

and width (wg) will affect the junction capacitance (Cj). Increasing the number of 
Schottky contact fingers (n) for a constant anode width reduces the series resistance. As 

will be shown in section 4.7 where the optimal diode geometry comprised four 

pyramidal anode fingers of length 500nm with total anode width of 40ýLrn. The 

separation between ohmic and Schottky contacts was to be 700nm to minimise the 

series resistance and metal-to-metal capacitance whilst maximising process reliability 

and yield. 
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S ch ottky- contact 
(anode) 

Schottky-contact 

anode 
Z n(-%- -- 

rAn- 

Ohmic contact 
(cathode) 

Mesa 

Schottky-contact 

anode 

Cross sectional view of pyramidal shape anode 

Figure 4.4.3. - Layout design of multi fingers Schottky-contact anode diode implemented in the MMIC 

mixer 

4.5 Fabrication of Schottky-Contact Diode 

The Fabrication process for the Schottky diodes is similar to the FET fabrication 

process described in section 3.5.2. All the diodes were fabricated on the GaAs based 

MBE layer shown in Figure 2.7.1. All lithographic levels were defined by electron 
beam lithography (EBL). Both T-shape and pyramidal Schottky -contact fingers diodes 

were fabricated. Pyramidal gates were written in the same trilevel resist system used for 

mushroom gates, by exposing the resist with a single dose assignment of 500[LC/CM2. In 

this way both mushroom and pyramidal gates could be written on the same process step. 
The Schottky contact (anode) recess was accomplished by selective ion etching (SRIIE) 

using CC12F2. The GaAs cap layer was etched, with the etch stopping at the 5nm 

AlO. 3GaO. 7As etch stop layer[4.81. Three samples were etched for 30,40, and 50 

seconds. Schottky -contacts were formed by depositing Ti/Au directly onto the dry 

etched AlGaAs surface. Nonselective, wet chemical etched devices were gate recessed 

using 1: 1: 200 H2SO4: H202: H20 containing Ippm FC-93 wetting agent. Etching of 

these latter devices was terminated when the ungated, saturated drain current measured 

on FET test structures reached the same value as that of the dry etched devices. Ohmic 

contacts at the source and drain were formed by depositing Au/Ge/Au/Ni/Au and 

annealing for 60 seconds at a temperature of 360'C in Nitrogen using a Rapid Thermal 

Annealer. Full fabrication details of each step are discussed in Chapter 2. 
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4.6 Measurement Techniques and Measurements 
4.6.1 DC Measurements 
The IN characteristics of the diode were measured using a HP4145B Semiconductor 
Parameter Analyser. The turn-on voltage (VT) and reverse bias leakage current (Is) were 
obtained directly from the linear IN curve. The ideality factor (11), series resistance 
(Rs), and the barrier height An) were calculated from the semilog plot Of Id versus Vd. 
For this measurement several decades of current were recorded from the nA range to a 
level where at least a few millivolts were developed across Rs. At low current levels, 
the voltage drop across Rs is very small and the change in voltage per decade of current 
is constant as shown in Figure 4.6.1. 
The expression for 71 can be obtained by using the equation 

I= Is exp 
qV I 

ijkT 

then, 
12 

exp 
q(V2 -V, 

11 TjkT 

AV= V2-VI = 
ilkT loglo(e) 

q 

e=2.7182818 
Where AV is the change in junction voltage per decade of current 

71 
qAV ýIoglo(e) 

kT ) 

At higher current levels, the slope decreases as a result of the voltage drop across the 

series resistance. If, at current Id, the deviation in voltage between the straight line and 
the measured IN curve is AVd then Rs ý--AVd/ld. Figure 4.6.1 is a schematic semilog 
plot of IN for Schottky-contact diode illustrating evaluation of the parameters 11, and 
Rs. The barrier height Obn can be obtained using the equation[4.9] 

Obn -'-:: 
kT 

In 
A* *T2 

q is 

where 
k= Boltzmann's constant; 

q= electronic Charge; 

T= absolute temperature; 

A** = modified Richardson's constant (for GaAs = 4.4 A cm-2K-2) 
Js=(IýAc) is the extrapolated value of current density at zero voltage from the 

semilog plot of IN 

Ac =junction Area; 
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1000.0 -I=I 
i-- AV = 0.1 

100.0 

10.0 

1.0 

Rs = AV/1 

AV 
ideality factor = (qAV/KT)Iog e 

losest-Fit Line 

0.4 0.5 0.6 0.7 
Diode Voltage (V) 

Figure 4.6.1. - Schematic semilog plot of IN for Schottky -contact diode 

4.6.2 RF Measurements 

The RF measurements were performed using a Wiltron 360B Network Analyser. 

Diodes were evaluated using Cascade Microtech on-wafer probes measuring device 

response to small signal excitations from 240MHz to 50GHz. Calibration of the 
Network Analyser was performed before device measurements using the LRL 

calibration technique[4.10] with calibration standards fabricated on each device chip 

with identical bondpad configuration to the diodes. The diode series resistance (Rs), and 
junction capacitance (qO) were derived from the measured S 11. Using Touchstoneo, a 

circuit file was realised to fit the linear small signal circuit model shown in Figure 4.2.1 

to the measured S-parameters. 

4.7 Results and Discussion 

IN dc measurements were performed on dry recess Schottky contact (anode) 180ýtm 

diameter circular diodes as a function of etching time. For comparison, the dc 

characteristic of non-selective wet chemical etched diodes were also measured. Figure 

4.7.1 compares the IN characteristics of diodes dry etched for 30,40, and 50 seconds 

with those of a wet recess Sc hottky -contact diode. The turn-on voltage (VT) is 0.67V 

for all the devices regardless of the type of etching and etching time. The slope of IN 

curve in forward bias decreases with increasing etching time, indicating an increase in 
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series resistance (Rs). This observed increase in Rs is caused by removing further the 
heavily doped cap layer between the Schottky-contact and ohmic contact of the diode as 
a function of etching time (increasing 10. 

0.04 

0.03 

0.02 

0.01 

0 

-0.01 

30s Etch 

40s Etch 

50s etch 

wet etch 

-2 024 
V(VOLTS) 

Figure 4.7.1 - IN characteristics of dry recess Schottky contact diodes for 30,40, and 50 seconds 

compared with that of a wet recess Schottky -contact diode. 

Figure 4.7.2 show the semilog plot of the IN characteristics of 180[Lm circular diodes 
dry recess etched Schottky -contact, and non-selective wet chemical etched diodes. All 
the devices show an ideality factor (fl) of the Schottky contact of 1.15, and a barrier 

height Obn of 0.7V. The series resistance (Rs) obtained from the high-current end of the 

curve in Figure 4.7.2 is found to increase with increased etching time. This increase in 

Rs as stated earlier is caused by removing the heavily doped cap between the anode and 
the cathode of the diode. 
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01234 
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Figure - 4.7.2 - Semilog plot of the IN characteristics of dry recess Schottky contact diodes etched for 

30,40, and 50 seconds compared with that of a wet recess S chottky- contact diode. 

Figure 4.7.3 shows the capacitance-voltage (C-V) measurements of 180[tm diameter 

circular diodes with etching times of 30,40, and 50 seconds. Devices etched for 30 

seconds showed junction capacitance at zero bias (Cjo) of 50pF. A 7pF reduction of CjO 

was observed with an increase of the etch time to 50 seconds. As an illustration of 

potential RF performance (cut-off frequency), scaling the size of Schottky -contact area 
to the size proposed for the diodes (20gm2) to be implemented in the mixers circuit, a 
junction capacitance (Cjo) of 40fF is obtained. A series resistance (Rs) of about 45Q and 
junction capacitance of about 40fF obtained from the 30 seconds dry etched diodes 

suggest a cutoff frequency (fc) of 88GHz which is a well above the operating frequency 

of the 35GHz MMIC mixer base diode needed to be implemented in this project. The 

value of Rs obtained from the circular diode measurements of 45Q slightly higher than 

the predicted value of 42Q obtained using the analysis in section 4.1. It is expected that 

the FIST like diode with four finger anodes will exhibit a lower series resistance value 

by a factor of about four. 
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8. OE- II 

6. OE- II 

4. OE- II 
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Figure 4.7.3 - Capacitance- voltage (C-V) measurements of 180ýLrrt diameter circular diodes with 
different etching times of 30,40, and 50 seconds 

Schottky -contact diodes embedded in a coplanar waveguide structure shown in Figure 
4.4.2 were measured up to 50GHz using Wiltron 360B Network Analyser. The SII 

parameter values were fitted to the standard Schottky diode equivalent circuit shown in 
Figure 4.2.1 using TouchstoneO. In order to arrive at a physically realistic solution for 

the equivalent circuit using Touchsone, the model was provided with initial values of 

series resistance (Rs) and junction capacitance (Cjo) obtained by scaling the results 

obtained from the IN and C-V measurements on large area circular diodes. The 

junction resistance at zero bias is very large and plays no major role in the small signal 

equivalent circuit, hence it in insensitive to the SII -parameter fitting process in 

Touchstone @. The circuit parameters were varied whilst a least squares fit was 

performed until the least error value was obtained. Figure 4.7.4 show, modelled and 

measured SII magnitude and phase angle as a function of frequency for a four finger 

500nm length Schottky-contact diode with a total gate width of 40ýtm. The values of Rs 

and CjO obtained from the RF measurements by using TouchstonO) for different diode 

geometries are shown in Table 4.7.1. These results show the scaling of Rs and CjO 

values with the geometry of the diodes. Also, the T-shape S ch ottky -contact fingers 

diodes show a larger capacitance values than those of the pyramidal once. This results 

from the additional parasitic capacitance caused by the larger metal area of the upper 

part of the T-shape anode. The Rs value of 31.5Q is larger than the calculated 8.9Q 

could be due to poor continuity of the anode metal at the edge of the mesa step. For the 

MMIC rnixer to be implemented in this project, the four finger 500nm length Schottky- 
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contact diode with a total gate width of 40ýtm is the most suitable because it exhibits the 
lowest RS and reasonable CjO value for 35GHZ frequency applications. 

0 

"0 

-2- 

-3 
[S 11 ] Measured 

-4- 
[S I I] Model 

5111 

0 10 20 30 40 

Frequency (GHz) 
50 

180 

90 

0 

<ý -90 

-180 

Frequency (GHz) 

Figure 4.7.4 - Modelled and measured SII magnitude and phase angle for a four finger 500nm length 

Schottky-contact diode with a total gate width of 40gm 

Diode Size 
number of anodes - anode width 

- anode length - node shape 

Series 
Resistance Rs 

A 

Junction & Parasitic 
Capacitance (M) 

Junction Resistance 
(M) 

4- 1%tm - 500nm - pyramidal 31.5 46.5 10 

_2 - 1%Lm - 500nm - pyramidal 49 26 10 

4- 5gm - 500nm - pyramidal 43 22 10 

2- 5ýtm - 500nm - pyramidal 80 13 10 

4- IOgm - 500nm - T-shape 31 55 10 

2- I%tm - 500nm - T-shape 47 29 10 

4- 5ýtm - 500nm - T-shape 42.5 29.5 10 

2- 5ýtm - 500nm - T-shape 80 15 10 

Table 4.7.1. - Values of Rs andqO obtained from the RF measurements for different diode geometries 

4.8 Conclusion 
In this chapter, a range of Schottky-contact diodes were studied in order to evaluate the 
dependence of the series resistance (Rs), ideality factor (ij), barrier height An), and 

junction capacitance (Cjo) on layout geometry and fabrication process. Then the RF 

small signal equivalent circuit, subsequently used for mixer design was extracted. 

Analysis of a four finger anode Schottky-contact diode were carried out suggesting this 

structure should have a series resistance of 8.992. DC and low frequency experimental 

results obtained from the circular diode measurements showed that all devices exhibit 

the same ideality factor (1.15), and barrier height (0.7V) regardless of the type of 

etching and etching time. An increase of Rs was observed with increasing, recessing 

time. A reduction in Cio was also observed. 
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The small signal equivalent circuit elements for diodes with different geometries were 
extracted from RF measurements. A reduction of series resistance (Rs) and an increase 
in junction capacitance (Cjo) was observed with the increase of the number of anode 
fingers. T-shape anode fingers showed a larger capacitance than those of pyramidal 
cross section structures. The Rs value of 31.5Q is larger than the calculated 8.9Q could 
be due to 
0 Poor continuity of the anode metal at the edge of the mesa step, which could be over 

come by: 

a) airbridging the anode avoiding the mesa step climb. Airbridging the anode 
will require a larger anode area, at least 1ORm width rectangular or lORm 
diameter circular anode fingers. 

b) Isolation by ion implantation [4.111 avoiding mesa etch and hence 

anode will lie flat avoiding metal strain and possible breakage at the anode feed. 

9 From the results Rs decreased as a function of number of anode fingers, and 
therefore increasing the number of anode fingers to 8 could reduce the resistance to 
13.5fl which will be acceptable for mixer design where 7.6dB conversion loss with 

a lOdBm local oscillator input power[4.121 has been reported from diodes with Rs of 
160. This will result in an increase in junction capacitance, but operation at 35GHz 

will still be possible. 
Optimising the MBE layer structure, by integrating MESFET / diode layer[4.13]. 

87 



Chapter 4 

References 

[4.1] S. A. Mass, "Microwave Mixers", Second Edition, Artech House, p. 16, 
1993. 

[4.21 S. M. Sze, "Semiconductor Devices: Physics and Technology", Wiley. New 
York, p. 166,1985. 

11 [4.31 S. A. Mass 
, 

Microwave Mixers", Second Edition, Artech House, p. 18, 
1993. 

[4.4] R. Goyal, "Monolithic Microwave Integrtaed Circuits: Technology and 
Design", Artech House, p. 308,1989. 

[4.5] Peter H. Ladbrooke, "MMIC Design GaAs FETs and HEMTs", Artech 
House, p. 146,1989. 

[4.61 P. H. Ladbrooke, "MMIC Design GaAs FETs and HEMTs", Artech House, 

p. 61,1989. 

[4.71 S. A. Mass, "Microwave Mixers", Second Edition, Artech House, p. 23, 

1993. 

[4.81 N. I. Cameron, G. Hopkins, I. G. Thayne, S. P. Beaumont, C. D. W. Wilkinson, 

M. C. Holland, A. H. Kean, C. R. Stanley, "Selective reactive Ion Etching of GaAs/AlGaAs 

Metal-Semiconductor Field Effect Transistors", J. Vac. Sci. Technol., B, 9, pp. 3538- 

3541,1991. 

[4.91 S. M. Sze, "Physics of Semiconductor Devices", Second Edition, Wiley, 

New York, p. 280,198 1. 

[4.101 "A Guide to Better Vector Network Analyser Calibrations for Probe-Tip 

Measurements", Cascade Microtech Technical Brief Notes TECHBRIEF4-0694,1994. 

[4.111 A. Colquhoun, and B. Adelseck, "A Monolithic Integrated 35 GHz Receiver 

Employing a Schottky Diode Mixer and a MESFET IF Amplifier", IEEE GaAs IC 

Symposium, pp. 151-154,1987. 

88 



Chapter 4 

[4.121 K. W. Chang, H. Wang, K. L. Tan, S. B. Bui, T. Chen, G. S. Dow, J. Berenz, T. 
Ton, D. C. Garske, T. S. Lin, and L. C. T. Liu, "A W-Band Monolithic Downconverter". 
EEEE Transactions on Microwave Theory and Techniques, Vol. 39, No. 12, pp. 1972- 
1979,1991. 

[4.131 H. C. Huang, P. Laux, J. F. Bass, S. W. Chen, T. T. Lee, S. Tadayon, J. L. 
Singer, J. Kearney, and O. A. Aina, "A W-Band Multifunction MMIC", IEEE 
Microwave and Millimeter-Wave Monolithic Circuits Symposium, San Diego, 

Califomia, pp37-40,1994. 

89 



Chapter 

Chapter 5 

Passive Elements For MMIC Design 

Introduction 

Passive elements such as transmission lines, transitions, capacitors, and resistors are 
necessary for MMIC realisation. Accurate modelling of their properties is required to 

enable design and forecast the performance of a MMIC. 

This chapter begins with a brief introduction to coplanar transmission lines, including 

design rules of the Coplanar waveguide (CPW) and slotline. Conductor losses of CPW 

using two different metallisation techniques are measured. CPW to slotline transitions 

are studied and their performance is presented. Equivalent circuit models of CPW 

discontinuities such as (50-50-50)Q Tee junctions, MIM capacitors, interdigitated 

capacitors, and resistors are derived from measured S-parameters. 
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5.1 Coplanar Transmission Lines 
5.1.1 Background 

The coplanar waveguide (CPW) introduced by Wen[5.11 and shown in Figure 5.1.1 
consists of three metal conductors separated by two slots each of width (W) printed on a 
dielectric substrate. The width of the central conductor between the slots is denoted by 
(S). The ground planes are assumed to have an infinite width. 

Metal (Usually Gold) WSW 

t, j, 

Figure 5.1.1. - Coplanar Waveguide (CPW) Geometry 

CPW was chosen as the transmission line media for the microwave monolithic 
integrated circuits (MMICs) in this project because of the following advantages over 
microstrip (MS). Coplanar interconnect topologies (Coplanar waveguide, Slotline) 

avoid parasitic via hole inductance effects in MMICs and have become increasingly 

attractive in MMICs to avoid the use of ultra-thin substrates and backside wafer 

processing. 
There are some disadvantages of the CPW structure such as parasitic modes, lower 

power-handling capability, and poorer field confinement than micro strip [5.2]. 

CPW may be considered as a pair of coupled slotlines which support both even and odd 

modes. By convention, the odd mode (unbalance mode) is referred to as the CPW 

mode, the even mode (balanced mode) is known as the slotline mode as shown in 
Figure 5.1.2. 

- 
____ 

Dielectric Substrate 

Even Mode - Slotline Mode 

Figure 5.1.2 - Both Even and Odd Modes Supported by the CPW 
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Generally, the slotline mode is undesirable and is suppressed by the use of airbridges In 
shorting the two ground planes at intervals of less than the guide wavelength (/k, )/4[5.31. 

c0 
gf CF- 

e 
-ff &ff 

where 

F- eff -::::: 
F-rl + F-r2 

2 

F-eff = effective permittivity, F-eff is used in place of F-, for structures with 

mixed dielectrics (e. g. air and substrate as in CPW, F-eff 
2 

Eri = 12.9 (GaAs substrate permittivity) 

Cr2 =I (air permittivity) 

c= speed of light in free space 
f= 35GHz operating frequency 
ko = wavelength in free space 

at 35 GHz 
Xo = 8566 gm 
Xg = 3260ýtm 

5.1.2 Coplanar Transmission Lines Design 

5.1.2.1 Slotline 

Figure 5.1.3 shows the slotline configuration. 

Metal (Usually Gold) 

t 
hýL 

w 

Figure 5.1.3 - Slotline Configuration 

The characteristic impedance (ZO) and slotline wavelength were obtained using the 

following empirically derived expressions [5.4] 
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Zos = 72.62 - 35.19logF-r + 50 
[(W / h) - 0.02][(W / h) - 0. l] 

(W / h) 

+log[(W / h) x 1()2 ][44.28 
- 19.58logF-r] 

-[0.32logF-r - 0.11 + (W / h)(1.07logF-r + 1.44)] 

x[l 1.4 - 6.07logF-r - (h / Xo) X 102 ]2 

Xs / Xo = 0.923 - 0.448loger + 0.2(W / h) 

-j[0.29(W / h) + 0.047]Iog(h / ; ýo x 102)1 

where 
W= slot width 
h substrate thickness 
Er substrate permittivity 
ko = wavelength in free space 
ks = slotline wavelength 

5.1.2.1 

5.1.2.2 

These expressions are valid only for the following range of parameter values and with 
an accuracy of about 2 percent 
9.7! ý Cr:! ý 20 

0.02:! ý W/h:! ý 0.2 

Using equations 5.2.1.1, the impedance was calculated as a function of slot width (W) 

at 35GHz and plotted in. Figure 5.1.4. At 35GHz a 50Q impedance slotline on a 400[tm 

thick GaAs substrate requires a 25grn gap width (W). 

65 
0 

60 

55 

50 

45 

40 

35 
CiD 

Slot Width W (ýtm) 

Figure 5.1.4 - Plot of Slotline Impedance as a Function of its Width (W) at 35GHz 
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5.1.2.2 Coplanar Waveguide (CPW) 
The characteristic impedance (ZO) of the CPW and effective dielectric constant (F-eff) 
were obtained using the following expressions [5.5] 

ZO = 
307c K(k') 

ýF-- -eff K(k) 

where K(k) and K(k') are the complete elliptic integral of the first kind and its 
complement respectively. 

ceff - 
Er + 

Er is the substrate permittivity 2 

k= 
(S 

+S2W) 

V 

The ratio 
K(k) 

can be accurately calculated using the expression [5.6] 
K(k) 

K(k') 
=I log 21+ Af-k7 for 0:! ý k:! ý 0.707 

K(k) TE I- -\f-k7 

These equations are valid only for substrates thickness h> 
S+2W 

and assume 2 
infinite ground planes. 
The accuracy of these expressions have been shown to be comparable with fabrication 

tolerances [5.7]. The CPW lines used for this project were designed with 80gm ground- 
to-ground spacing (2W+S), and a centrally positioned conductor 30gm wide (W), to 

give a 50K2 impedance line at 35GHz. These dimensions result in a 25Rm conductor-to- 

ground plane gap (W) dimension for the CPW. The 25gm gap (W) allows the CPW to 
be extended to form the slotline required for the mixer MMIC circuit without the 

requirement for impedance tapers. 

The minimum separation required between adjacent CPW lines is three times the 

ground-to-ground spacing (2W+S) in order to reduce coupling to lower than 30dB[5.81. 

Several CPW lines with different lengths were designed and fabricated on a 400ýtm 

thick semi-insulating GaAs substrate. Two types of metallisation technique was used, 

electron beam evaporation and gold plating. Airbridges were fabricated to connect the 

ground planes at 400gm intervals to suppress the excitation of the slotline mode. CPW 

transmission lines were characterised by on-wafer S-parameter measurements from 

240MHz to 60GHz using the Wiltron 360B Network Analyser. A propagation loss of 

94 



Chapter 5 

0.3dB/mm for CPW transmission lines at 35GHz was achieved using a 550nm Au layer 
evaporated by electron beam. 
Normally a metal thickness of about three times the skin depth is desired in order to 
minimise conductor loss caused by the resistive nature of the conducting medium. At 
microwave frequencies the signal flow is concentrated in the surface layer of the 
conductor and decreases exponentially with depth into the conductor. The penetration 
of the current flow is defined by the skin depth 8. (The thickness of the layer of the 
conductor at which the current density fallen to I/e (or 30%) of its surface value. )[5.9] 

r2 p 

where 
p= conductor (Gold) specific resistivity = 2.44xlO-10 Q-cm 

(o = angular frequency = 2nf 

9= grRo = permeability of gold 
Rr conductor (nonferromagnetic) relative permeability =I 
go permeability in vacuum = 41rx 10-9 H cm- I 

Thus at 35GHz, the skin depth 8= 420nm. 

An attempt to minimise the propagation loss by increasing the gold thickness to 2[Lm 

using gold plating (less costly process) gave no reduction in propagation loss of the 
transmission lines. This could be due to the rough surface, large grain size, and 
impurities inherent in the gold plating method. 

5.2 Coplanar Waveguide to Slotline Transition 
5.2.1 Introduction 

Transitions between coplanar waveguide and slotline transform an unbalanced (CPW) 

mode into a balanced (slotline) mode are an important elements in the design of 
balanced mixers, modulators and for certain types of antenna[5.101. Hitherto, most 
published research on these transitions has been concentrated on relatively low 
frequency in the range lGHz to lOGHz[5.11]-[5.131. In this work, the broadband 

properties of a number of transitions from 240MHz to 60GHz were studied. A number 

of variants on the basic design were examined to investigate geometric effects, tuning 

and bandwidth. Recognising the need to house such circuits in metallic enclosures for 

applications, some investigation of the effects of waveguide modes propagating via a 

parasitic ground plane were performed, and a method of suppressing coupling to these 

modes was demonstrated. Transmission line models of transitions were implemented to 

allow CAD prediction of the frequency response of the transition, and hence enable the 

modelling of complete circuits based on the transitions. 
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5.2.2 Transition details and measurements 
The transitions studied in this project took the general form in Figures 5.2.1 (a-d). Figure 
5.2.1 a shows a transition that is based on a CPW-slotline power divider T-junction, 
where one of the output ports is terminated in an open circuit. While current on the strip 
of the CPW flows into one of the conductors of the slotline, the backward current on the 
ground planes of the CPW flows from the other conductor of the slotline through an 
airbridge. The open circuit of one of the slots of the CPW and the use of airbridges help 
transform the CPW mode to the slotline mode. Figure 5.2.1 b shows a transition using a 
slotline open circuit in the form of a circular slot. Figure 5.2.1 c shows a short stub 
transition, where the open circuit stub transition in Figure 5.2.1a is replaced by a 
constant impedance shorted slotline stub to terminate the CPW line and match the 
transition at the desired frequency. The length of this stub is the quarter wave length 

centre frequency of the transition. The bandwidth of the shorted slotline stub transition 

can be increased further by replacing the termination with a slotline radial stub shown in 
Figure 5.2.1 d. 

kg /4 
1 

(a) 

(c) 

(b) 

(d) 

Figures 5.2.1(a-d) - Transitions Studied in this Project 

Airbridges were used to connect ground planes to control modes of propagation. The 

transitions were measured in a back-to-back format as it was not possible to isolate and 

measure a single transition. While this measurement gives a good indication of the 

expected insertion loss and match into the transition at the centre frequency, it does not 

give an entirely accurate assessment of the bandwidth of a single transition, as the 

interaction between the two stubs varies as the separation between them changes. 
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Measurements were made on-wafer from 240MHz to 60GHz, using an LRL 
calibration [5.14]. As the CPW was not conductor backed, the ground plane extend 
around the end of short circuit stubs was varied from 400ýtm to 120ýtm to investicrate It the effects of a parasitic quasi-microstrip mode, which can propagate with the CPW 
ground plane acting as microstrip line and the measurement chuck behaving as the 
microstrip ground plane. 

5.2.3 Results and discussion 
Figure 5.2.2 shows the measured back-to-back response of a transition with an 815ýtm 
long stub, ý, 9/4 centre frequency of approximately 35GHz. The measurement was made 
both directly on the metallic measurement chuck of the RF probe station and with a 
dielectric insert (glass) placed between the substrate and the measurement chuck, to 
suppress any quasi-microstrip substrate modes. This measurement was also repeated 
using a rubber '0' ring in place of the dielectric, with no difference in measured 
response. 
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Figure 5.2.2 - Measured of Back-to-Back Transition with an 815ýtm Long Stub, kg/4 Centre Frequency 

of Approximately 35GHz Made Directly on Measurement Chuck (Unsuppressed) and With Transition 

Raised above Chuck Using Dielectric or Spacer Ring to Decouple Quasi -Micro strip Modes (Suppressed) 

The measured insertion loss is less than IdB, with a return loss of better than 20clB, at 
the design frequency of 35GHz. For the measurement of the transition directly on the 

chuck, there is a small resonance in the transmission of the structure at 23GHz and a 
deeper resonance at -46 GHz, which reduce the usable bandwidth of the transition. The 

frequency of these resonances is seen to shift as the ground plane extent around the 

slotline stubs was varied. The measurement with the dielectric insert clearly shows the 

suppression of these resonances. The 2dB bandwidth of this back-to-back transition is 

from 25-44GHz in line with a full wave electromagnetic analysis of the structure which 

indicates that the single transition ldB bandwidth would be greater than I octave[5.15]. 

In the back-to-back format, the transitions form a bandpass filter which can be modelled 

by the simple transmission line network shown in Figure 5.2.3. Owing to the dispersive 
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nature of the slotline mode of propagation, this quasi-TEM based model is not expected 
to provide an exact fit to measured results and is simply derived from estimation of the 
line parameters at the centre frequency. 

Eeff Z, Eeff Z, Eeff 

(X(CPW) 

Z, Ceff 

(X(Slot) 

,L (a) (b) 

Figure 5.2.3 - Layout and Circuit Model of Transition (a) Layout of CPW Slotline Transition, Showing 

Back-to-Back Connection (b) Transmission Line Equivalent Circuit Model of Transition 

Figure 5.2.4 shows the measured response of the back-to-back transition compared to 
the simple quasi-TEM transmission line model of the structure. From measurement of 
test structures, the propagation loss in the CPW and slotline sections was estimated at 
35GHz to be 0.3dB/mm and 0.5dB/mm respectively. These values were used in the 

model and the agreement between the model and the measurement is reasonable up to 

the design frequency but begins to deviate above 40 GHz. This is due to the quasi-TE, 

strongly dispersive, nature of the slotline mode, whose effective dielectric constant and 
impedance increase with frequency due to an increasing field concentration in the slot 

edges. This also leads to a more rapidly increasing ohmic loss as compared to the 

standard quasi-TEM line models used in circuit simulators. The agreement between the 

measurement and the model is improved above 40 GHz if the transmission line model is 

modified to take account of these differences in the propagation constant of the slotline 

mode as shown in Figure 5.2.4. 
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Figure 5.2.4 - Measurement of the Back-to-Back Transition (suppressed) Compared to Simple Quasi- 

TEM Transmission Line Model Derived from Physical Layout. The Improved Slotline Loss Modelled 

Response is Also Shown 

The bandwidth of the transition can be increased further by replacing the constant 
impedance slotline stub by a variable impedance element such as a slotline radial stub 

or circular patch re son ator[5.16], [5.17]. Figure 5.2.5 shows the measured response 
together with the layout of a transition using a 45 degree slotline radial stub of 815ýLrn 

radius. The measurement of the transition made directly upon the probe chuck is also 

overlayed for comparison. 

DB [S I I] unsuppressed 
0 

-5 
-10 
- 15 

-20 73 
-25 
-30 cu 
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- 40 
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DB [S 12] unsuppressed 

---------- DB [S II ]suppressed 

Figure 5.2.5 - Measured Response Together with the Layout of a Transition Using a 45 Degree Slotline 

Radial Stub of 815pm Radius Measured Back-to-Back. Measurements Made Directly on Chuck and 

Using Dielectric Insert. 
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The bandwidth of the transition is increased to more than two octaves, compared to the 
simpler design of Figure 5.2.1 c. However, this type of transition was found to be more 
susceptible to parasitic moding. The moding is partly due to the increased area of the 
transition as well as the breakdown of the slotline mode as the angle of the stub 
increases. Very little improvement in bandwidth was obtained by increasing the radial 
stub angle beyond 45 degrees, or substituting the radial stub with a circular patch 
resonator as shown in Figure 5.2.5. 
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Figure 5.2.6 - Measurement of Back-to-Back Transition Together with the Layout of Measurements 

Made on Dielectric Insert (a) 90 Degree Slotline Radial Stub of 815ýLm Radius and (b) 815gm Radius 

Circular Patch Resonator Transition. 

Figure 5.2.7 shows the measured back-to-back response of a transition slotline open 

circuit. This transition shows a passband from dc up to 60GHz. However, it shows 

many dips and ripples and the overall performance of the insertion loss is very poor. 
This could be due to radiative loss in the unterminated open stub. 
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Figure 5.2.7 - Measured Back-to-Back Response of a Transition Slotline Open Circuit 

5.3 Coplanar Waveguide Discontinuities 
5.3.1 Introduction and Background 

A range of CPW discontinuities used in the 35GHz MMIC demonstrator were designed 

and fabricated. The CPW and slotline conductor dimensions were based on the 

geometries outlined in section 5.1.2. The equivalent circuit models derived for the CPW 

discontinuities were then used in Touchstone(ý) to design the 35GHz amplifier. Among 

the discontinuities studied during this project were 

" Tee Junction (50Q-50Q-50.0). The Tee junction is widely used in MMIC design 

especially for transistor gate and drain biasing circuits and to connect tuning stubs 
for matching purposes. 

" Si3N4 MIM capacitors. These capacitors are a rectangular parallelepiped of 
dielectric with metallised lower and upper faces as shown in Figure 5.3.1. The 

capacitor fabrication process is outlined in section 2.9.4. For a dielectric area (A), 

thickness (d), and relative permittivity (F-r), the structure is, to first order, a parallel 

plate configuration of capacitance (C) is given by[5.18] 

C(pF)= 
cocrA 

d 

where F-0 = free space permittivity 

C(pF) = 8.84 
ErA 

d 

The thickness and the relative permittivity of the Si3N4 used during this project are 

150nm and 6.5 respectively. 
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Second Metal 

First M( 

Silicon Nitride (Si3N4) 

0 Interdigitated capacitors, Figure 5.3.2 shows a capacitor comprising N thin parallel 
conducting strips of length (1), linked alternately to one or other of two strips of 
length (w) running perpendicular to the interdigitated strips. The capacitance of this 

structure may be expressed as[5. OhF) =w 1[(N-3)A, +A2] where 

Figure 53.1 - MIM Capacitor 

Al and A2 in (pF) are given by 8.85xlo-12w and 9.92xlo-12w respectively with w 
in cm in both cases. This approximation is valid for large substrate thickness (h) in 

relation to the spacing of the cross strips (s), (h/s) > 100 Figure 5.3.2b compares the 

measured and calculated capacitance for interdigitated capacitors structures of 

various finger lengths 1 of width 2ýtrn and finger separation IýLrn. The main reason 
for using interdigitated capacitors in this work was to reduce the number of 
fabrication steps for mixer circuits (wafers processed for mixers circuits only which 
do not contain amplifier circuits) where only a single 0.11 pF capacitor is required. 
For circuits requiring larger capacitors values such as the amplifiers designed in this 

project, interdigitated capacitors become impractical since their capacitance per unit 

area is about 10% of that obtained with the MIM capacitor. 
125 
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Figure 53.2. - (a) Interdigitated Capacitor, (b) Comparison Between the Measured and Calculated 

Capacitance as a Function of their Strips Length (1) 
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Semiconductor resistors (mesa-resistor). Dimensions of semiconductor resistors 
were based on the sheet resistance of the as-grown GaAs wafers using the ratio 

resistor value 
_ 

resistor width The average sheet resistivity of the GaAs wafers 
sheet resistivity resistor length 

used in this work was about 550Q per square. Semiconductor resistors in the range 
of 3kK2 fabricated were used for biasing circuits in the amplifiers realised in this 
project. 

0 Series capacitor resistor. This is a combination of MIM capacitor in series with a 
semiconductor resistor used for biasing circuits in the amplifiers realised in this 
project. 

Other CPW discontinuities such as open ends, shorted ends, and 90' bends in 50K2 line 

were also considered in this project. 

5.3.2 Measurements and Equivalent Circuit Extraction 

The CPW discontinuities were characterised by on-wafer S-parameter measurements 
from 240MHz to 60GHz using the Wiltron 360B Network Analyser. Calibration of the 
Network Analyser was performed using the LRL calibration technique[5.201 with 
calibration devices fabricated on wafer with identical bondpad configuration as the 
CPW discontinuities. Touchstone(ý) was used to extract the equivalent circuit models for 

the CPW discontinuities by fitting the measured S-parameters to the derived circuit 

models. 

5.3.3 Results and Discussion 
The equivalent circuit derived for a (50Q-50Q-5OQ) Tee junction is shown in Figure 
5.3.3a. This model was derived by a comparison between the measured and model S- 

parameters of a Tee junction that was implemented in two independent ways as shown 
in Figure 5.3.3(b and c). 
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U= 25ýtm 

Cp = 13 fF 

Rp= LIK Ohm 

Zo = 50 Ohm 

(b) 

Airbridges (a) 

(c) 

Eeff = 6.9 

Port 

Figure 53.3 - (a) Equivalent Circuit Derived for a (50f2-5M-50Q) Tee Junction, (b and c) Open and 
Short Circuit Tee junction 

The first Tee junction structure incorporating an open circuit stub shown in Figure 

5.3.3b, was modelled by placing suitable length lines on each of the three arms and 
terminating the line on the third arm with an equivalent capacitance or an equivalent 
line length as shown in Figure 5.3.4a. The second Tee junction structure incorporating a 

short circuited stub shown in Figure 5.3.3c was modelled by terminating the third arm 

with an equivalent inductance or an equivalent line length as shown in Figure 5.3.4b. 

The equivalent circuit of the Tee must satisfy both structures simultaneously. 

Ref. Plane P3 
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Zo = 5092, F-eff = 6.9, (x 

Equivalent Line Length 
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cl----ý 
L-7pH 

Equivalent Inductance 

(b) 

Figure 53.4 - Derived Equivalent Circuit Model for (a) Open end and (b) Short end from a (50Q-5OE2- 

50Q) Tee Junction Structure 

Comparison between the measured and modelled S-parameters for a (50Q-50Q-50Q) 

open circuit Tee junction is shown in Figure 5.3.5. The circuit model derived from both 

structures agree well demonstrating its validity. 
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Figures 5.3.6-5.3.10 show the layout, extracted equivalent circuit model and 
coefficients for the series MIM capacitors, shunt MIM capacitors, serles interdIgitated 
capacitors, semiconductor resistors, and combined MIM capacitor-semi conductor 
resistor designed and fabricated during this project. All are embedded in CPW 
structures with reference plans at the end of the tapered probe pads. 

() 

Lplate/2 IIII Rseries (Q) Lplate/2 

Cprime (pF) 

Tmi (pF) C-M I (pF) 

0 

Capacitor Calculated Modelled Rcap (kQ) Rseries (Q) Parasitic Lplate/2 
Size Capacitor Cprime Value or Leakage Capacitances 4trn) 

Length width Value (pF) (pF) Resistance CMI & CM2 
(ýtrn) (pF) 

11 x 30 0.125 0.11 5 1 0.003 5.5 

44 x 30 0.5 0.41 1 0.1 0.0033 22 

Figures 53.6 - Layout, Derived Equivalent Circuit Model and its Coefficients for Series MIM Capacitors 

F) 

Capacitor Size 
Length width 

(Pm) 

Calculated 
Capacitor Value 

(pF) 

Modelled Cprime 
Value (pF) 

Rcap (kQ) 
or Leakage 
Resistance 

Rgrad (Q) 

80 x 100 3 2.7 5 or higher 0.01 or less 

113 x 90 3.84 3.5 5 or higher 0.0 1 or less 

145 x 145 8 7.8 5 or higher 0.0 1 or less 

Figures 53.7- Layout, Derived Equivalent Circuit Model and its Coefficients for Shunt MIM Capacitors 
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(k. Q) 

Lp (pH) I, 
I' ., 

I Rseries (Q) 

Cprime (pF) <Cp(pF 

Rd 
Cp (pF) 

Capacitor Calculated Modelled Rcap (kQ) Rseries (Q) Parasitic Rd (kQ) Lp (pH) 
Size (ýLrn) Capacitor Cpr-ime or Leakage Capacitance 

Value (pF) 
_ 

Value (pF) Resistance Cp (pF) 
8 fingers 0.09 0.11 3 1.5 0.011 15 65 

length =1 15 
Width =2 
Gap= I 

Figures 53.8 - Layout, Derived Equivalent Circuit Model and its Coefficients for Series Interdigitated 

Capacitors 

R 

Resistor Size Calculated Resistor Modelled Rprime CRes (pF) Rgrad (Q) 
Length width Value (Q) Value (Q) 

(m) 
- 

117 x3 7 8.3 0.001 0.1 

Figures 53.9 - Layout, Derived Equivalent Circuit Model and its Coefficients for Semiconductor Shunt 

Resistor 
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Cprime (02L ý 
RLeak (Q) 

First Metal 
Inside Dashed Area\ý 

Rprime A TCparasitic (pF) 

Resistor Capacitor Calculated Calculated Modelled Modelled Rleak CParasitic 
Size Size Resistor Capacitor Rprime Cprime (kQ) (pF) 

Length Length Value (Q) Value (pF) Value (Q) Value (pF) 
width width 
4tm) 4trn) 

117 x3 113 x 90 7 3.84 9.5 3.5 5 0.05 

Figures 5.3.10 - Layout, Derived Equivalent Circuit Model and their Coefficients for Combined MIM 

Capacitor- Semiconductor Resistor 

Good fits between the measured and modelled S-parameters were achieved in all cases 
indicating that the equivalent circuits chosen for these devices are valid over the 
frequency range. As an example of the fit between the measured and modelled S- 

parameters is shown in Figure 5.3.11. Good agreement between calculated and 

extracted elements with consistency in the equivalent circuits coefficients across the 

wafer was achieved, indicating that quality and thickness of the Si3N4 of the MIM 

capacitors is uniform, and that the active layer of the semiconductor resistors is 

uniformly doped. In addition fabrication reliability and reproducibility was achieved, as 
indicated by the interdigitated capacitors where 2ýtm wide and 117ýtm long metal 
fingers separated by IRm gap were produced with 100% yield using thick e-beam resist 

and 550nm thick gold. 
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Figure 53.11. - Measured and Modelled S-Parameters of a 0.11 pF Capacitors 
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5.4 Conclusion 
During this project a number of coplanar waveguide to slotline transitions were studied. 
The constant impedance shorted slotline stub shows a measured back-to-back insertion 
loss of less than IdB, with a 2dB bandwidth of slightly less than one octave centred 
around the design frequency of 35GHz. The advantages of this transition are broadband 

performance and low loss realised in a simple compact layout. The centre frequency is 
determined by the length of the slot line stub. Transitions with a slotline radial stub and 
slotline open circuit in the form of a circular slot were also investigated. In these 
structures the bandwidth was increased to more than two octaves at the expense of 
poorer insertion loss above the centre frequency, larger circuit area, and greater 
susceptibility to parasitic moding. Increasing the radial stub angle beyond 45 degrees 

showed little improvement in the bandwidth. Poor performance was exhibited by the 

unterminated slotline open circuit transition. A transmission line model derived from 

the layout was successfully implemented for the of transitions to predict the frequency 

response from DC to 60GHz. The effects of the parasitic waveguide mode were also 
investigated and a method of reducing the effect of this mode was demonstrated. From 

this study its clear that the advantages of the constant impedance shorted slotline stub 
transition made it the most suitable for use in the mixer circuit design of this project. 
Increasing the gold thickness to 2ýtm using gold plating (less costly process) instead of 

electron beam evaporation process gave no reduction in propagation loss of the 

transmission lines. This could be due to the rough surface, large grain size, and 
impurities inherent in the gold plating method. 
A range of CPW discontinuities and passive components were fabricated and equivalent 

circuit models with good agreement to measured S-parameters were extracted in all 

cases. Consistency of the coefficients of the modelled equivalent circuits was achieved 

across the wafer, indicating the reproducibility of the processes required to realise the 

passive structures described in this chapter. 
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Chapter 6 

MMIC Demonstrator Circuits 

Introduction 

The MMIC amplifier, MMIC mixer and integrated MMIC amplifier / mixer designed, 
fabricated, and characterised during this project were optimised for operation at 35GHz. 
Initially, the active and passive components required for the MMICs were designed, 
fabricated, and characterised. Next, the subsystems (amplifiers and mixers) and finally 

the integrated 35GHz downconverter were designed, realised and tested. This chapter 
describes the above subsystems and downconverter by introducing microwave 

amplifiers and their figures of merit. Then the MMIC amplifier circuit design and 

performance is described. A brief description of MMIC fabrication is mentioned. 
Measurement techniques used to characterise the amplifiers are outlined. Then the 

results and discussion are presented. 
In the second part of this chapter a brief introduction and background to MMIC mixers 
is given, followed by an outline of mixer theory. The MMIC mixer circuit designed is 

then described. Measurement techniques used to characterise the mixer are detailed. 

Results and discussions of the mixer's performance are presented. 
The final part of this chapter begins with a brief introduction to the integrated MMIC 

downconverter, before a presentation of the circuit design and layout. Measurement 

techniques used to characterise the MMIC are outlined. Results and discussions are then 

presented. 
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6.1 MMIC Amplifier 
6.1.1 Introduction and Background 
Generally amplifiers are used in many microwave systems to increase the amplitude of 
a signal that is too weak to extract the information it contains (low noise amplification) 
or to boost the signal power (power amplification), prior to aerial transmission for 
example. 
MMIC amplifiers generally consist of at least one transistor inserted in a passive circuit 
fabricated on a single chip. Designing MMIC amplifiers starts generally by selecting 
and studying the active component, then constructing the passive circuit around it using 
a microwave simulation and optimisation package such as Touchstone(k The amplifier 
designed and fabricated in this project was reactively matched, using a low loss 
matching network constructed from CPW elements. The reactively matched topology 
amplifier was chosen mainly because of its simple design where accurate values 
elements for matching such as resistors are not required, and its low noise superiority 
over others. Other MMIC amplifiers use different topologies such as lossy matching, 
feedback, balanced, and distributed amplifier[6.11. A qualitative comparison of various 
circuit topologies is summarised in Table 6.1.1[6.2]. 

Reflective 
(reactive) match 

amplifier 

Lossy (resistive- 
reactive) match 

amplifier 

Feedback 
amplifier 

Distributed 
amplifier 

Balanced 
amplifier 

Bandwidth Naffow Wide Wide Ultra-wide Medium 

Chip size Moderate Moderate Small Moderate Large 

Noise Figure Low Moderate - High Low - Moderate Moderate Low - Moderate 

cascadability Poor Moderate 
- 

Moderate - Good Good Very Good 

Stability Poor Good Good Good Good 

Table 6.1.1 - Qualitative Comparison of Various Circuit Topologies 

6.1.2 Amplifier Figures of Merit 

0 Gain (G): the ratio of output power (PO) to input power (PO is defined as the power 

gain, and considered one of the main characteristics of the amplifier. This depends 

mainly on the gain of the transistors inside the amplifier together with the 

amplifier's input and output matching circuitry. The gain of the amplifier in dB is 

obtained by directly measuring the S-Parameter S21. 

Amplifier bandwidth (BW): is defined as the frequency range over which the gain 

does not decrease by more than some fixed value (usually 3dB) from its maximum 

value. Amplifiers are generally classified into four categories in terms of their 

bandwidths: 
Narrowband < 20% bandwidth 

Broadband > 20% to <2 octaves bandwidth 
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- Ultra-wideband >2 octaves bandwidth 

- DC coupled 
Amplifier noise figure (NF): is defined as the ratio of the available signal-to-noise 
power ratio at the input to the available signal-to-noise power ratio at the output. 
Amplifier noise is given by[6.3] 

NF(amp) = NF, ++ 
NF3 

G, GIG2 

where 
NFI = first stage noise factor 

NF2 = second stage noise factor 

NF3 = third stage noise factor 
GI= first stage gain 
G2 = second stage gain 

Achieving the lowest noise figure in a multi-stage amplifier dose not necessarily 
require the first FET to be biased at a basing point where it exhibits its lowest NF, 

nor matching all the amplifier stages for their best noise figure performance. This is 
because the gain will suffer. Matching for best noise may also produce a problem 
with tolerances. 

0 Stability (S): stability of an amplifier is a figure of merit against oscillation. It is a 
measure of how sensitive an amplifier to the deviation from a 50Q characteristic 
impedance system to create instability. For a cascade amplifier, it is important that 

the over all amplifier is designed to be unconditionally stable but not necessarily 

each stage separately. A two-port network is said to be unconditionally stable at a 

given frequency if it is stable against oscillation for all passive source and load 

impedances. If a two-port network is not unconditionally stable, it is potentially 

unstable and is said to be conditionally stable, in this case some passive source and 
load impedances can cause system oscillation. 
Power Added Efficiency (PAE) : is a measure of dc power conversion to RF power 

at aI dB gain compression point, P- I dB. This parameter is especially important for 

power amplifiers. PAE is given by[6.4] 

PAE - 
Pout - Pin 

Pdc 
P-IdB 

As the input power increases, the output power dose not increase at a rate 

proportional to the increase of the input power; that is, the power gain is decreased 

from its small-signal value. The output power at which the gain has compressed by 

I dB below the small signal gain is called the I dB gain compression point, P- I dB. 

Normally the power efficiency will drop rapidly for output powers above P- I dB and 

then reach 0% efficiency gradually at a saturated output power. 
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6.1.3 Active Device implemented in the Amplifier Design 
The performance and the derived equivalent circuit parameters of a 200nm T-gate four 
finger GaAs MESFET with total gate width of 120gm biased at OV gate bias and 2V 
drain bias that implemented in the MMIC amplifier design is shown in Figure 6.1.1. A 

gate bias point at OV was chosen for the amplifier design in order to reduce its need for 
biasing requirement as the gate can be connected to ground whilst still giving a good 
combination of NF and gain, although the amplifier will operate at other gate biases. A 
drain bias of 2V and gate bias of OV showed a low noise figure (NFmin) Of 1.96dB and 
associated gain of 8.88dB at 26GHz[6.5]. Noise figure as a function of frequency to 
50GHz extrapolated from the measured data[6.6] using Touchstonee is shown in Figure 
6.1.2 at a bias point Of Vds=2V, and Vgs=OV. 

Gate L9 Rg 

Cc 
Cgd 

P9 g1l; 

/-; rr7 Ri 

---------- 

C pgd 
ii EXTRINSIC 

INTRINSIC ý Rd Ld 

gmvgs Rds: 

Cds 

T 
T 

------------ 

Drain 

Cpd -- 

S 

Ls 
Source 

DC Parameters 
Parameter Value 

vgS (v) 0 

Vds (V) 2.0 

Idss (niA) 27.1 ± 0.51 

gm (MS) 24.2 ± 0.32 

gds(ms) 1.26± 0.15 

Igs(mA) -4. OOE-05± LOE-05 

fT = 57.2GHz fmax=123GHz 

Small en ircuit rarammersDIUSCU UL v ds-=/- v, allu v gs=kj v 

cgs 
(fF) 

gm 
(mS) 

Cgd 
(fF) 

Gds 
(mS) 

Tau 
(ps) 

Cds 
(fF) 

Cpgd 
(M) 

Cpg 
(fF) 

Cpd 
(fF) 

Rs 
(Q) 

Ls 
(pH) 

Rg 
(Q) ý 

Lg 
(pH) 

Rd 
(Q) 
1 16 

Ld Rin 
(pH) (0) 

2 33 63.7 25.8 7.69 4.52 0.74 18.4 2.33 1.31 4.47 1.85 1.45 4.25 5.39 - 8. 8 3. 

Figure 6.1.1 - The performance and the Derived Equivalent Circuit Parameters of a 200nm T-gate Four 

Finger GaAs MESFET with Total Gate Width of 120ýtrn Biased at Vds=2V, and V,, s=OV zt7 
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5 

4 
-j 

z2 

Frequency (GHz) 

Figure 6.1.2 - Noise Figure as a Function of Frequency Extrapolated from the Measured Data Using 

Touchstone@ at a Bias Point Of Vds=2V, and Vgs=OV. 

The Maximum Available Gain (MAG) of a 200nm T-gate four finger GaAs MESFET 

with total gate width of 120gm biased at Vds=2V, and Vgs=OV is plotted as a function 

of frequency in Figure 6.1.3. 

30 
iditionally 
Stable 

20 

"U 

10 

0 

Figure 6.1.3 - Maximum Available Gain (MAG) as a Function of Frequency of a 200nm T-Gate Four 

Finger GaAs MESFET With Total gate Width of 1204m Biased at Vds=2V, and Vgs=OV 

MAG was calculated from the S-parameters using the equation[6.7] 
S21 - -2 

MAG K+ ýK I 
S12( 

where 

K 
l+jDj 

2 
-1sill 

) 
-IS22 

12 

21S21SI21 

I DI =IS] IS 22 -S12S211 
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For K< 1, the device is conditionally stable, ie matching with certain source and load 
impedances could result in device oscillation. For this condition, the Maximum Stable 
Gain (MSG) defined as 

IS211 

IS121 

For the 4 finger MESFET biased at Vds=2V, and Vgs=OV a MSG of lOdB at 35GHz is 
obtained. 

6.1.4 Amplifier Specification Requirement 
The amplifier specifications of 

- Gain ý! l6dB 

- 3dB Bandwidth ý! 4GHz 

- Noise figure:! ý 5dB 

- Input reflection coefficient:! ý -7dB 
- Output reflection coefficient! ý -7dB 
was chosen as these specifications are typical for MMICs used in communication 
systems[6.8]. Usually the minimum requirements for gain is 10dB or larger than the 

noise figure of the next subsystem with input and output reflection coefficients of better 

than 7dB[6.9]. 

6.1.5 Circuit Design and Performance 

The circuit analysis was carried out in TouchstoneO using equivalent circuits for all the 
discontinuities, transistors, and physical line models derived during this project. 
Using Touchstone@ circuit design was accomplished by matching the input and the 

output of each MESFET to a 50Q impedance using stub matching techniques. Since 

reactively matched amplifier topology inherits a low noise characteristics, the amplifier 
design was mainly optimised for bandwidth, gain and circuit layout compactness, whilst 
keeping the noise figure within specifications. Then the drain and gate biasing circuits 

were included in the TouchstoneO circuit file and the performance of the amplifier 

optimised once again for best performance, whilst ensuring the amplifier was 

unconditionally stable at all frequencies. The schematic diagram of the designed circuit 

shown in Figure 6.1.4. 
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0v gl 
CgI = 3pF Rd = 7Q 

.V g2 
Cci = 0.5pF 

vg3 

FET =4X 30 XO. 2gm GaAs MESFET 

Cg2 = 7pF Cd I=3.84pF vgs = OV 

Rg = 3KQ Cd2 = 7pF Vds = 2V 

Figure 6.1.4 - Schematic Diagram of the Designed 3-Stage Amplifier Circuit 

Initially the designed circuit showed only conditional stability. Unconditional stability 
was achieved by placing a 7Q resistor on the ground side of the capacitor of the drain 
bias circuit. This resistor provides a damping mechanism for any out of band signals. 
The k/4 open circuit stubs sets the centre band frequency and bandwidth of the 

amplifier also provides an RF short at the drain biasing junction. 

The gate bias circuit comprises a 3pF and a 7pF shunt capacitors to short RF frequency 

signals, a 3KQ resistor to limit the current supplied to the gate and prevent it from being 
damaged, and a 200gmx2OOgm dc biasing pad. 
The drain biasing circuit comprises a shunt 3.84pF capacitor connected in series with a 
70 semiconductor resistor, the capacitor is used to short RF signals and the resistor to 

achieve amplifier stability. A 7pF shunt capacitor to short the RF frequency signals and 

a 200gmx200gm dc biasing pad. Both the gate and drain biasing circuits used a 80Q 

impedance line in order to provide a better dc to RF isolation. 

The performance of the amplifier was found to be insensitive to ±75% variations in the 

capacitor and stabilising resistor values in the drain bias circuit, to ±417c change in the 

transmission line lengths and widths, and to ±50% variations in the decouplinc, 

capacitor values. The amplifier is found to be most sensitive to the MESFET's input 

matching capacitor (Cgs) and the feedback capacitor (Cgd), where Cgs effects the shape 

of the amplifier response, and Cgd effects both the shape and gain of the amplifier 

response. Other elements such as gm and Ri are found to have effect on the gain of the 
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amplifier, where higher g,,, results in a higher gain and the opposite for Ri. The 
amplifier gain is found to be more sensitive to gm than R1. 
The circuit layout was performed using the layout design software package WaveMaker 
(WAM). Figure 6.1.5 shows the layout of the designed circuit. The area size of the 
MMIC is 2.37mmx2.5 I mm. 

ýA Open Circuit 50Q Stub 
(Provide Short at Bias Juncti 
for the in band signal) 

High Impedance (80Q) Lines 
(Better DC to RF Isolation) 

7pF Shunt Cap 
(RF Short) 

Shunt (3.84pF & 7K2)- 
(RF Short & Stability) 

0.5 pF Series Cap 
(RF Coupling & DC Isolation) 

4 Finger FET 

Input 50Q 
Impedance Lines 

3pF Shunt C 
(RF Short) 

3KQ Series Resistor - 
(Current Limiting) 

7pF Shunt Cap - 
(RF Short) 

High Impedance (80Q)Lines 
(Better DC to RF Isolation) 

Biasing Pad 
Vgs I 

Vds2 

Vgs2 gs3 

Vds3 

Output 50Q 
Impedance 
Lines 

Figure 6.1.5 - Layout of the Designed 3-Stage amplifier Circuit, Airbridges are Removed for Clarity 

6.1.6 Brief Description of MMIC Fabrication 

The fabricated MMICs (amplifiers, mixers, and integrated amplifier / mixer) in this 

work required seven steps of lithography in the following order. Alignment marks level 

for the purpose of the alignment of subsequent lithography levels and the bottom plate 

of MIM capacitors. Mesa isolation level, in order to isolate active devices and define 

semiconductor resistors. Ohmic contacts for FETs and semiconductor resistors. Silicon 

Nitride deposition and pattering for MIM capacitors. Schottky contact gates using in 

both the FETs and diodes. Bondpads and transmission lines, where the MMIC inter- 

connect is completed interdigitated capacitors are reallsed and the top plate of MIM 

capacitors is defined. The final step is airbridge definition. All lithography steps were 

performed by e-beam lithography except for airbridges where two levels of 

photolithography were required. The fabrication process for each lithography step is 

detailed in Chapter 2. 

Vds I 
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6.1.7 Measurement Techniques 
The MMIC amplifier was characterised with Wiltron 360B Network Analyser and on- 
wafer probes to measure the small signal response from 240NIHz-60GI4z. Calibration of 
the Network Analyser was performed using the LRL calibration technique[6.101. DC 
bias was applied via the network analyser test set directly to the gate of the input FET 

and the drain of the output FET, and this bias was then passed through to the other FETs 
by wire bonding together the three drain bias pads and the three gate bias pads, resulting 
in similar bias conditions for each of the FETs. 

6.1.8 Results and Discussion 
The response of both the measurement of the amplifier and its simulation from 

Touchstone(ý) are shown in Figure 6.1.6. Excellent agreement is obtained between the 
measured and simulated response over the entire frequency range with gain (S21) 

>I 7dB, and input (S 11) and Output (S22) return loss of < -7dB in the I OGHz bandwidth 

from 32GHz to 42GHz 

20- 

10- 

0 

-10 

-20 1 

-30 
30 35 40 45 50 

Frequency (GHz) 

+ IS211 Model 

IS211 Measured 

x [S Model 

[S Measured 

IS221 Model 

IS221 Measured 

Figure 6.1.6 - Measurement and Modelling Response of 35GHz 3-Stage LNA Biased at Vds = 2V and 

vgs = ov 

The modelled noise figure (NF) is < 5dB across the band as shown in Figure 6.1.7, 

however this has not been verified experimentally as there is currently no 35GHz NF 

measurement capability in Glasgow. 
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7 

6 

3111i 
30 35 40 45 50 

Frequency (GHz) 

Figure 6.1.7 - Modelled Noise Figure of 35GRz 3-Stage LNA Biased at Vds = 2V and Vgs = OV 

Figure 6.1.8 shows measurements made with the circuit biased at different gate voltages 
from -0.5V to OV while keeping the drain bias fixed at 2V. A small change is seen 

mainly in the flatness of the gain, and input and output return loss, however there is no 

major effect on the circuit performance and the amplifier is still within the design 

specifications. 
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4 -10 

IS211 Vds=2V, Vgs=OV 

IS211 Vds= 2Vý Vgs=-0.5V 

S21 'Vds= 2V, Vgs =-0.2V 

S,, Vds= 2V, Vgs =OV 

[S ,, 1 Vds= 2V, Vgs =-0.5V 
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Figure 6.1.8 - Circuit Measurements at Different Gate Voltages from -0.5V to OV and Drain Bias Fixed at 

2V 
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Figure 6.1.9 shows circuit measurements with drain bias voltages from IV to 2.5V with 
the gate bias fixed at OV. Again there is no major change in the circuit performance. 

20 

"e 

(ID 

(ID 
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I S211 Vds =2\1. \Igs=o\, ' 

IS211 Vds =1.5V. Vgs=OV 

IS211 Vds =2.5Vý V gs =OV 

IS211 Vds= 2V, Vgs=OV 

IS211 Vds = 1.5V, V gs -OV 

I S21 I Vds =2.5V, V gs =OV 
30 35 40 45 50 

Frequency (GHz) 

IS221 Vds=2V, Vgs=OV 

--0- IS221 Vds=1.5V, Vgs=OV 

-p- IS221 Vds=2.5V, V gs =OV 

30 35 40 45 50 
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Figure 6.1.9 - Circuit Measurements with Drain Bias Voltages from 1.5V to 2.5V and Gate Bias Fixed at 

Ov. 

The output power and gain of the 3-stage amplifier at 38GHz as a function of input 

power is shown in Figure 6.1.10. The amplifier showed an output power of 6.5dBm at 
IdB gain compression, this value is comparable with other reactively matched low 

noise amplifiers available by major industry firms[6.1 1] 
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Figure 6.1.10 - Output Power and Gain of the 3-Stage Amplifier at 38GHz as a Function of Input Power 

Figure 6.1.11 shows a chip photograph of the fabricated MMIC three stage amplifier. 

A= 
Figure 6.1.11 - Chip Photograph of 3-Stage LNA 
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6.2 MMIC Mixer 
6.2.1 Introduction and Background 
Schottky-contact diode mixers are often used in downconverter systems as they are low 
cost, have no requirement for dc bias, are compact, easy to fabricate, have fast 
switching capability, very small reactive parasitics, and can be used in very broadband 
applications because of the diode small junction capacitance (bandwidth is usually 
determined by the embedding circuit)[6.12]. Further, they usually do not require 
matching circuitry. Unlike transistor mixers which can provide conversion gain, diode 
mixers always exhibit conversion loss, usually in the range 6 to 10dB. There are three 
different commonly used topologies of diode mixers; single diode mixers[6.13], single- 
balanced mixers[6.14]. and double-balanced mixers[6.15]. In this project the single- 
balanced mixer topology was chosen because it offers a number of advantages over 
single-diode mixers such as improved isolation between the Local Oscillator (LO) and 
RF ports, rejection of spurious responses, and rejection of LO AM noise[6.16]. The 

single balanced mixer was chosen over the double-balanced topology as the latter has 
four diodes and therefore require more LO power. 

6.2.2 Mixer Theory 

Mixing is an operation that transfers the characteristics of a wave of frequency fA to one 

of fB. Mixing is normally performed because of the following reasons 
i) larger information bandwidth can be realised at high frequencies [6.17, 

ii) smaller antenna size are required at higher frequencies [6.181 

iii) information signal processing is more cost effectively performing at lower 

frequencies [6.19] 

For these reasons information is generally encoded onto a higher frequency carrier 

signals prior to transmission. At the receiver, the incoming modulated high frequency 

signal must be converted to lower frequencies using a mixer 

e Non-linearity 

If a small signal is applied to a network that has transfer characteristic VO =f(VO shown 

in Figure 6.2.1 it causes a small displacement around the operating point. 

124 



Chapter 6 

Limits beyond 

Vo which 
behaviour is 
highly pon-linear 

Range of 
-7 

Al 

quadratic 'ýB behaviour 

Tangent to 
curve 
at operating 
point 

Range of 
linear 
behaviour 

--Ippp" 
vi 

Vs 
Figure 6.2.1 - Schematic Diagram of Non-Linear Transfer Characteristic 

In this situation the arc AIB I described is almost linear and the output voltage will 
depend linearly on the input voltage according to the relationship: 

V= AVj 6.2.1 01 
Where A is to a first approximation the slope of the tangent to the curve at the operating 
point. This is a small signal behaviour and A is a small signal voltage gain. 
When the input voltage increases, the curve described during a cycle deviates markedly 
from the tangent at the operating point. A convenient way of describing the transfer 

characteristics then is by the use of a power series: 
V= AV. + BVý + CVý . .... +K Vfn 6.2.2 

0111mI 
where the first term is linear and A the small signal gain; the second term is quadratic 

and, as we shall see later, produces the second harmonic; the third term is cubic and 

produces the third harmonic, and so on. 
As the amplitude of the input voltage VI increases, the number of terms in the power 

series that has to be taken into account also increase. Thus, if the portion of the curve 

traced out is within the section A2B2, or if the characteristic is quadratic, only the 

harmonics fi and 2fi are generated since only the coefficients A and B in equation 6.2.2 

are involved. The frequency multiplying effect (in this case frequency doubling) then 

appears and the system is operating according to large signal behaviour. 

When two sinusoidal signals VI and V2 of large amplitude and respective frequencies f 

and f2 are applied to such a non-linear circuit, the expression for the output voltage 

contains many terms. If we put: 
VI-:::: VI -ý'V2 6.2.3 

into equation 6.2.2, then 
23 

VO = A(VI + V2) + B(VI + V2) + QVI + V2) m(VI+V2)m 6.2.4 

This becomes: 
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2323 vml Vo =: [AV, + BVI + CV, ++ KmVm, l + [AV2 + BV2 + CV2 ++ Km 2 6.2.5 22 + [2BVIV2 + 3CVI V2 + 3CVIV2 + 

The first set of bracketed terms represent the output voltage obtained when the signal b 

V1 alone is applied to the non-linear circuit: it can be shown by using trigonometrical 
identities that the term Vmj generates the harmonic of frequency mfl. The same 
reasoning can be applied to the second set of bracketed terms to show that the term VT-) 
generates the harmonics mf2 from V2. The third set of bracketed terms is the sum of 
cross products obtained from the expansion of the powers of (VI + V2). It can be 

shown that the general term VmVn 12 generates two frequencies, the sum and the 
difference, given by: 

sum frequencies: mf I +nf2 6.2.6 
difference frequencies: mf I -nf2 6.2.7 

where m and n are any integers. 
It can therefore be seen that a highly non-linear transfer characteristic may generate 
many frequencies if two sinusoidal signals are applied. This is typical large- signal 
behaviour: the output comprises the two original sinusoidal frequencies, the harmonics 

of both and all the sum and difference frequencies quoted above. Fortunately, the 

amplitude of the spectral peaks decrease as m and n increase. 

The first two sets of bracketed terms in equation 6.2.5 produce harmonic distortion, 

while the third results in intermodulation distortion. 
e Mixing 

When two sinusoidal signals are applied to a non-linear circuit as shown in Figure 6.2.2, 

all the possible harmonic and intermodulation products are obtained at the output. At 

the output, a band-pass filter allows only the desired frequency the intermediate 

frequency (IF) to pass, generally that of one of the intermodulation products and in 

practice normally the difference frequency. (The sum frequency is sometimes used for 

transmitters. ) 

RF Input 
Nonlinear IF =Filter 
Circuit 

V2=v2cOs(O)2t) 
IL 

LO Input IVI =v I cos((o I t) 

IF Output 

V3=Kcos((ol-o)2)t 

Figure 6.2.2 - Principle of a Mixer Circuit 

In most cases, one of the input signals usually the local oscillator amplitude will be 

much greater than the other to ensure large-signal behaviour: that is. a large excursion 

around the operating point to obtain mixing products. Here VI is generally called the 

local oscillator (LO) signal, V_-) the RF signal and V3 the intermediate (EF) signal. Since 
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V2 often arrives from a receiving aerial, its amplitude is small so that the 
intermodulation products of high index will have a very small amplitude and can often 
be neglected. 
- Parasitic Frequencies 
For example when an electronic circuit is highly non-linear, many difference 
frequencies are generated with values given by mf I -nf2, where m and n are integers. it 
is therefore possible for values of m and n to occur that produce frequency differences 

close to f 142. These undesirable signals may pass through the output band-pass filter, 

which must therefore have a narrow bandwidth. In addition, the operating point and the 

excursion along the characteristic curve (i. e. the amplitude of the local oscillator) should 
be such that the cross products of order greater than 2 are negligible. Note that such 

parasitics frequencies are generated for high values of m and n and thus have small 

amplitudes. Another type of undesirable signal, this time at the input, consists of the 

image frequency fim defined by: 

fim =fI +fjF = f2 + 2fiF 

recall that 
fdifference =fI- f2 = fLO - fRF ` f1F 

then fim will produce another difference frequency: 
fdifference ..: 

fim-fLO ': fIF 

A mixer can thus accept a signal of frequency fim as an input signal and thus mixer 

circuit should have an input filter to reject the image frequency. 

Mixers also incorporate an input circuit to combine both the RF and LO signals and to 

isolate them from each other correctly before applying them to the active non-linear 

component. 

4, Simplified Mixer Circuit 

As an example the mixing action can be illustrated with reference to Figure 6.2.3 where 

two sinusoidal signals are applied to a multiplier. 

Multiplier 
RF Input 

A(t)cos((Ost) 

LO Input 

Bcos((Opt) 

IF Output 

A(t)Bcos[(Ws - W, )t] 

Output of Multiplying 
A(t)B 

A (t) cos(o)s t)Bcos(o) p t) =21 Cos 
[( 

6)s -W p 
)t + Cos 

[( 
WS +wp)tll 

Figure 6.2.3 - Schematic Diagram of Simplified Mixer 
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The carrier signal applied to the RF port may be represented by 
A(Ocos(cost) 

where 
A(t) = modulated amplitude 
(os = carrier frequency 

The local oscillator (LO) signal is a pure unmodulated sinusoidal signal which may be 

represented by 

Bcos(wpt) 

where 
B= LO signal amplitude 
cop = local oscillator frequency 

The result of multiplying the two signals are the output modulated components at the 

sum and difference frequencies 

A(OB 
A(t)cos(wst)Bcos(wpt) =2 

ICOS[(WS 
- wp)t] + cos[(W, + WP)t 

where the sum frequency can be eliminated by the IF filter, leaving the component at 

the difference frequency 

A(t)Bcos[(ws - Wp)t] 

which is the desired downconverter frequency. Further mixer design theory, topologies, 

and analysis can be found in[6.20]. 

6.2.3 Mixer Circuit Design 

The mixer circuit designed in this project shown in Figure 6.2.4 has some similarities to 

that proposed in[6.211. 
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4 Finger Schottky 
Contact Diodes 

LO Signal Input (Port 1) 

Low Pass Filter 

ok-*A 

CPW-Slotline 
0.11 pF Capcitor 

I Airbridge High Pass Filter 
Transition 

-- I RF Signal Input (Port 2) 

Figure 6.2.4 - The Designed Mixer Circuit 

The LO signal input to port I propagates to the low loss CPW-Slotline transition [6.22] 

where the unbalanced mode (CPW mode) sees an open circuit which prevents further 

propagation, and the balanced mode (slotline mode) is excited and then propagates in 

the CPW towards the diodes as shown in Figure 6.2.5. 

slotlil 

IF Signal Output (Port 3) 

CPW 

Figure 6.2.5 - Excitation of Balanced Mode in CPW by a Slotline 

The RF signal received from port 2 through a CPW transmission line excites an 

unbalanced mode. This RF signal (unbalanced mode) sees an open circuit at the 

slotline-CPW transition, and hence the RF signal is prevented from travelling towards 

the local oscillator port giving good RF to LO isolation as shown in Figure 6.2.6. 
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CPW 

Figure 6.2.6 - Unbalanced Mode of RF Signal Sees an Open Circuit at the CPW-Slotline Transition 

Having the diodes at ý, /2 or (nk/2 where n= 0,1,2,3,... ) from the transition creates a 
virtual open circuit for the unbalanced mode RF signal from port 2 at the diodes and 
therefore a maximum voltage transfer to the diodes is achieved. An airbridge placed ýJ4 

from the diodes at the LO frequency acts as a short circuit to the balanced mode, 
therefore preventing the LO signal from travelling towards the RF and IF ports and 
hence giving good LO to RF and LO to IF isolation. The RF and LO frequencies mix at 
the diodes and the resulting IF travels toward port 3 and then through the low pass filter. 

The mixing process at the diodes is shown in Figure 6.2.7(a). The LO voltage has a 
180' phase difference at the two diodes, while the RF voltage is in phase. Because the 
diodes are reversed, the junction conductance of the two diodes are in phase. The small- 

signal current in the time-varying conductance is[6.23] 

i(t) = g(Ov(t) 

where v(t) is the total small-signal voltage across the diode, consisting of voltage 

components at all the mixing frequencies. The applied RF voltage is in phase at the 

diodes, and are conductancing in phase, so all the voltage and current components in the 

diodes, including those at the IF frequency, must be in phase, therefore the IF currents 

combine at the node joining the diodes. 
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Figure6.2.7 - Mixing Process at the Diodes of a Singly Balanced Mixer (a) Normal Operation (b) AM 
Noise from the LO(Vn) 

The situation is not the same for the LO noise-voltage components shown in Figure 
6.2.7(b). These enter the mixer at the LO port, are 180' out of phase at the diodes and 
cancel at the IF output. Thus, Am noise and spurious signals on the LO are cancelled in 

the ideal, 180' mixer. 

Figure 6.2.8 shows the low pass filter performance. This filter allows only the IF signal 
to pass through while preventing the propagation of both the RF and LO signals. This 

band stop filter consists of a cross with an open circuit stubs each having a length of ýA 

at the designed RF frequency. 
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Figure 6.2.8 - Band Stop Filter Performance 
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The high pass filter at the RF port is a 0.1 IpF MIM (or interdigitated) capacitor. The 
purpose of this high pass filter is to prevent the IF signal from propagating to the RF 
port. Figure 6.2.9 shows the performance of the high pass filter. 
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15 
03 

20 

-25 

Figure 6.2.9 - Performance of High Pass Filter 

The interaction between the IF and RF filters was simulated using Touchstoneo, where 
their position was optimised for best performance at both the RF and IF ports as shown 
in Figure 6.2.10. The simulation was done using the three port system shown in the 
Figure 6.2.10 which is practically part of the designed mixer. The signal is injected 

from port I and detected at ports 2 and 3. Its clear from the simulations that port I only 

allows the transmission of the desired IF signal while port 2 allows only the 

transmission of the desired RF signal. 
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Figure 6.2.10 - Interaction Between IF and RF Filters, Simulation from Touchstoneg 

6.2.4 Measurement Techniques 

The MMIC mixer was characterised using the on-wafer RF probes. A -30dBm RF 

signal at a frequency of 35GHz was applied from the Wiltron 360B Network Analyser 

to the RF port of the mixer, and a LO signal was applied using a 68187B Wiltron 
Synthesized Sweep Generator IOMHz-60GHz to the LO port. The signal frequency and 

power were varied in order to determine the bandwidth and saturation power of the 

mixer. The IF signal was detected from the IF port and measured using an 492 

Tektronix Spectrum Analyser. 

6.2.5 Results and Discussion 

The measured performance of the 35GHz MMIC mixer pumped with a 8.5dBm LO 

signal and -30dBm 35GHz RF signal is shown in Figure 6.2.11. A minimum conversion 

loss of 20dB was obtained. The relatively large conversion loss is most probably due to 

the high series resistance of the diodes. This was confirmed by measurement of diodes 

and mixers fabricated on other wafers which showed higher series resistance and 

conversion loss of up to 30dB. 
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Figure 6.2.11 - Measured Mixer Conversion Loss as a Function of LO Frequency 

Figure 6.2.12 shows the conversion loss as a function of a LO power for the best set of 
mixers produced. Conversion loss improved by 5 dB as the LO power was increased 
from 4 to 13dBm. 
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Figure 6.2.12 - Measured Mixer Conversion Loss as a Function of LO Power 
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6.3 Integrated 35GHz Low Noise Amplifier and Mixer (Downconverter) 
The performance of both the three stage low noise amplifier (LNA) and the single Ztý balanced mixer are shown in Figures 6.1.6.1 and 6.2.5.1. The LNA has a gain of > 17dB 
and input and output return loss of < 7dB in the frequency band 32-42GHz. The single- It balanced mixer shows a conversion loss of 20dB. 

The final circuit demonstrator involved the integration of the LNA and the mixer. A 

photograph of the integrated LNA / mixer is shown in Figure 6.3.1. The MMIC chip 
size is 3.71 x 4.63 mm. The MMIC was characterised using on-wafer probes. The 
amplifier was biased at Vds of 2V and Vgs of OV. A 35GHz RF signal of -30dBm was 
applied to the amplifier input port from a 360B Wiltron Network Analyser. A local 

oscillator (LO) signal of lOdBm was applied from 68187B Wiltron Synthesized Sweep 
Generator IOMHz-60GHz to the LO Port. The IF signal was then measured using a 429 
Tektronix Spectrum Analyser. Figure 6.3.2 compares the performance of the mixer 
integrated with the three stage amplifier and mixer alone as a function of LO frequency. 

Both circuits were fabricated on the same wafer. The integration of the three stage 

amplifier reduces the conversion loss by around 20dB indicating that the integrated 

amplifier is performing as expected. 

Figure 6.3.1 - Chip Photograph of Integrated LNA and Mixer 
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Figure 6.3.2 - Conversion Loss of Mixer and Integrated LNA / Mixer as a Function of LO Frequency 

6.4 Conclusion 
In this project a MMIC amplifier and mixer were designed, fabricated and characterised 
individually following which the integration of both circuits was demonstrated. An 

excellent agreement was obtained between the modelled and measured performance of 
the MMIC three stage amplifier. A gain of > l7dB and input and output return loss of < 

-7dB was achieved across a large bandwidth (given this is a reactively matched 
amplifier) between 32-42GHz. The mixer showed 20dB conversion loss, this higher 

than expected conversion loss is due mainly to the excess series resistance of the 
Schottky contact diodes. Finally a MMIC downconverter (integrated three stage 

amplifier and single-balanced mixer) was demonstrated. By integrating the three stage 

amplifier and mixer, the conversion loss was reduced by about 20dB indicating that the 

integrated MMIC has performed as predicted, however, the overall subsystem is still 

ultimately dominated by the series resistance of the mixer diodes. 
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7.1 Conclusions 
A Ka-band downconverter based on a GaAs MESFET device technology developed at 
Glasgow has been designed, fabricated and tested. The downconverter integrates a three 
stage LNA and a single balanced Schottky -contact diode mixer into a 3.7lx4.63mm 
single chip. 
The MMIC LNA showed a gain of > l7dB and input and output return loss of < -7dB 
across a large bandwidth (for a reactively matched amplifier) between 32-42GHz. 
Excellent agreement was obtained between the modelled and measured performance of 
the MMIC three stage amplifier. The area size of the MMIC amplifier is 2.37x2.5 mm 
The mixer showed 20dB conversion loss, which is higher than expected, this is due 

mainly to the excess series resistance of the Schottky contact diodes. 
Integration of the LNA with the mixer reduced the conversion loss of the 
downconverter by MO. The integrated amplifier / mixer was first pass functional 

success with high yield. 
To enable the circuit demonstrators, the following work was undertaken in the course of 
this project. 

0 The effect of gate recess offset on the DC and RF performance, and small signal 

equivalent circuit for 0.2[Lm gate length GaAs MESFETs which were gate recessed 

using a selective dry etching were studied. To understand the effects observed, 

numerical simulations were carried out and qualitative agreement was obtained with 

experiment. 
Low frequency noise measurements (2kHz- I OOkHz) were performed on 200nm dry 

etch gate recess T-gate MESFETs as a function of etching time. For comparison, the 

low frequency noise behaviour of non-selective wet chemical gate recess devices 

was also presented. 
Evaluations of Schottky-contact diode parameters, performance and RF small signal 

equivalent circuits with different layout geometry and process conditions were 

presented. 
A range of coplanar waveguide to slotline transitions were studied in order to select 

the best transition for this work. Broadband performance with insertion loss of < 

0.5dB per transition was observed. The effect of parasitic modes on the transitions 

were investigated. A transmission line model was implemented to predict the 

frequency response of the transition. CPW discontinuities such as capacitors, 

resistors, and combined capacitors / resistors were designed, fabricated, and their 

equivalent circuit models were derived. 

0A NiCr resistor process developed during this thesis was proven to be reliable. 

40 Losses in Coplanar Wave Guide (CPW) using different metallisation processes were 

investigated. 

141 



Chapter 7 

7.2 Future Work 
The two areas which show potential for future work building on the findings of this 
project are 

- Devices 

Diode series resistance minimisation by investigating the cause of the excess resistance 
observed including: 

" Surface treatment using Buffered Hydrofluoric Acid (HF) prior to anode 
metallisation. 

" Investigating other diode topologies 

" Studying different MBE material layer structures 
" Fabrication process: using different methods of connecting the anode such as 

airbridging and planar fabrication process avoidin the mesa etch trench during 9 
device isolation 

Circuits 
Noise figure measurements of the designed low noise amplifier (LNA). 
Integrating a local oscillator (LO), buffer amplifier, and IF amplifier with the MMIC 
downconverter on a single chip for long range communication applications. Further 

a diode detector could be integrated for radiometery applications. A schematic 
diagram of such a circuit is shown in Figure 7.2.1 

This requires the following 

- Local oscillator with a target operating frequency of 35GHz with an output 

power of at least OdBm. 

- Two stage buffer amplifier operating at 35GHz integrated in front of the LO to 

boost the power of the LO signal by at least 8dB. 

- One or two stage lFamplifier. 
- ----------- ---- 3 Stage 
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Figure 7.2.1. - Single Channel 35 GHz Radiometer / Downconverter Schematic 
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Anther area to get involved, in which would be a of prime importance to data 

communications and automotive radar, is the realisation of MMIC-based millimetre- 
wave signal processing (direct modulation of the carrier signal) for data 

communications at 60GHz and radar applications at 77GHz. This technique eliminates 
the use of Multiple IF stages, reducing chip cost, DC power consumption required by 
RF subsystems, and chip size. 

I GLASGOW 
UNIVERSrff 
LEBRARY 

I 

143 


