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Abstract

This work focuses on the design and fabrication of a quasi-optical 1.6THz sideband generator.

To create the sideband generator, an array of planar gallium arsenide Schottky diodes are used

as varactor mixers. The array is modulated by a 50 GHz lower frequency pump signal to create

the desired sideband at 1.55THz. The goal is to create a sub-millimeter sideband generator with

conversation losses less than -30 dB, and an output power generation greater than 50 μW at the �rst

lower sideband. This approach varies from other sub-millimeter designs in three key aspects. The

most noticeable di�erence is the use of a quasi-optical coupling of signals. A quasi-optical design

eliminates the need for a waveguide and uses a high-resistivity silicon lens to focus the RF power

on the sideband generator. Another variation from typical submillimeter sideband generators is the

use of an array. The array allows for more power handling capability when compared to a single

diode device and creates advantageous boundary conditions which are exploited in the design. The

last major variation is the addition of a tuning element in parallel with the diode itself. The tuning

element is used to create a parallel resonance circuit within the array design, helps alleviate the

e�ects of parasitics surrounding the anode contact, and eases the fabrication tolerances of the diode

design. The added parallel tuning element, in addition with a series tuning element, common to

most planar millimeter and submillimeter diode designs, allow the diode to modulate between an

open and short circuit. The added phase shift created by the resonance circuits is intended to

increase the conversion e�ciency of the proposed sideband generator. In addition to increasing the

e�ciency, the added tuning element simpli�es the fabrication process, circuit modeling, and reduces

parasitic e�ects associated with the device geometry.
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Chapter 1

Introduction

1.1 THz Mixers and Upconverters

1.1.1 Submillimeter sources

The need for tunable sources remains one of the primary concerns for engineers developing submil-

limeter wave systems. Submillimeter wave tunable sources have uses in radio-astronomy, remote

sensing, molecular spectroscopy, and chemical and biological agent detection. However, currently

there are limited options for sources that can operate with high power and broad tunability at

submillimeter wavelengths.

Figure 1.1 shows a comparison of several di�erent THz sources and their respective power output

at various frequencies. There are a select few solid-state sources which can produce signi�cant power

at submillimeter wavelengths. Chains of frequency multipliers are frequently used to convert power

from a low frequency pump to a much higher frequency. However, the power output of multiplier

chains begins to diminish as the frequency approaches 1 THz. Quantum cascade lasers are photonic

device capable of producing signi�cant power at submillimeter wavelengths. Much like multipliers,

these devices su�er from diminishing power outputs as frequencies decrease towards the millimeter

region.

13
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Figure 1.1: Available power sources as a function of frequency and power[1]

There are several high power THz sources which make use of vacuum-tube technology; gyrotons,

klystrons, and backward wave oscillators. However, these types of sources tend to be large, di�cult

to use, and expensive. Another widely used high power source using vacuum tubes is a far-infrared

(FIR) laser which can output power levels greater than 100mW at discrete spectral lines, but with

little to no tuning bandwidth. The primary advantage of FIR lasers is high power output.

1.1.2 Sideband generation approach to creating a tunable high frequency

source

Mixers, downconverters, and upconverters are often employed as modulators and have great utility

in millimeter and submillimeter wave applications. Sideband generators are a class of modulators

designed to convert power from a single low frequency input to a higher frequency. The manner in

which the modulator is pumped determines whether or not it is considered a mixer or upconverter.

Figure 1.2a shows the output spectrum of a mixer. In this case the carrier signal (RF) is modulated

by a high frequency pump signal (LO). The aim is to convert power from the carrier frequency to a

lower intermediate (IF) frequency and the di�erence frequency between the carrier and modulating
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signal.

Figure 1.2: a: Frequency spectrum for mixing b: Frequency spectrum for upconversion

Upconversion refers to the opposite process where a high frequency carrier signal (RF) is mod-

ulated by a lower frequency pump (LO), producing a high frequency sideband. Figure 1.2b shows

the frequency spectrum output of a typical upconverter. The pump is a high power signal that

modulates the conductance of a nonlinear device generating sidebands around the low power RF

input. The sidebands are generated at the sum and di�erence frequencies of the carrier and pump.

As shown in Figure 1.2b, many sidebands are produced corresponding to multiples of the pump

frequency. The goal of sideband generation is to maximize the power converted to a particular

desired sideband frequency.

Frequency upconversion using Schottky diodes is another attractive option for producing tun-

able signals at sub-millimeter wave frequencies for a number of reasons. Upconverters o�er a

tunability that high power submillimeter sources cannot achieve. In addition, upconverters based

on power combining architectures can accommodate power levels much greater than single-device

based modulators.

1.1.2.1 Previous submillimeter sideband generators based on planar Schottky diodes

One of the �rst sideband generators based on Schottky diode technology was developed at the

University of Virginia [28]. The sideband generator was designed using a whisker contacted GaAs

diode and operated in forward bias as a varistor. Figure 1.3 shows a cross section of the metal

whisker and GaAs die. Figure 1.4 shows an SEM image of the whisker in contact with the GaAs
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surface. To couple power to the diode, the whisker was placed in a corner cube mount and a FIR

laser was used to provide the RF power. The whisker contact design was used to minimize parasitic

e�ects surrounding the actual Schottky contact. The design yielded a conversion loss of 30 dB

with a power output of 10.5 µW . However, using a whisker contacted diode made integrating this

particular architecture fairly complicated into typical RF integrated circuits.

Figure 1.3: Cross section of a whisker contacted planar Schottky diodes used for sideband generation
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Figure 1.4: A SEM image of a whisker making contact with GaAs substrate

Another sideband generator based on planar Schottky diodes developed in 1998 took advantage

of an array of Schottky diodes [26]. Figure 1.5 shows a �gure of the array. The array consisted

of 36 Schottky diodes and, like the previous design, was operated in forward bias as a varistor.

One of the key design features of an array is its ability to spread the incident power over many

devices, increasing the overall power handling compared to a single diode design. Figure 1.6 shows

a close up image of an unit cell within the array. The Schottky diode geometry is much di�erent

than the previously seen whisker contacted diode. A bowtie antenna was used to couple power

to the diode and a short length of metal was used to tune the impedance presented to the diode.

The array design had a conversion loss of 28 dB and produced about 6 µWof power. The use of

planar contacted diodes resulted in a more reliable, easier to fabricate, and a higher yield of devices.

However, the design also lead to increased parasitics surrounding the diode which complicate the

circuit modeling and overall design of the sideband generator.
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Figure 1.5: A photograph of a previously fabricated sideband generator based on a Schottky diode
array

Figure 1.6: An image of a single unit cell within the sideband generator array

A sideband generator design which combined many di�erent techniques was developed in 2002

at UVa. Figure 1.7 shows a cross section of the device. The device used a whisker contacted GaAs
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diode. However, unlike the previous design where a corner cube mount was used to couple power

to the diode, the whisker was placed inside a waveguide. This design operated in reverse bias

as a varactor and had a conversion loss of 14 dB with a power output of 55 µW . The sideband

generator took advantage of the low parasitic diode which was a result of having a whisker contact.

The integration within a waveguide allowed for external circuitry, such as �lters, to be integrated

onto the same structure. However, the design did su�er from the unreliability and complexity of

having a whisker contacted diode and the power handling was limited to a single element.

Figure 1.7: A cross section of a sideband generator based on a planar whisker contacted GaAs
within a waveguide
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Figure 1.8: A photograph of the device described in Figure 1.7

1.2 Project Motivation and Description

In this work, an array of Schottky diodes is investigated for use as a tunable upconverter to create

sidebands around a 1.6THz. This work is important to work at the National Ground Intelligence

Center (NGIC) in developing scaled radar systems that will employ an upconverter as a tunable

submillimeter source. The goal is to create a circuit capable of chirping a 1.6THz carrier with a

bandwidth of 50 GHz. Rather than using a static pump frequency, the frequency is ramped over

time, which will modulate the output, creating a chirp at 1.6THz.

Figure 1.9a shows the quasi-optical design that will be applied to the upconverter. A silicon lens

is used to focus incident radiation onto the array and the sidebands will be re�ected back out the

lens. The array will be modulated by a pump signal up to 50 GHz. Figure 1.9b shows a photograph

of the front side of a packaged sideband generator. This image shows both the dimensions of the

housing as well as the exposed part of the silicon lens.
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(a)

(b)

Figure 1.9: a: An overview of the quasi-optical design of the SBG. b: A photograph of the �nal
SBG showing the front side of the silicon lens

Figure 1.10 is a photograph of the back side of the sideband generator package showing a GaAs

die and a high resistivity silicon piece used to mount the sideband generator into the package. The

silicon piece has a Coplanar waveguide transmission line which is used to electrically connect the

SMA connector to the sideband generator. The silicon substrate also serves to align the GaAs die

to the mechanical center of the lens.
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Figure 1.10: A photograph showing the back side of the SBG package and a close up of the GaAs
die

Figure 1.11a shows a microscope photograph of a 100 element Schottky diode array. The image

shows a bowtie antenna which is used to couple power to the Schottky diodes. A diode is fabricated

at the center of each bowtie. Figure 1.11b shows a SEM image of a single unit cell. This �gure

shows more clearly where the Schottky contact is located and the bowtie formed between the metal

and buried ohmic contact. The photograph also shows a tuning element which is added to the

design to increase the performance of the sideband generator, reduce parasitic e�ects surrounding

the Schottky contact, and ultimately simplify the fabrication process.
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(a)

(b)

Figure 1.11: a: A microscope image of a 100 element SBG Schottky diode array. b: A SEM image
of a unit cell showing the details of the cell and Schottky diode

1.3 Summary

The goal is to create a sideband generator based on an array of planar Schottky diodes which

can meet or improve upon results of previously demonstrated sideband generators based on planar

Schottky diode technology. This approach to developing a sideband generator based on planar

Schottky diodes takes advantages of key design features to improve the performance of the device.

The use of an array will increase the power handling of the device as the incident power is spread
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over many elements. The array also results in advantageous boundary conditions due to the array's

symmetry. These boundary conditions are exploited to create a virtually shorted tuning element. In

this case, the tuning element is a microstrip transmission line whose ground plane is a buried ohmic

contact of the diode. The integrated tuning element can improve the performance of the device

in two ways. First, the integrated tuning element increases the overall phase shift that a single

diode can provide, decreasing the sideband conversion loss. The integrated tuning element also

reduces the e�ects of the parasitics surrounding the planar Schottky diode, reducing the fabrication

tolerances.

The next chapter provides an overview of millimeter and submillimeter planar Schottky diodes.

The chapter discusses the Current-Voltage, Capacitance-Voltage, and series resistance of a Schottky

contact as well as how to model the relationships. Chapter 2 also presents the results for diodes

centered at 20 GHz and WR1.5 (500 - 750 GHz). Chapter 3 focuses on the design and modeling

of the sideband generator array. The chapter builds up the circuit models used to describe the

Schottky contact, unit cell, and array performance. Chapter 4 discusses the fabrication process used

to create the array. The chapter goes into detail about the speci�c processes used and the reason

why particular processes were chosen. Chapter 5 presents the di�erent methods used to characterize

the array. The chapter shows the current-voltage relationships, responsivity measurements, and the

phase shifting results which are used to determine the performance of the sideband generator array.



Chapter 2

Millimeter and Submillimeter

Schottky Diodes

2.1 Overview of Schottky Diode Fundamentals

The focus of this work is the application of a Schottky diode array for parametric upconversion and

sideband generation. The fundamental physics and equivalent models for representing millimeter

and submillimeter-wave Schottky diodes have been described extensively in the literature[5]. This

chapter will serve to summarize the basic operation and physics of a Schottky diode.

Schottky diodes are employed as mixers, detectors, harmonic generators and parametric devices

because of their strong non-linear current-voltage response in forward bias and capacitance-voltage

dependance in reverse bias. In typical cases for detection, multipliers, and heterodyne receivers,

diodes are used as variable resistors (varistors) being operated in the forward bias region. To create

a parametric device such as an upconverter or sideband generator, diodes are operated as a variable

capacitor (varactor) in reverse bias. In a commonly employed architecture for sideband generation

the diode serves as a voltage dependent reactive load that re�ects the incident power with a voltage

dependent phase shift.

25
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Figure 2.1 shows a cartoon of a metal to semiconductor contact that forms a Schottky diode.

Included in the model is a depletion region and electrically-neutral semiconductor. For a Schot-

tky contact made on n-type semiconductor, the average energy of the semiconductor's electrons

is greater than most metals. The energy di�erences can be determined by comparing the work

functions of the two materials. Figure 2.2a illustrates the band structures of the two materials

before a contact is made. The di�erence in the work function of the metal and semiconductor can

be compared in 2.2a. To maintain thermal equilibrium, when the metal and semiconductor are

brought into contact, electrons transfer form the semiconductor in to the metal to keep the Fermi

level constant. Figure 2.2b shows the band structure when the metal and semiconductor are in

contact. The di�erence in the work functions creates an energy barrier and a resulting built in

voltage (Vbi).

Figure 2.1: Model Displaying the Schottky depletion capacitance

Electrons transferring to the metal deplete the carriers from the semiconductor near the in-

terface creating a region largely devoid of carriers. This region is the �depletion region� and the

charge associated with the ionized donors in this region results in a voltage dependent depletion

capacitance. The depletion capacitance is a function of substrate doping, work function of the metal

creating the Schottky contact, applied bias voltage, and contact area.[2]
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Figure 2.2: (a) Band structure of the doped semiconductor and metal while separated. (b) Band
structure of the doped semiconductor and metal after making contact

In addition to the Schottky depletion capacitance, the diode also exhibits a series resistance

associated with the motion of electrons through the conductive regions of the device. To accurately

model the diode's series resistance, knowledge of the diode and ohmic contact geometry is critical.

Figure 2.3 shows a cross section of a planar Schottky diode. The total series resistance (Rs) is

composed of three primary components. Each of these three represents losses in a di�erent region

along the signal path [2].

Figure 2.3: A model displaying the regions of the device that contribute to the series resistance

Typically the least signi�cant of the three is the resistance that arises as current �ows through

any undepleted epi-layer adjacent to the diode's depletion region (Zepi). As current �ows from the

diode contact it spreads out, resulting in a spreading resistance that is a function of the geometry of

the contact (Zspread) [4]. The �nal component is associated with the speci�c contact resistance of

the ohmic contact. A signi�cant body of research exists on the metallurgy and annealing processes
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used to form and minimize the resistance associated with ohmic contacts (ZC) [3]. The total series

resistance of a diode can be written as;

Rs(f, Vbias) = Zepi(f, Vbias) + Zspread(f) + ZC(f)

Figure 2.4 shows the basic circuit model of an intrinsic Schottky diode. The model does not

include parasitics associated with the geometry and environment. The model consists of of three

fundamental components: a voltage dependent junction capacitance in parallel with a voltage

dependent junction resistance and a series resistance. The voltage dependent elements arise due to

the potential barrier and depletion layer created at the metal to semiconductor contact. The value

of these elements can be varied through the applied bias and are generally treated as independent

of frequency. The series resistance is the combination of the three components representing loss in

di�erent regions of the semiconductor, as described above. The series resistance is a function of the

applied bias as well as frequency.

Figure 2.4: Schottky diode equivalent circuit model

2.1.1 Current-Voltage Relationship

The primary transport mechanism for a Schottky contact in forward bias is thermionic emission of

majority carriers (electrons) over the junction energy barrier. The forward current is described by

the exponential relation:

Id(V, T ) = IS(e
qV
ηkT − 1) (2.1)
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IS(T ) = AA∗∗T 2e
−qφ
kT (2.2)

Equation 2.1 describes the current voltage relationship of a Schottky barrier where q is the

fundamental charge, k is Boltzmann's constant, η is the ideality factor, V the applied external bias

voltage and T the absolute temperate in Kelvin. For an ideal diode, η is near unity, however, the

ideality factor begins to increase when other transport mechanisms, such as tunneling through the

barrier or high-level carrier injection, become important.

Equation 2.2 describes the diode saturation current IS . The saturation current is a function of;

the diode area, the e�ective Richardson constant A∗∗ for <100> n-type GaAs, the barrier height

of the metal to semiconductor contact φ , and temperature.

In reverse bias the depletion region adjacent to the metal is depleted of electrons and is highly

resistive to current �ow. As the reverse bias is increased the width of the depletion layer grows

increasing the resistance . However, as the bias increases so does the electric �eld within the

depleted semiconductor. There is a voltage, breakdown voltage, at which the electric �eld is large

enough to accelerate carriers with su�cient energy that collisions produce additions charge carriers.

This phenomena, avalanche breakdown, causes a large current to �ow abruptly at su�ciently high

reverse bias.

VBD = 60

(
EG

1.1

) 3
2
(
Nd

1016

)−3
4

(2.3)

Equation 2.3 is an expression to predict the break down voltage, VBD, for a diode with given

doping and epi-layer thickness. The breakdown is a function of Egthe bandgap energy and substrate

doping level Nd

2.1.2 Capacitance-Voltage Relationship

As discussed earlier when a metal is brought into contact with the semiconductor the di�erence in

energy drives a �ow of electrons from the semiconductor into the metal to equalize the Fermi energies

on both sides of the junction. This electron motion depletes a certain volume of semiconductor
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adjacent to the junction of carriers, and the width of the depletion can be varied with an applied

bias.

Equation 2.4 shows the relationship between the depletion width,Wd, and the applied bias. The

depletion width is a function of the relative dielectric constant ε, substrate doping Nd, and built-in

voltage Vbi. Using the depletion width, a �rst approximation for the diode junction capacitance

can be made using the parallel plate capacitance model.

Wd(V ) =

√
2ε

qNd

(
Vbi − V −

kT

q

)
(2.4)

Equation 2.5 provides an approximation for the diode capacitance as a function of bias voltage,

diode area (A), and the e�ective dielectric constant (ε). However, as the anode size decrease,

fringing e�ects, which are neglected in the parallel plate approximation, become important.

Cd(V ) =
εA

Wd(V )
(2.5)

Equation 2.6 [5] is a parasitic capacitance that can be added to equation 2.5 to correct for the

fringing e�ects. In equation 2.6 Danodeis the diameter of the Schottky diode.

Cfringe =
3εA

Danode
(2.6)

2.1.3 Series Resistance

As discussed earlier the series resistance generally consists of three parts each representing loss in

a di�erent region of the diode. Figure 2.3 shows a diagram of a Schottky diode and highlights the

three individual resistances; Zepi, Zspread, and ZC .

Equation 2.7 represents the loss due to the resistance of any undepleted epi-layer between the

depletion region and the n+GaAs. It is a function of the layer thickness tepi, semi-conductor

resistivity ρepi, diode area A, and bias voltage V. The impedance is a function of frequency and will

scale as the depletion width modulates.
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Zepi(V, f) =
tepi(V )ρepi(f)

A
(2.7)

Zspread models the impedance of the higher doped bu�er layer between the anode and ohmic

contact. In order to calculate the Zspread knowledge of the ohmic contact geometry is necessary,

speci�cally the radii of the ohmic contact and anode. This part of the series resistance will also

add a positive reactance to due to the length between the anode and ohmic contact and frequency

scattering within the semiconductor.

Equation 2.8 describes the spreading resistance within the bu�er layer. The spreading resistance

is a function of frequency and depends highly on the geometry of the Schottky and ohmic contacts.

Within equation 2.8 ROC refers to the radius of the ohmic contact, Rd is the radius of the ohmic

contact, and δ is the skin depth.

Zspread(f) =
ρepi(f)

A
tan−1

(
ROC

Rd

)
+

(1 + j) ρepi(f)

2πδ(f)
ln

(
ROC

Rd

)
(2.8)

The �nal contribution to the series resistance is associated with the ohmic contact itself. This

value is speci�c to the ohmic contact geometry and the metallurgy used to create the ohmic contact.

Equation 2.9 predicts the ohmic contact resistance. The ohmic contact resistance is a function of

the sheet resistance of the highly doped semiconductor Rsheet, the transfer length Lt, and the radius

of the ohmic contact.

ZC =
RsheetLt

2πROC
(2.9)

The sheet resistance can be calculated by knowing the doping level of the bu�er layer. The

transfer length, however, must be experimentally solved for and will vary for every GaAs die.

Further explanation of the transfer length is discussed in chapter 4.
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2.2 Planar Schottky diodes

2.2.1 Physical Structure

Planar Schottky diodes were developed in the early 1990's and became very attractive for use at

millimeter and submillimeter application. Previous whisker contacted devices were prevalent in

early development and application of Schottky diodes. The planar diode structure addressed many

of the issues and drawbacks associated with the whisker contacted devices. Planar devices o�ered

a much higher level of compatibility with typical microwave circuits and are much more robust,

capable of handling moment and shock. This section will describe the speci�c issues associated

with modeling and designing planar Schottky diodes.

The circuit model shown d in Figure 2.5 strictly refers to the metal semiconductor contact and

conduction through the diode epi-layer and bu�er layer. The geometry and architecture of a diode

that allows it to be interconnected to a circuit however, contribute to parasitic circuit elements

that must be accounted for in microwave circuit design. As an example, Figure 2.5 shows an SEM

image of a typical planar Schottky diode and an illustration of its cross section. In this example

the GaAs mesa is insulated by a layer of silicon dioxide and the buried ohmic contact serves as the

cathode contact. A length of metal that makes contact to the anode, known as the �nger, overlaps

the mesa slightly to create the Schottky contact through an etched via in the SiO2layer. This

section well further elaborate on the parasitics associated with planar Schottky diodes and how

they are solved for with computer based models and equivalent circuit designs. To help validate the

models two sets of Schottky diodes were designed, fabricated, and measured. One set is designed

for characterization around 20 GHz and the other 625 GHz. The same approach will be used to

model and characterize the Schottky diodes, despite the di�erences in operational frequency and

physical size. The results will show the validity of this approach to characterize planar Schottky

diodes over a wide range of frequencies.
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Figure 2.5: Left: A SEM image of a typical planar Schottky diode. Right: An illustration of a cross
section taken from the cut line seen in the left SEM

2.2.2 Equivalent Circuit Model

Reactive parasitic circuit elements are always introduced due to the geometry and layout of the

device. At su�ciently high frequencies, these parasitic elements seriously impact and degrade the

performance of the device. Consequently, it is important to accurately model and characterize these

parasitic elements in order to tailor the device geometry to mitigate their impact.

Figure 2.6 shows the layout of a typical planar Schottky diode along with its associated parasitic

circuit elements. The �nger, which forms the anode contact and creates the Schottky contact, is

typically modeled as an inductance, Lf . The �nger can also be modeled as a short section of

transmission line. However, since typical �nger lengths range in the tens of microns, modeling the

�nger as an inductor is su�cient to accurately characterize the �ngers reactance.

Figure 2.6: An illustration showing the cross section of a planar Schottky diode and its accompa-
nying parasitics
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Although series inductance can be detrimental, the �nger length and width can also be used

as an tuning element to help match or create a resonance with the diode junction capacitance.

Lengthening the line or shrinking the width, for example, will constrict current �ow and increase the

e�ective inductance of the �nger. Using �nite element electromagnetic solvers (such as HFSS) the

parasitic inductance can be accurately predicted. The �nger also introduces a shunting capacitance

to the diode's ohmic contact, Cp−p. This capacitance is known as the pad-to-pad capacitance and

is in parallel with the entire structure. It is typically very small, <1 fF, but its e�ect on the circuit

can be measured.

Another parasitic element resulting from the �nger overlapping the mesa is a shunting capaci-

tance directly in parallel with the intrinsic diode model, Cp. This capacitance can range from one

femtofarad to 10's of femtofarads. At low frequency operation the impedance of this element is

very high, reducing its e�ect on the circuit. However, as the operation frequency increases, and the

impedance of Cp drops, it can begin to shunt out the diode completely. It is this capacitance which

severely limits the operation of most planar diode designs at high frequencies.

2.2.3 Integrated Tuning Element

For this research, a goal is to realize an array of planar varactor Schottky diodes to address the power

handling and increase the power output of sideband generators. Moreover, one of the objectives

of this approach is to reach theoretical limit of conversion loss for a matched, lossless sideband

generator, which is 3.92dB[6]. The approach presented here di�ers from other sideband generator

designs in several aspects. One unique element of this design is the incorporation of an extra

tuning element to lessen the e�ects of the parasitic anode capacitance, lessen the e�ect of parasitic

elements surround the diode, and ease the overall fabrication process by requiring a less complex

diode geometry.

Typically, Schottky diodes fabricated for use at submillimeter frequencies include required el-

ements, such as gold interconnects, that give rise to added inductances and capacitances. Some

of these elements can be considered parasitic, that is, they are undesired because they negatively

impact the performance of the device. Others can be used as adjustable tuning elements that may
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be tailored to improve the performance of the device. Much work has been done either modifying or

developing new diode geometries in an e�ort to lessen the undesired parasitics while tuning or ad-

justing certain features to attain a desired impedance. This particular approach invests most of its

time and e�ort into the actual processing and process development of the Schottky diodes.However,

the complicated process required to fabricated elaborate Schottky diode geometries results in lower

yields and larger variability in the end.

In this work, a shunt transmission line stub is included with the Schottky diode to create an

additional tuning element. Figure 2.7 shows the typical planar Schottky diode layout with an added

tuning element that extends the length of the �nger contact. Figure 2.8 shows the equivalent circuit

model for this diode geometry laid over on the device geometry.

Figure 2.7: Left: A SEM image of a typical planar Schottky diode with an added tuning element.
Right: An illustration of a cross section taken from the cut line seen in the left SEM

Figure 2.8: An illustration showing the cross section of a planar Schottky diode with the added
tuning element and its accompanying parasitics



CHAPTER 2. MILLIMETER AND SUBMILLIMETER SCHOTTKY DIODES 36

The tuning element is a microstrip line whose ground plane is formed by the ohmic contact of the

diode. The tuning element improves the overall design in many di�erent ways. The most in�uential

is that part of the parasitic capacitance once associated with Cp becomes a part of the distributed

capacitance associated with the microstrip line. This change in circuit model e�ectively lessens the

parasitic capacitance Cp without having to alter the geometry of the planar structure, simplifying

the fabrication process greatly. Another advantage from the reduction of parasitic Cp is the ability

to use larger anode sizes. The increase in anode size will help to lower the series resistance and

allow for higher currents. Both these e�ects will help increase the overall power handling of the

device. To create a tuning element to incorporate into an array of Schottky diodes, an approach

which makes use of array symmetry is used. The arrayed design creates electrical walls along the

horizontal symmetry lines. The electrical wall boundary conditions is exploited to create a virtual

RF short. Figure 2.9 shows a picture of a fabricated array while displaying the symmetry lines.

Figure 2.9: Microscope picture of a fabricated array showing the lines of symmetry
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2.3 Diode Measurements and Equivalent Circuit Models

To better understand and characterize the Schottky diodes at millimeter and sub-millimeter wave-

lengths, a set of Schottky diodes designed for microwave on-wafer measurements, were fabricated,

and characterized. The data obtained from these devices are used in verifying the intrinsic diode

circuit model and surrounding parasitic elements. One of the prototype devices was designed to

be characterized at 20 GHz and demonstrates the utility of an added tuning element to extend the

reactance variation of the device with a bias. Using a symmetric structure, the tuning element (a

section of coplanar waveguide) is terminated in a virtual short under odd mode excitation, thus

modeling as a virtual electrical wall. The second set of diodes are intended for measurement and

characterization in the WR-1.5 band (500 and 750 GHz). These measurements will be used to eval-

uate the circuit model for characterizing Schottky diodes and its associated parasitics at microwave

frequencies and the suitability of scaling such models to sub-millimeter wave frequencies..

2.3.1 20 GHz Measurements

A low frequency proof-of-concept diode circuit was designed and fabricated to test the planar diode

fabrication process, evaluate the validity of the Schottky diode and parasitic models derived from

HFSS and DC measurements, and to show the e�ects of the addition tuning element to resonant

with the reactances associated with the planar Schottky diode. Figure 2.10 shows a microscope

image of the diode layout. The structure is 2 back-to-back symmetric diode structures which create

a virtual short at the symmetry plane when the network is driven with an odd mode excitation.

The goal is to realize a device whose admittance can sweep between an open and short circuit as

the bias is varied, making use of the series and parallel resonance possible with this circuit topology.
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Figure 2.10: A microscope image of the low frequency proof of concept device, two 1-port devices
mirrored end to end

To design the proof of concept device, two transmission-line tuning elements are integrated

with the Schottky diode. For the speci�c design presented here, the tuning elements are co-planar

waveguide (CPW) transmission lines. All the lines have a characteristic impedance of 90 Ohms

with a center conductor width of 8 microns and a gap of 75 microns. The �rst element is a CPW

line feed line to the diode. The second is a short circuited length of CPW in shunt with the diode.

To attain an e�ective short circuit and to allow for biasing the diodes, the device is mirrored end to

end. This creates a virtual short under odd mode excitation. Figure 2.10 illustrates the layout of

the circuit. The two tuning elements are designed to present the necessary impedance to resonate

with the diode's junction capacitance and resulting parasitic elements at a desired frequency. For

this example 10 -30 GHz was chosen as a proof-of-concept demonstration, as probes and an on-wafer

measurements station were available for this frequency band. The minimum and maximum bias

voltages are chosen as the resonant points. The minimum voltage being just above the diode break

down voltage and the maximum voltage being below the built-in voltage. The short circuited line

in shunt with the diode is tuned to resonate an open circuit at the minimum bias voltage (Vbias

= -3V). The second tuning element, the CPW feed line is chosen to create a series reactance the

maximum bias voltage (Vbias = +.3V).

To accurately design tuning elements capable of resonating with the diode's impedance and

parasitic elements it is necessary to understand the parameters intrinsic to the Schottky contact: the

junction capacitance, reverse leakage current, and series resistance. Figure 2.11 shows a SEM image
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of the fabricated circuit focused on the GaAs mesa step and Schottky diode. Figure 2.11 also shows

the parasitic circuit model associated with such a mesa step. Because the diode is fabricated in the

UVa Microfabrication Laboratory, its parameters can be adjusted and optimized for the intended

application. The GaAs epi-layer forming the Schottky contact is n-type (Nd = 3 ∗ 1017cm−3) with

a thickness of 220nm. The anode diameter, which sets the overall diode capacitance and series

resistance, is chosen to be 13µm. With the diode acting as a variable capacitor; the diode's area,

epi-layer thickness and doping provide for a capacitance swing from ~85fF (-3V bias) to ~350fF

(0.3V). The diode series resistance is also a critical parameter and several factors contribute to this

component, including the resistivity of the undepleted epi-layer, spreading of current in the highly

doped bu�er layer, and contact resistance between the cathode and semiconductor. To minimize

the series resistance, a low-resistance ohmic contact is fabricated as a semi-circle around the diode

contact. In this way, the resistance can be approximated as the spreading resistance between the

two concentric circles. In this case, a 6.5µm radius encircled by a 20µm radius results in a series

resistance of ~8Ω. The �nal intrinsic diode parameter is the reverse leakage current associated with

the diode junction. For the initial simulations the resistance associated with this reverse leakage

was assumed to be very large.

Figure 2.11: Left: A SEM image of the mesa step and Schottky contact Right: the added parasitic
model accompanying this planar geometry

With preliminary values selected for the diode model, it is necessary to investigate the parasitic

elements associated with the diode's physical geometry. The source of these parasitic components

is the surface area of metal overlapping the slightly conductive GaAs and discontinuities in the

device geometry. During the fabrication process the GaAs mesa is wet etched creating a nearly
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trapezoidal mesa. The mesa is then covered with a thin dielectric layer of silicon dioxide, and the

metal is patterned on top of the dielectric (details of the fabrication process will be described in

the next section.) Figure 2.12 shows the GaAs mesa with the metal overlap creating the parasitic

capacitance near the anode. In addition, the metal trace contacting the anode and discontinuities

associated with the mesa give rise to an equivalent two-port network (represented as a T-network)

that accounts for external parasitics.

To �nd approximate values for these parasitic elements, a computer model of the metal step and

diode geometry was created in Ansoft's High-Frequency Structure Simulator (HFSS). Figure 2.12

shows the model used for these simulations. HFSS is a full-wave electromagnetic solver that can

solve for the impedance matrix of a three dimensional passive structure. The resulting simulated

impedance matrix is used to �t values in the T model for the parasitic elements. Figure 2.13 shows

the circuit model used to �t to the HFSS results. From the simulations results and �tting, the

values of the parasitic elements were calculated to be: Lp~ 25 pH and Cp~ 9 fF.

Figure 2.12: The HFSS model used to characterize the GaAs mesa step Schottky parasitic elements

Figure 2.13: The circuit model used to characterize the HFSS drawing seen in Figure 17

With the complete circuit model for the diode and its parasitics determined, the next task is to
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incorporate the tuning structures, a through CPW line and a short circuited CPW, and optimize

them to resonate at the desired diode bias points. The two bias points were speci�cally chosen to

be -3V and+.3V. At -3V bias the depletion region is approximately 180nm thick, which is nearing

the epi layer thickness of 220nm. Consequently, voltages more negative lower than -3V can result

in �punch through� and no additional capacitance modulation. A forward bias of 0.3V was chosen

as the largest applied voltage because it is just below the diode's �turn on,� leaving a ~.2-.3V of

margin to account for slight variations due to fabrication.

To optimize the length of the CPW lines, a one port network was created to model the di�erent

impedances seen looking into the diode as a function of Vbias. With the aid of Agilent's Advanced

Design System, the lengths of two lines were tuned to present an open circuit near Vbias=-3V and

a short circuit at Vbias=+.3V. However, due to losses associated with the diode's series resistance

and the resistivity of the metal lines, the device will always exhibit some loss due to the nature of

plated gold.

During the processing a variety of �back to back� tuned diodes were fabricated with varying

lengths of transmission lines. To measure S11 of the equivalent one port device, di�erent methods

were considered. The most direct is to excite the two-port structure's with signals that are 180º

out of phase (Odd Mode). By design the virtual short would create the equivalent one port device

at each port. For this case the (S)-matrix for the �Back-to-Back� 2-port structure was measured,

and afterward an odd mode result was calculated.

To determine the basic diode parameters, DC measurements were taken of the I-V response of

the device. These measurements provided information about the series resistance, reverse leakage

current, ideality factor, and built in voltage and allows the computer aided models to be adjusted

to more accurately describe the diode. Figure 2.14 shows that values for the parasitics in the

ADS model, associated with the mesa step, had to be adjusted to �t the measurements. These

measurements demonstrated the utility of the equivalent parasitic T-network in representing the

discontinuities near the diode anode. Table 2.1 shows a comparison of the predicted values to the

measured and �tted values.
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Figure 2.14: Left: The ADS model used to characterize the measured GaAs mesa step Right: The
comparison between the ADS model and the measurement results

Table 2.1: Comparing the simulated results to the measured values

During RF testing the diodes series resistance was measured to be about 10 Ω. To con�rm this

result the DC IV characteristics were measured beyond the built in voltage. The data was then

�t to equation 2.10 using a least squares regression algorithm. The �tted data yielded a series

resistance of about 10.2Ω.

Vtotal(Ibias) = Vdiode(Ibias) +RsIbias (2.10)

In order to determine the anode size, after the processing step which de�nes the anodes, the

sample is put into a Scanning Electron Microscope (SEM). The SEM allows for very detailed

photographs at large magni�cations, it can be used to make length measurements. The SEM was
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used to determine the �nal anode size after processing. The di�erence in the anode radius was

a result of over etching during processing. The inductances associated with the metal lines over

the mesa modeled fairly well compared to the measured results. The larger parasitic capacitance

is due to the ideality of the computer aided model. The model assumed the epi-layers had zero

conductivity when in reality each layer had a certain conductivity. This simulation setup only

accounted for fringing capacitance straight to the ohmic contact metal but ignored any fringing to

the doped GaAs. This added stray capacitance is what made the measured value larger. It was

also discovered that the platted gold had a much lower conductivity than was used in the simulated

models adding additional loss. As a note, the gold conductivity was calculated by �tting the to the

remeasured TRL calibration lines.

The left of Figure 2.15 shows the response at 20GHz of the original simulation and the measured

device. The increased anode size resulted in and increasing of the diode's junction capacitance

and altered the two bias points creating the expected resonances. The added loss from the long,

transmission lines can also be seen in the measured results. With the improved circuit model for the

parasitic T-network and the Schottky junction, the largest phase shift were obtained at 21.5GHz.

The right of Figure 2.15 shows the comparison between the diode without the shorted stub, with

the shorted stub, and the measured results. The measured results show the tuning elements are

resonating with the junction and parasitic reactances at the bias voltages of +0.3V and -3V.

Figure 2.15: Left: Plotted results of the originally designed and measured phase shift at 20 GHz vs
bias voltage Right: Plotted results of the updated ADS model, a diode without the shunt tuning
element, and measured results centered at 21.5 GHz vs bias voltage



CHAPTER 2. MILLIMETER AND SUBMILLIMETER SCHOTTKY DIODES 44

It was shown for this planar diode geometry the addition of tuning elements to the Schottky

capacitance can increase the overall phase shift of the circuit and lower the added parasitic e�ects,

allowing better performance for side-band generation. However, accurate and reliable values for

the diode parasitic elements must be determined to exploit this approach in designing a sideband

generator based on phase modulation. Understanding the precise impedance presented by the diode

makes it possible to design the tuning elements, the lengths of CPW transmission lines, to resonate

with the known diode reactances.

2.3.2 WR 1.5 Schottky Diode measurement and results

Until recently, direct measurement of the electrical parameters critical for designing Schottky diodes

(and other submillimeter-wave components) could not be done and were based on electromagnetic

simulation or scaled measurements at microwave frequencies. Over the past year, the development

of micromachined probes for on-wafer measurements above 500 GHz has enabled the direct charac-

terization of planar devices in the frequency range for which they are designed [7] equation 2.8. The

results here are the �rst measurements of planar submillimeter-wave Schottky diodes using on-wafer

probes in this frequency band. For these measurements, diodes with anode diameters varying from

2 μm to 3.5 μm were designed and fabricated. From the measurements device equivalent circuits

are developed and circuit parameters extracted, permitting the establishment of diode models that

are based on direct measurement without extrapolation.

Figure 2.16 shows an image of a simple prototype planar Schottky diode designed for this work.

The diode is integrated directly into a coplanar transmission line to permit contact with CPW

on-wafer probes. The CPW center conductor has a width is 8 μm with a gap of 6 μm giving the line

a characteristic impedance of 50 Ω on a GaAs substrate. Anodes with diameters of 2.0μm, 2.5μm,

3.0μm, and 3.5μm were fabricated to allow comparison and assessment of device circuit models and

their dependence on anode size.
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Figure 2.16: Microscope image of a CPW integrated planar Schottky diode (2 μm anode diameter)
designed for direct measurement using coplanar micromachined probes

The diodes are fabricated on a semi-insulating GaAs substrate with two epitaxial layers: a highly

doped (5∗1018cm−3) layer 500 nm thick that is employed for the ohmic contact, and a lower doped

(4.5∗1017cm−3) layer,120 nm thick, to form the Schottky contact. The fabrication process consists

of �ve standard steps: (1) formation of the ohmic contacts to the highly doped epilayer, (2) a wet

etch to form a device mesa, (3) deposition of a 1μm thick silicon dioxide layer using PECVD to

insulate the conductive mesas from the CPW lines, (4) reactive ion etching to de�ne the Schottky

contact through the silicon dioxide layer and (5) patterning and deposition of a Ti/Au metal layer

to form the diode anode and coplanar lines.

The measurement system used to characterize the submillimeter-wave diodes consists of an

Agilent PNA-X N5245A Vector Network Analyzer, a WR-1.5-VNAX frequency extension module

manufactured by Virginia Diodes, Inc. and a micromachined on-wafer probe fabricated at the

University of Virginia that is capable to applying a DC bias to the device under test. Figure 2.17

shows an image of the probe chip, showing the geometry near the contact tip. The spacing between

the probe contacts is 30μm.
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Figure 2.17: Left: An image of the WR-1.5 micromachined probe and Right: An image of the probe
mounted to its housing

Initially, the diodes are characterized using their DC current voltage relationship which allows

reverse leakage current, ideality factor, and break down voltage to be determined. To determine,

Rs, Io, and η, the forward bias data, 0.0V to 1.0V, is �t using a least square regression algorithm.

Several diodes of corresponding anode size are measured and the average taken for each value.

Figure 2.18 shows plots of the measured IV characteristics as well as the �tted curves. From this

DC characterization the average series resistance for a 2.5μm diameter is 18Ω, the reverse leakage

current is 12 nA, and the ideality factor is 1.4. To determine the reverse breakdown voltage Vb,

the reverse bias data is used and the point where the current exceeds 500 μA is found to be =4.72

V.

Figure 2.18: Left: Linear Right: logarithmic plots of the measured diode current-voltage charac-
teristic. Also shown are least-squares linear �ts to the data to estimate the diode series resistance,
reverse saturation current, and ideality factor

To calibrate the system a set of �ve delay CPW short circuits were fabricated. Figure 2.19 shows
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an image of the probe tip contacting one of the shorted calibration standards. With �ve di�erent

standards, the basic one-port error model is over-determined and this permits the characteristics

of the CPW lines to be determined during calibration (Zo ~ 50Ω, εe� ~ 4.7.) The delays are in

increments of 15 μm (corresponding to 10.12 ps). Figure 2.20 shows a photograph of the fully

assembled micromachined coplanar probe fabricated by the University of Virginia and used in this

work.

Figure 2.19: Image of the micromachined on-wafer probe contacting one of the delayed short CPW
calibration standards at various magni�cations

Figure 2.20: Image of a micromachined on-wafer probe contacting a planar Schottky diode.
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To characterize the diodes and its equivalent circuit parameters, a model of the device geometry

was created in Ansoft's High Frequency Structure Simulator. This permits parasitic elements

surrounding the Schottky contact to be found through a least squares �t. The Schottky diode

equivalent circuit model is included with its HFSS-derived parasitics to permit simulations with

Agilent's ADS software. The results of these simulations are compared to measured data in the

WR-1.5 band and the circuit parameters are optimized using a least squares �t to the measurements.

Figure 2.21 shows an SEM of the Schottky diode and its basic equivalent circuit model, which

includes a CPW transmission line with a series inductance and shunt capacitance representing the

reverse-biased Schottky diode.

Figure 2.21: Left: A SEM image of the Schottky contact Right: The basic circuit model used to
represent the parasitic elements around the Schottky diode

RF measurements of the Schottky diodes under di�erent bias conditions are used to extract

the diode parasitics. Figure 2.22 shows the HFSS structure used to model the parasitic elements

surrounding the Schottky contact. The impedance of the CPW line has a characteristic impedance

of 50Ω and length of 32 μm. The anode diameters vary from 2.0μm to 3.5μm, but the geometry

surrounding the contact remains unchanged. Figure 2.22 also shows the equivalent circuit repre-

senting the HFSS model and a comparison between the HFSS results and the circuit model, which

are in close agreement. The frequency-independent values for the diode parasitics are found by a

�t to the HFSS simulation.
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Figure 2.22: Top: HFSS model used to simulate the geometry surrounding the Schottky contact
Bottom: Equivalent circuit and comparison of HFSS simulation and the equivalent circuit model
from 500 to 750 GHz

With the basic model of Figure 2.22, measured s-parameters in the WR-1.5 band are compared

to the circuit model with the Schottky diode included. In reverse bias, the diode is modeled as a

series resistance and variable capacitor using the standard C(V) relation with a Cjo= 7.5 fF and

Vbi = 0.66V. Measurements are performed at di�erent biases from -4.0V to +0.3V. The series

resistance is �xed to the DC value of 18 Ω. And the capacitance is calculated using the diode area,

substrate doping, and bias voltage. Figure 2.23 shows the complete circuit as well as results from

the circuit simulation compared to the measured s-parameters at di�erent bias voltages and for

di�erent anode diameters.
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Figure 2.23: Circuit model and parameters used to represent a 2.0μm and 3.5μm diameter diode
and comparison of measured s11 for diodes with anode diameter of 2.0μm (left) and 3.5μm (right).
The red dots are measured points between 500 � 750 GHz and the blue line is derived from the
equivalent circuit model.
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Comparing the circuit model in Figure 2.22 to the �tted model of Figure 2.23, it can be noted

that the most signi�cant change needed to match the measured and modeled data is an increase

in the series inductance Lf over the value extracted from the HFSS simulation. This increase can

be attributed to several factors, the most important being the additional inductance associated

with the ohmic contact itself. The HFSS simulations are done treating the GaAs epilayers as

perfect dielectrics. This permits the 1.5 pH inductance associated with the CPW transition to be

determined. However, the additional inductance associated with carrier �ow in the device epilayers

is not accounted for in this simulation. From the dimensions of the Schottky contact, epilayer

doping, and the electron mobility of GaAs, a model for the high frequency series impedance of

the diode predicts an added 15 Ω of reactance. This reactance is made of up two parts, the �rst

due to conduction through the top 120 nm epilayer (12 Ω). The impedance associated with this

epilayer is a function of frequency and depends on the anode diameter, and the frequency-dependent

conductivity of the material. The second contribution is that due to current spreading from the

anode to the ohmic contact itself (3 Ω of reactance). The spreading impedance is also a function

of frequency and is dependent on the anode diameter, the diameter of the ohmic contact, and the

conductivity of the highly doped bu�er layer. At 625 GHz, the total reactance of 15 Ω is equivalent

to 5 pH of inductance. HFSS was also used to determine inductance associated with the current

�ow through the length of the mesa. This is done by modeling the highly-doped GaAs layers as

conducting. This results in an additional 4 pH of series inductance to the diode model. Adding

the previously calculated reactance due to the top epilayer along with the inductance due to the

conductive mesa brings the total expected inductance (10.5 pH) into good agreement with the 12

pH extracted from direct on-wafer measurements

With new measurement capabilities being developed for submillimeter wavelengths, it is now

possible to directly compare measured results against predicted circuit models at submillimeter

wavelengths rather than rely on scaled measurements. In this work, measurements verify that

circuit models developed at low frequency for planar diodes can be scaled to higher frequencies.

Moreover, direct measurement of devices in this frequency range allows parasitic elements to be

extracted and equivalent models based on directly measured parameters to be developed for circuit
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design.



Chapter 3

Sideband Generator Design and

Simulation

This chapter gives a detailed description of the sideband generator layout, design, and relevant

simulations. However, before going into detail about the actual sideband generator design, a brief

description of sideband generation is presented. This is done to give the reader an understanding

of the methodology used to design and optimize the sideband generator implemented in this work.

After the analysis of sideband generation, an ideal case is presented. The ideal sideband generator is

simulated using lossless lumped elements. The results from the ideal sideband generator determine

the necessary embedding impedance to present to a Schottky diode centered at 1.6THz. The results

also o�er a starting point from which real circuit components can be derived converting from the

ideal to a real case. The remainder of the chapter is devoted to the optimization of the sideband

generator array. A brief overview of the physical layout is used to give an idea of how the the �nal

device looks. Then the electromagnetic and equivalent circuit models for a unit cell are shown,

along with their results. The components of the sideband generator array are optimized to present

the necessary embedding impedance solved before. A non-liner analysis is performed to predict the

conversion loss for the �nal sideband generator circuit.

53
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3.1 Fundamental Limits of Double Sideband Resistive Mixers

To design and optimize a circuit for sideband generation, it is important to understand the condi-

tions to be met to achieve a minimum conversion loss. The simplest case is examined. Figure 3.1

shows a circuit model used to describe an ideal sideband generator. The circuit consists of a RF

source connected to an ideal diode. The ideal diode has no parasitics and is driven between two

states, a perfect open and perfect short circuit. Another assumption is all the unwanted harmon-

ics are reactivity terminated. Given these assumptions the circuit can be reduced to a three port

network, Figure 3.2. In Figure 3.2, port one is the RF signal port, port two is the image port, and

port three is the IF port.

Figure 3.1: Simplest circuit model describing a sideband generator

Figure 3.2: A three port network representing the sideband generator circuit in Figure 29

Because the RF and image ports are physically the same, the S-matrix of the sideband generator

can be written as;
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S =


S11 S11 S11

S11 S22 S11

S11 S11 S33

 (3.1)

Because we are assuming a losses mixer, the following is true;

S̃Y0S = Y0 (3.2)

where;

Y0 =


Y01 0 0

0 Y01 0

0 0 Y02

 (3.3)

Performing the matrix multiplication of (3.2);

Y01|S11|2 + Y01|S21|2 + Y03|S31|2 = Y01 (3.4)

Y01S
∗
11S12 + Y01S

∗
21S11 + Y03|S31|2 = 0 (3.5)

Y01S
∗
11S13 + Y01S

∗
21S13 + Y03S

∗
31S33 = 0 (3.6)

2Y01|S13|2 + Y03|S33|2 = Y03 (3.7)

The conversion gain is given by;

G = |S31|2
Y03
Y01

(3.8)

From reciprocity;
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Y01 � S31 = Y03 � S31 (3.9)

Substituting (3.9) into (3.8);

G = |S13|2
Y01
Y03

(3.10)

And from (3.7);

G =
1

2
(1− |S33|2) (3.11)

From equation 3.11 it can be seen that a maximum conversion is achieved when the re�ection

at the IF port is zero. In this ideal case, half the input power is converted to the IF frequency,

making the fundamental limit of conversion loss -3dB [6].

This analysis not only calculated the fundamental limits of conversion loss, but also de�ned a

set of conditions that must be met to achieve such results. The analysis assumed a perfect diode.

This meant a lossless device which was being switched between a perfect open and short. It also

assumed all unwanted harmonics are reactivity terminated to prevent power dissipation at those

frequencies.

3.2 Ideal Sideband Generator Circuit

In this section a sideband generator circuit is presented. The goal is to create a circuit, which meets

the assumptions made by Kelly's [6] analysis, to approach the fundamental limit of conversion loss.

The circuit will employ a perfect diode and two tuning elements. One tuning element is in series

and the other in parallel with the diode. This topology was chosen because it o�ers an opportunity

for the diode to resonate with the two elements as a short and open circuit at two di�erent bias

voltages. This simple analysis is done to obtain a better understanding of what variables impact

the sideband generator circuit and its performance, including substrate doping, series resistance,

and anode diameter. In addition, and more importantly, the results will provide an embedding
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impedance that can be used as reference when designing a real device.

The simulations are based on the SBG setup seen in Figure 3.3. The SBG is placed on a high-

resistivity silicon lens to focus power from a Far Infrared Red (FIR) laser onto the array and to

help eliminate substrate moding.

Figure 3.3: Depiction of the SBG die mounted to a hyperhemispherical lens similar to the SBG
measurement setups

Figure 3.4 shows a basic circuit to represent the quasi-optical sideband generator design. The

circuit is a one port device with three fundamental circuit components. There are two tuning

elements and a variable capacitor to represent an ideal losses diode. The port impedance is 104Ω

as the array lies on a semi-insulating GaAs substrate with εr = 13.

Figure 3.4: Initial ADS simulation to model the quasi-optical design

The left of Figure 3.5 shows the simpli�ed SBG circuit with the optimized circuit elements. The
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simulation was done at a single frequency, 1.6THz, while the value of the diode capacitance varied

1 to 3 fF. The right of Figure 3.5 plots the re�ection coe�cient as a function of the ideal diode

capacitance. The goal is to create a circuit which meets the conditions determined by Kelly to

achieve the minimum conversion loss of 3 dB, a loss circuit which can switch between an open and

short circuit, or vary its phase by 180 degrees, with all un-wanted harmonics terminated reactively.

The Smith chart in Figure 3.5 shows the circuit meets these the two conditions. The Smith chart

shows the phase of the circuit varies 180 degrees at both ends of the capacitance sweep. However,

given this circuit topology all the harmonics will be dissipated in the same 104Ω load.

Figure 3.5: Left: The initial ADS quasi-optical simulation with the tuned values Right: is the
S11response plotted vs the variable capacitor values

The above simulation only considers the most basic elements required to realize a sideband

generator based on parametric upconversion and has been described to illustrate the fundamental

consideration needed in the design. However, a proper design and simulation must include a more

realistic model for the diode and its parasitics, as well as the circuit architecture surrounding the

device. A full wave electromagnetic simulator such as Ansofts's High Frequency Structure Simulator

(HFSS) can be used to accurately represent a physical device. The resulting diode model will possess

a series and junction resistance as well as parasitic reactances associated with the embedding circuit.

Apart from modifying the values in the simpli�ed circuit model above, additional parasitic elements

will be added to better model the full wave results.
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3.3 Sideband Generator Layout

Figure 3.6 shows the general chip layout for the quasi-optical sideband generator showing the

electrical contacts and area occupied by the SBG chip (2x2mm). The array consists of 100 Schottky

varactor diodes each within a 25 µm2 unit cell. The array is fabricated on a semi-insulating gallium

arsenide wafer. The device is based on a quasi-optical architecture that eliminates the need for

waveguides and allows incident power to be spread over many devices. The admittance the array

presents to the submillimeter wave signal will be modulated by a microwave pump signal provided

through a 50 Ω transmission line shown in Figure 3.6.

Figure 3.6: A picture of the 1.6 THz Sideband generator array layout

A design goal is to realize a SBG capable of approaching the fundamental limit of conversion

loss given by Kelly. To do so, a unit cell geometry as seen in Figure 3.7 is proposed. A bowtie

transmission line is used to feed the Schottky diode. One half of the bowtie is plated gold while
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the other half is a buried ohmic contact. This bowtie transmission line serves as a series tuning

element used in the ideal simulations seen in Figure 3.5. A second tuning element is a microstrip

line that extends from the anode contact to the end of the unit cell. Its ground plane is the buried

ohmic contact. This microstrip line serves as a shunt tuning element seen in Figure 3.5.

Figure 3.7: A SEM image of a unit cell

Figure 3.8 shows a cross section of a planar Schottky diode layout with an added tuning element

that extends the length of the �nger contact. Figure 3.9 shows the equivalent circuit model for this

diode geometry overlaid on the device geometry. The tuning element is a microstrip line whose

ground plane is the ohmic contact of the diode. For this tuning element to create a parallel

resonance with the parasitic Cp, it must present an inductive impedance to the diode. There are

several ways this tuning stub can be designed as an inductive element. The most direct solution is

to terminate the line in a short circuit. However, this obviously would make it impossible to apply

a bias voltage to the diode. A second option is to have an open circuited line with a length greater

than a quarter wavelength. This may add signi�cant loss considering the required long length of the

line. This approach would also reduce the bandwidth of the overall device. The approach taken here
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is to exploit the symmetry of the array to create virtual short circuits at the array symmetry planes,

Figure 3.10 shows an image of a fabricated array displaying the symmetry lines. By exploiting the

virtual shorts inherent in the array, a proper choice of line impedance allows for a shunt inducting

tuning element without interfering with application of bias voltage. The tuning stub in addition

to the typical �nger contact would create a device capable of producing both a series and parallel

resonance. With the added tuning elements it becomes possible to create a sideband generator that

can approach the optimum theoretical limit of conversion loss.

Figure 3.8: An illustration of a cross section taken from Figure 35

Figure 3.9: An illustration showing the cross section of a planar Schottky diode with the added
tuning element and its accompanying parasitics
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Figure 3.10: Microscope picture of a fabricated array showing the lines of symmetry

3.4 Unit Cell Description

The array unit cell is simulated as a section of waveguide with electric walls on top and bottom and

magnetic walls on the sides. The boundary conditions are due to how the unit cells are arrayed.

A portion of the waveguide is �lled with air, to represent free space, and the remainder �lled with

dielectric to represent the GaAs substrate. The waveguide is 25x25µm square with a length of

100 µm. Figure 3.11 shows the HFSS model of the unit cell sections . Perfect electrical walls are

placed on the walls perpendicular to the wave port's integration lines to maintain the boundary

condition arising from symmetry. This setup represents the array as seen by an excitation source.

The waveguide boundary conditions allow for the propagation of TEM modes which represent plane

waves propagating to and from the array.

Figure 3.11 also shows an equivalent transmission line circuit model that represents the unit cell.
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The port impedances of the circuit are the TEM impedances of the respective media, 377Ω for free

space and 104Ω for GaAs (εr ∼ 13). The results of the initial simulation is a step to con�rm the

proper modeling and to ensure the setup is correct for future simulations involving more complex

array architectures.

Figure 3.11: HFSS model of the back to back waveguide setup and the accompanying lumped
element circuit model

3.4.1 Bowtie Array Design

The array structure is based on the bowtie antenna which has the advantages of being well char-

acterized and can be modeled as a transmission line [24]. Figure 3.12 shows the HFSS model for

a short-circuited bowtie antenna lying within a unit cell on a GaAs substrate . The integration

line for one of the ports is noted so the orientations of the boundary conditions are known to the

reader. Figure 3.12 also shows the circuit model for the HFSS geometry. The bowtie unit cell can
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be represented in circuit theory as an equivalent transmission line. With the two arms contacting

at the feed point, the antenna behaves as a short-circuited transmission line. Simulations show

that with a 45° bowtie, with the speci�c dimensions of 25 µm2 on a GaAs substrate, the bowtie

equivalent transmission line has a characteristic impedance of 80 Ω and an electrical length of 20

degrees at 1.6 THz.

Figure 3.12: HFSS model of a simpli�ed bowtie and accompanying lumped element model

3.4.2 Unit Cell Characterization

After determining the electrical parameters of the bowtie, the geometry of the unit cell is adjusted

to account for the diode and to re�ect the actual geometry of the full unit cell. Figure 3.13 shows

the HFSS model of the bowtie design incorporating a diode. A GaAs mesa in included with an
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ohmic contact buried beneath a one micron thick insulating layer of silicon dioxide. Also, a 2µm

metal cap is added for alignment tolerances. That metal cap forms the Schottky contact and is

somewhat larger than the anode itself. The cap adds considerable capacitance to the diode but is

advantageous, from a fabrication perspective, in eliminating issues with tight alignment tolerances.

Figure 3.13: HFSS model of a more realistic bowtie design and accompanying lumped element
model

Figure 3.13 also shows the circuit diagram which corresponds with the HFSS model. The pri-

mary di�erence, electrically, from the previous circuit of Figure 3.12 is that the bowtie is now

capacitively coupled to ground and not physically shorted. The electrical characteristics of the

bowtie transmission line are the same, and the value for the parasitic capacitance, CP , is deter-

mined to be approximately 1fF. This parasitic capacitance seems small, but from the ideal sideband

generator simulations, the variable capacitance is modulated between 1-3fF. Considering the para-
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sitic and diode capacitance are of the same order, the shunting capacitance is signi�cant and can

detrimentally a�ect the overall operation of the sideband generator. However, with the addition

of the shunt tuning elements, the e�ects of CP can be mitigated and its in�uence on the circuit

minimized.

Once the values for the bowtie transmission line and parasitic shunting capacitance are found,

a virtually shorted tuning element is added in parallel with the diode and CP . The tuning element

is a microstrip transmission line with the ohmic contact of the diode serving as the ground plane.

The microstrip line is terminated in a virtual short circuit since it extends to the end of the unit

cell. Given the array geometric parameters, the microstrip line impedance is ~51Ω with an e�ective

dielectric constant of approximately 3. Also, the added microstrip line reduces the �nger to pad

capacitance, mitigating its e�ect on the circuit. This occurs due to a number of factors. The

primary factor is the highly conductive GaAs mesa. Because the tuning line begins immediately at

the anode contact, a signi�cant portion of the fringing �elds formerly associated with CP are now

associated with the distributed capacitance of the microstrip transmission line. This is bene�cial

to the overall sideband generator operation because it decreases the e�ects the parasitic CP had

on the circuit performance. Figure 3.14 shows the �nal HFSS design and its corresponding circuit

model.
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Figure 3.14: HFSS model for the unit cell with accompanying circuit model

Figure 3.15 shows the agreement between the HFSS and ADS model over a frequency range of

1.55THz to 1.65THz. The simulations match quite well over the band showing the validity of the

unit cell model to represent the geometric structure seen in Figure 3.14. The values determined

by these simulations are not the values used in the �nal design. For now they simply represent

the passive network of an un-optimized HFSS model. At the moment the bowtie angle, length,

tuning stub width, and metal thickness were chosen to �t the 25 µm2 unit cell and leave a 3

µm misalignment tolerance for fabrication. This gives a starting point at which the unit cell can

be modi�ed to present the optimum embedding impedance solved for during the ideal sideband

generator simulation. Once a model for the Schottky diode is created, the ADS circuit is tuned to

present the optimum impedance. When the optimum values for the bowtie transmission line and

added tuning element are determined, the HFSS model is modi�ed to create the �nal optimized

design. This is possible because changes in the HFSS model do not directly a�ect the intrinsic

Schottky diode circuit model as HFSS is a linear full wave simulator and does not include the
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voltage or �eld dependencies of a metal to semiconductor contact.

Figure 3.15: A plot comparing the ADS circuit model and the HFSS full wave results from Figure
3.14

3.4.3 Schottky Diode Characterization

The results from the initial simulations, called for a variable capacitor which could vary from 1-3

fF. To create such a device the proper Schottky contact must be designed to realize the necessary

capacitance. There are many parameters which can be adjusted when designing a Schottky contact

to achieve the desired contact.

When designing a Schottky contact for varactor operation the most important consideration is

the non-liner CV relationship. Recalling equations 2.4 and 2.5 the parameters which can be adjusted

to vary the capacitance-voltage relationship are the substrate doping Nd, built-in voltage Vbi, and

Schottky contact area. In this case the metal forming the Schottky contact will be titanium, setting

the built-in voltage to 0.68V. Given this built-in voltage, to create a Schottky contact capable of

varying its capacitance from 1 to 3 fF, a doping concentration of Nd = 4.5 ∗ 1017 and a anode

diameter of 1.2 μm is chosen. Table 3.1 plots the CV relationship for a Schottky contact under
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these conditions.

Table 3.1: The depletion width and junction capacitance at varying bias voltages

The series resistance of the Schottky contact has a major in�uence on the conversion loss of the

sideband generator. To properly design tuning element capable with resonating with the diode it

is necessary to predict the series resistance as well as the junction capacitance. Using the substrate

doping, anode radius, electron mobility, and the diameter of the ohmic contact ( 9μm ), the series

resistance for the Schottky contact was estimated; Zepi = 5.0 + j38.4Ω, Zspread = 6.4 + j1.6Ω,

and ZC = 7.1Ω. Adding the three resistances together represents the total series resistance of each

diode, Ztot = 18.5 + j40.0Ω.

3.4.4 Unit Cell Optimization for Side-Band Generation

Initial simulations show that optimized unit cells can be designed such that the re�ection varies over

180° at the di�erent diode bias points given a lossless device. Figure 3.16 shows the circuit model

that represents the sideband generator within a typical measurement setup. The circuit contains a

bowtie transmission line, added short circuited tuning stub, and planar varactor diode model. The

simulation was done at a �xed frequency of 1.6THz, and the bias voltage on the planar diode was

swept from -4V to 0.3V at varying pump frequencies.
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Figure 3.16: Simulation setup to predict the conversion loss

To optimize the unit cell for SBG operation, the goal is to create the largest phase shift between

the two bias points. The characteristic impedance, length of the shunt tuning element, bowtie angle,

and backshort delay are adjusted to achieve a maximum phase shift from the circuit in Figure 3.16.

Figure 3.17 plots the re�ection of the optimized circuit as a function of bias voltage. The results

show the re�ection coe�cient varying more than 180 degrees with added loss due to the diode series

resistance.
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Figure 3.17: Simulation results showing the re�ection coe�cient of the quasi-optical setup at various
bias voltages

To see the utility of the added tuning element a comparison is made between the previously

simulated results and a similar circuit design without the tuning element. Figure 3.18 shows the

model used to represent the circuit without the added tuning element. In order to make an e�ective

comparison the diode and surrounding parasitic model are identical to the circuit in Figure 3.16.

However, in order to minimize the conversion loss for the circuit 3.18, the length of the back short

is adjusted to create a maximum phase shift between the two bias points. Figure 3.19 shows a plot

of the re�ection as a function of bias for the circuit without the added tuning element. From the

results the circuit without the tuning element only yields a maximum phase shift of 34 degrees.

This simulations shows, for this particular circuit topology, the addition of the tuning element in

parallel with the diode can increase the overall phase shift of a single diode. This increase in the

phase shift will ultimately result in a lower conversion loss. The next section will show a direct

comparison of the non-linear simulation results between the tuned and untuned circuit's conversion

loss.
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Figure 3.18: Simulation setup to predict the conversion loss without the added tuning element.

Figure 3.19: Simulation results showing the re�ection coe�cient of the quasi-optical setup at various
bias voltages without the additional tuning element
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3.4.5 Non-Linear Simulations and Results

To fully evaluate the circuit performance of the designed sideband generator, a harmonic balance

simulation is developed with Agilent's Advanced Design System using the circuit in Figure 3.20.

For the simulation, the Schottky diode model is pumped by a sinusoidal source to modulate the

diode bias between 0.3 and -4.0V. All harmonics terminated in a 377 Ohm load, mimicking the

quasi-optical setup. The model predicts a conversion loss of 8.2 dB.

Figure 3.20: ADS Harmonic balance design used to predict the conversion loss of the SBG circuit

To con�rm these results, a conversion matrix describing the device is created using the admit-

tance waveform of the pumped device. The matrix is used to predict the currents at each harmonic,

given a speci�c input frequency. The results from the conversion matrix are used to calculate the

conversion loss at various harmonic. Each harmonic is terminated the same 377 Ohm a load. The

conversion matrix predicts a conversion loss of 7.4 dB from the fundamental 1.6THz to �rst lower

sideband.

It is important to make a comparison between how the circuit performs with and without the
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addition of the tuning element in parallel with the diode. In the previous section the results of

the phase shift between the two circuits are compared. In this section the same is done with the

non-linear harmonic balance simulations. The circuit model in Figure 3.18 is used in the same

harmonic balance setup seen in Figure 3.20. This circuit predicts the conversion loss of a unit cell

without the added tuning element. From these results, the expected conversion loss for a unit cell

without the tuning element is 24 dB. Both this result and the results from the previous section

show an improvement in performance of the device with the addition of the added tuning element.

In addition to estimating the conversion loss, another important use for the circuit in 3.20 is to

characterize the bandwidth of the circuit. The goal is to create a device that can operate up to 50

GHz. To understand how the pump frequency a�ects the output of the sideband generator, Figure

3.21 shows the simulated e�ciency versus pump frequency. The peak e�ciency is at the center of

the band (41%) and gives an average of 12% e�ciency across the 1-50 GHz range. However, there

are several frequencies where the e�ciency approaches zero because no pump power is delivered

to the diode. This occurs at speci�c frequencies when the impedance mismatch between the 50Ω

generator and diode results in a voltage null.
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Figure 3.21: Simulated e�ciency versus pump frequency



Chapter 4

Schottky Diode Sideband Generator

Array Fabrication

4.1 Overview

In this chapter the details of the sideband generator array fabrication process are described. The

substrate chosen for this project is a 600 μm thick semi-insulating GaAs substrate with two layers

epitaxially grown on the surface. The �rst is a highly doped �bu�er� layer of n-type GaAs, Nd =

5 ∗ 1018cm−3 , which is used to create an ohmic contact. This layer is kept thin, 500 nm, to

simplify the subsequent processing steps. The second epitaxial layer, the modulation layer, is a

lower doped n-type GaAs layer, Nd = 4.5 ∗ 1017cm−3, which is used to form the Schottky contact.

The doping level was chosen to create the diode characteristics and parameters required for the

sideband generator based on the design in chapter 3. The thickness of the modulation layer is 120

nm which is larger than the maximum depletion width at -4V of ~100nm. Figure 4.1 shows an

illustration of the substrate and the epilayers used for this project.

76
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Figure 4.1: Layout of the substrate and epitaxial layers used to fabricate the 1.6 THz sideband
generator

Fabrication of the 1.6 THz sideband generator array consists of �ve basic steps, each with unique

processing techniques required to create the �nal array. The �rst step is to form the ohmic contacts

to the highly doped GaAs bu�er layer. A combination of wet and dry etches are used to reveal

the highly doped layer. After etching, an ohmic contact metallurgy of Au/Ge-Ni-Au is evaporated

onto the exposed epilayer. A rapid thermal anneal (400º C for 60 seconds), RTA, alloys the metal

contact creating an ohmic contact.

The second processing step is used to create GaAs mesas, which are the isolated areas where

the Schottky and ohmic contacts are formed. A wet etch is used to allow step coverage along the

mesa's edge because the etch's isotropic nature creates sloped sidewalls. After the mesas are etched,

the substrate is placed into a Plasma-Enhanced Chemical Vapor Deposition (PECVD) chamber to

deposit an insulating layer of SiO2 on the surface.

The third processing step is used to determine the thickness of the SiO2 �lm deposited and to

etch via holes through the insulating layer. Because precise etch timing is required to accurately

de�ne the small anode openings, this mask is useful for determining the exact thickness of the SiO2

at various regions of the GaAs die. The etch also reveals the cathode contacts common to all the

elements in the array. The areas etched during this step are large (>100 µm2) so a wet etch is used.

The fourth processing step de�nes the anodes for the Schottky diodes. A tri-layer lithography

technique is adopted to achieve the small anode dimensions, < 1.2μm diameter. Initially a 2 μm

thick polymer, PMMA, is used as a sacri�cial layer and helps to planarize the surface. Then a thin
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layer of chromium (330 A) is sputtered atop the PMMA surface, followed by a thin photoresist

layer, AZ5206, to pattern the anodes. A sequence of dry etches are used to etch the pattern into

the chrome, PMMA, and ultimately the SiO2. However, before the dry etch reaches the SiO2

GaAs interface (roughly 50 nm remaining) a wet etch is used to remove the �nal amount of SiO2

to protect the GaAs surface from the energetic ions of the dry etch.

The �nal step in the process creates the Schottky contacts, bowtie antennas, and metal inter-

connects. A seed layer of Ti-Au is deposited over the entire substrate. A �fth mask is used to

de�ne the areas which are electroplated onto the seed layer. Roughly 1 μm of gold is electroplated.

Afterwards, the resist is removed and the seed layer is wet etched away. Each GaAs die is 17x17

mm and contains 26 arrays. A dicing saw is used to separate each die containing a sideband gener-

ator array. The �nal metal pattern also prints marks to align the dicing saw to ensure each die is

symmetric.

4.2 Ohmic Contact Formation

To form the ohmic contacts, the top modulation layer of GaAs must be etch away to reveal the

highly doped bu�er layer underneath. To accomplish this, a wet etch is �rst performed to undercut

the photoresist slightly. This small undercut will help with the subsequent lift-o� process used to

deposit the ohmic contact metal stack up. After the wet etch, the majority of the GaAs is etched

in a reactive ion etcher, to maintain planarity after the metal deposition.

Once etched, the ohmic contact metal stack up is evaporated over the sample and the excess

lifted o�. There are a number of metal contacts and annealing times which can be used to create an

ohmic contact to GaAs. However, for this work, the well-known Au/Ge-Ni-Au (500Å-250Å-1000Å)

stack up is used. Once all the excess metal and resist are removed the sample is annealed. Figure

4.2 shows an SEM image of a �nished SBG unit cell and the cut line that will serve as a reference

in the fabrication process images to follow.
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Figure 4.2: SEM image of a SBG unit cell illustrating the cut that will be used to display the ohmic
contact process �ow

4.2.1 Gallium-Arsenide Ohmic Contact Etch

To reach the highly doped bu�er layer a two step etch process is used. The aim is to produce a

trench that is the same thickness of the metal to be deposited, a total of roughly 175 nm. The etch

depth is important because this surface also serves as the ground plane for the tuning microstrip

transmission line. Thus, it must be as planar as possible to insure step coverage while electroplating

the transmission line tuning element. Figure 4.3 shows an illustration of the process steps used to

create the ohmic contact, referring to the cut line seen in Figure 4.2.

Photoresist (AZ4110 @4000 RPM 30 sec) is patterned with the �rst mask set to protect the

desired areas, Figure 4.3a. A short wet etch is done to aid in the subsequent lift o� process. A

(1:1:25) (H2O2(30%) : H3PO4(85%) : DI) etchant is chosen for this etch because it is very isotropic

and insensitive to crystallographic directions. As a result the etch provides a 45° slope at each side

wall along the ohmic contact edge due to resist undercut. Using a (1:1:25) concentration, an average

etch rate of 150 nm
min is recorded. For the purpose of aiding in lift o�, only a 20 sec etch is done to

undercut the resist by ~50 nm. The result of this etch can be seen in Figure 4.3b.
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The next step is to perform a dry etch to create a trench 175 nm deep. The trench is etched

deep enough so the entire ohmic metal stack will rest within, maintaining planarity. A low power

BCl3 dry etch is used to create a trench about ~175 nm deep with vertical side walls. The etch

was done at a pressure of 10 mTorr, a power of 20 W, and a BCl3 �ow rate of 20 SCCM. This

recipe yields an etch rate of about 100 nm
min and the etch takes approximately 1.75 minutes. Figure

4.3c shows the unit cell after the RIE is complete.

Figure 4.3: Illustration of the ohmic contact formation process �ow

4.2.2 Au/Ge-Ni-Au Ohmic Contact Metallization and Annealing

The next step in creating the ohmic contact is to evaporate the correct metal stack-up which

is alloyed to form an ohmic contact to the GaAs. As mentioned before there are many di�er-

ent metallurgies which can be used to create ohmic contacts to GaAs. However, for this work

the well-understood Au/Ge-Ni-Au metal stack up is used. One of the main reasons for choosing

this metallurgy is that the Au/Ge contact has been characterized using existing equipment in the

UVa MFL. A mask was created to fabricate many di�erent ohmic contact TLM (transmission line

model) structures which were used to characterized the contact resistance after undergoing various

annealing conditions. Di�erent time and temperatures were studied and an optimum condition was

found, 400°C for 60 sec. Every array fabricated received the same metal evaporation, Au/Ge-Ni-Au
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(500Å-250Å-1000Å).

After the metals are evaporated onto the substrate, the excess metal and photoresist is lifted

o�. A 120° (1:1) NPM:polypropylene glycol solution is used to dissolve the resist. With the aid of

the previous wet etch, the lift o� process takes no longer than 20 minutes and requires no scrubbing

to remove the resist. Care should be taken since the GaAs surface still exposed is what is used to

create the Schottky contacts. Once complete the sample should resemble Figure 4.3d.

Before the RTA is performed , an extensive cleaning is done. This ensures no contamination,

photoresist, or debris is left behind before the high temperature thermal anneal. During the high

temperature anneal most contaminates on the surface; waxes and photoresist, will permanently

adhere. Once clean, the RTA is performed to create an ohmic contact.

4.2.3 Au/Ge-Ni-Au Ohmic Contact formation methodology and mecha-

nisms

This method of creating ohmic contacts to GaAs relies on the material properties of the Au/Ge alloy

and the fact Ge is an n-type dopant for GaAs. Figure 4.4 shows the phase diagram for the Au/Ge

alloy. The Au/Ge concentration used is at the eutectic composition. This is important because it

yields the lowest single phase melting temperate possible for the alloy (~320°C). At temperatures

above the melting point the entire Au/Ge bulk will entirely melt into one continuous liquid with

no single phase, solid Au or Ge, particles present.
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Figure 4.4: Phase Diagram for Au/Ge alloy

During the RTA, as the Au/Ge is in a liquid state, the Ge more easily di�uses into the GaAs.

During the 60 second anneal time, su�cient Ge atoms di�use into the GaAs surface to degenerately

dope a very thin layer at the interface of the GaAs. Figure 4.5 shows an illustration of the contact

before and after the annealing.

Figure 4.5: Left: Contact before RTA. Right: Contact after RTA

The nickel layer in the stack up plays two important functions. It acts as a wetting agent for the

liquid Au/Ge to prevent the liquid from balling up due to surface tension. If the Au/Ge layer balls

up or forms single phase regions, the surface of the contact will roughen and result in nonuniform

Ge doping across the contact area. The nickel layer also prevents the Ge from di�using up the

metal stack into the top gold layer. This barrier helps increase the di�usion of Ge into the GaAs

during the anneal. The top gold contact is used to decrease the contact resistance with the nickel

layer and protect it from oxidation. Figure 4.6 shows a microscope image of a 6x6 element array

after the ohmic contact formation. The image also highlights a unit cell showing half the bowtie
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structure created by the ohmic contact.

Figure 4.6: A microscope image of a 36 element array after the ohmic contacts have been fabricated

4.2.4 Ohmic contact optimization

Figure 4.7 shows a photograph of the TLM structure. The TLM structure is used to �nd the

optimum annealing conditions for AuGe metallurgy. Figure 4.8 shows a photograph of di�erent

GaAs dies, each receiving varying annealing times and temperatures. The TLM test structure

consists of metal pads of equal width that are spaced at varying distances. Using a four point probe

measurement, the resistance between all the pads is measured and recorded as a function of pad

spacing. Measuring the resistance between two pads yields:

Rtotal = 2RC +
Rs

w
d (4.1)



CHAPTER 4. SCHOTTKY DIODE SIDEBAND GENERATOR ARRAY FABRICATION 84

Figure 4.7: A photograph the GaAs ohmic contact test structure

Figure 4.8: A photograph of several GaAs dies which received di�erent annealing times and tem-
peratures

In equation 4.1, RC represents the resistance associated with the ohmic contact. Since the

measurement is done between two pads its value is multiplied by two. Rs is the sheet resistance of

the GaAs, w the width of the pads, d the distance between the pads. The function Rs
w d predicts

the resistance between the two pads. As di�erent pad spacings are measured, a plot can be created

and a line �t to extract the two parameters, RC and Rs.

Figure 4.9 shows a plot of the measured resistance versus pad spacing for the sample which

received an anneal of 400C for 60 seconds. Figure 4.9 also shows the �tted line used to determine

the ohmic contact properties. From the line, the contact resistance, RC , is determined to be 0.585Ω.
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The plot in Figure 4.9 also yields another important characteristic of the ohmic contact, the transfer

length, Lx. The transfer length represents the length underneath the ohmic contact the current

must travel before transferring from the semiconductor to the metal. The transfer length can be

determined by solving for the x intercept of the �tted line.

Figure 4.9: Plot of resistance versus pad spacing

However, the �gure of merit used to quantify contact resistance is known as speci�c contact

resistance, rc. To calculate the speci�c contact resistance the contact resistance RC , transfer length

Lx, and pad width w are used. Equation 4.2 shows the formula used to calculate the speci�c contact

resistance.

rc =
1

2
RCwLx Ω ∗ cm2 (4.2)
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To determine the best annealing time and temperature, several di�erent TLM structures were

fabricated. Each sample revived a di�erent annealing time and temperature and measurements

were done to determine the speci�c contact resistance of each sample. Figure 4.10 shows a plot of

the resulting speci�c contact resistance as a function of annealing time and temperature. From the

results it was determined that 400C for 60 seconds yielded the lowest speci�c contact resistance

and is the annealing conditions used for the entirety of this work.

Figure 4.10: A plot of the speci�c contact resistance versus annealing times and temperatures

4.3 Mesa Etch

The next step in the process is to isolate the device areas by etching away all the undesired epi-layers

from GaAs die. The only areas where epi-layers will remain are where the Schottky contacts and

n+GaAs ohmic contact areas. Figure 4.11 shows the two steps necessary to etch the GaAs mesas.
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The �rst step is to pattern photoresist (AZ4110 @4000 RPM 30 sec) with the second mask

set. This resist layer serves to protect the areas where the Schottky contact will be made as well

as the previously-formed ohmic contacts, Figure 4.11a. To perform the etch, the same (1:1:25)

(H2O2(30%) : H3PO4(85%) : DI ) etchant is used as in the previous ohmic contact formation

wet etch. This particular etch was chosen because of its isotropic nature. The etch's isotropy will

create side nearly 45º angles walls along all the mesa edges. This is important because the mesa

will subsequently be covered by an insulating layer of SiO2 which supports all the metal bowties

and tuning transmission lines.

The goal is to etch down to the semi-insulating substrate, removing the conductive layers from

the desired areas. The combined thickness of the two epilayers is 620 nm. To account for variations

and uncertainty in the pro�lometer measurements and epilayer thickness, a target of 700 nm is

chosen. The phosphoric based solution averaged about 150 nm
min which means the 700 nm etch took

an average of 4:40 minutes. Figure 4.11b shows the sample just after the etch is complete. Once

the die is etched, a four point probe is used to verify the semi-insulating layer is revealed and the

photoresist is removed. Figure 4.12 shows a microscope and SEM image of an array after the mesa

etch.

Figure 4.11: Illustration of the mesa etching process



CHAPTER 4. SCHOTTKY DIODE SIDEBAND GENERATOR ARRAY FABRICATION 88

Figure 4.12: Left: Microscope Right: SEM image of a 6x6 element array after the mesa etch.

4.4 Oxide Deposition and Large Area Etch

4.4.1 PECVD

The next step in the process is to deposit an insulating layer of SiO2. There are a number of

ways to deposit an insulating layer on a GaAs substrate; sputtering, evaporation or various form of

chemical vapor deposition (CVD). For this work a Plasma Enhanced (PE)CVD is chosen. This is

the preferred method for SiO2 deposition on GaAs because it tends to yield superior �lm quality,

a high deposition rate, and is a low temperature process.

Figure 4.13 shows an illustration of a typical PECVD reactor setup to deposit SiO2 . The

process is done in a low vacuum chamber to eliminate contaminants and to control the pressure

during the deposition. Then, much like a typical CVD process, precursor gasses are used to form

the �nal product. However, a PECVD does not solely rely on thermal energy to form the SiO2 from

the precursors. As the name implies an RF generator is used to create a plasma that ionizes the

precursors gasses. Figure 4.13 shows the two electrodes within the vacuum chamber. The samples

are placed on the grounded platen which is heated. With the precursors ionized by the RF energy,

less thermal energy is required to form the SiO2 on the surface of the sample.
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Figure 4.13: An illustration of a PECVD setup to deposit SiO2

Equation 4.3 shows the desired reaction to transform the precursor gasses, silane and nitrous

oxide, into SiO2. During the deposition, the silane has a �ow rate of 108 SCCM and the nitrous

oxide 480 SCCM. The chamber pressure is held constant at 800 mTorr. The RF power is 80 W and

the platen is heated to 250ºC. Under these conditions a SiO2 �lm is deposited at ∼ 10 nm
min . The

target is to grow 1μm which requires approximately 100 minutes. However, measuring the thickness

over an area of 17mm2 yields a standard deviation in thickness of 100nm (10%).

SiH4 + 2N2O → SiO2 + 2N2 + 2H2 (4.3)

4.4.2 Large area SiO2 Etch

A third masking step is employed to etch large holes though the SiO2 to determine the thickness

at various locations on the sample. Figure 4.14 shows a diagram of areas that are etched on the

GaAs die. Because the holes are not near any critical areas, Bu�ered Oxide Etchant (BOE) is used

to etch through the SiO2 layer. The etch rate for the PECVD SiO2 in BOE is roughly 200 nm
min . It

takes an average of 5 minutes to etch through the SiO2 and reach the GaAs surface. Once etched,

the depth of each hole is measured and recorded to �nd the average SiO2 thickness of each sample.

For a sample size of 25 separate depositions, the average SiO2 thickness is about 1.075µm with a
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standard deviation of 0.142 µm.

Figure 4.14: A diagram showing the large areas of SiO2to be etched

4.5 Anode Etch

The fourth mask set is designed to carefully etch through the SiO2 layer and reveal the Schottky

contact. To accomplish this, a combination of dry and wet etch techniques are used. First a dry

etch is used to remove 950 nm of the 1000 nm of the SiO2 layer. Using a dry etch ensures an

anisotropic etch that keeps the dimensions of the anode the same as the pattern on the mask. 50

nm of SiO2 is left to prevent the bombarding ions in the dry etch from damaging the GaAs surface

and possibly degrading the Schottky diode performance. The �nal 50 nm is wet etched away using

BOE to cleanly reveal the GaAs surface. However, care must be taken as to not over etch the

anodes and signi�cantly alter their diameter.

4.5.1 Tri-Layer Process

To accurately de�ne the small 1.0 μm diameter anodes a very thin resist must be used (< 1 µm).

However, the dry etch used to etch SiO2 also etches resist with a selectivity of 4:1. Since the SiO2

layer is a micron thick, a long etch time is required. A more robust method of patterning is used.
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A tri-layer lithography process technique is adopted to better de�ne the anode pattern. Figure

4.15 shows the three layers that form the stack up. The �rst layer is a 2 μm thick Poly(methyl

methacrylate) (PMMA) layer. PMMA is an organic based electron beam resist which helps to

planarize the surface and reduce the e�ect the mesas will have on the anode de�nition. The second

layer is a 33 nm thick chromium layer which will ultimately be used to mask the SiO2 RIE. The

�nal layer is a thin (AZ5206 @ 500 nm) photoresist �lm which will be used to de�ne the anode

pattern into the chromium masking layer.

Figure 4.15: Illustration of the tri-layer stack up used

Figure 4.16 shows the steps involved in de�ning the anodes. After applying the three layers,

the process begins by patterning the top most photoresist and revealing the anode areas, Figure

4.16a. Subsequent RIE etches are performed to etch the chromium, PMMA, and SiO2, Figure

4.16b. The chromium RIE is a Cl2 based etch which has very good selectivity to photoresist. The

next step uses an O2 RIE to etch the PMMA. The O2 RIE will etch through the topmost layer

of resist leaving only the chrome and PMMA. The chrome layer is then used as the mask and the

SiO2 RIE (CHF3 = 50SCCM, RF = 80W, P = 10 mTorr) is performed leaving ~50nm of SiO2 as

to not damage the GaAs. A short wet etch (~20 sec) using BOE removes the �nal 50 nm of SiO2

and reveal the GaAs surface, Figure 4.16c. With the etching complete the remaining PMMA and

chromium is stripped o�. Using the same lift-o� solution as in the ohmic contact formation the

tri-layer is removed, Figure 4.16d.
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Figure 4.16: An illustration of the process used to etch through the tri-layer and SiO2

Figure 4.17 is an SEM image showing the etched SiO2 with the PMMA and chrome masking

layer before lift-o�. Figure 4.18 shows how the surface of the chrome masking layer looks before

the tri-layer lift-o�. Figure 4.18 also shows an etched anode after the tri-layer lift-o� atop a GaAs

mesa.
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Figure 4.17: SEM image of the tri-layer stack up after all the etch steps

Figure 4.18: Left: SEM image of an anode and ohmic contact connection after the etches but before
the tri-layer lift o�. Right: A close up of an anode and mesa step after the tri-layer lift o�.
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4.5.2 A Note on Etch Rate Lag Within Small Features

It should be noted that when performing a dry etch on areas <1 μm2 the etch rate lags compared

to larger areas. After some study, it was determined that the anodes experienced between 10-15%

etch rate lag compared to the larger 100 μm2 measurement areas. Consequently, it was necessary

to add 15% time to each of the three RIE steps for the anodes to open completely.

4.6 Final Metallization

The �nal step in the process is the formation of the Schottky contacts and metal interconnects.

For this, a seed layer of titanium (200 A) and gold (1000 A) is deposited over the entire surface.

Photoresist (AZ4110 @ 4000 RPM 30 sec) is patterned using a �fth masking layer and the areas

which are to be electroplated are revealed. The sample is then placed into a gold electroplating

solution and 1μm of gold is plated. The plating was done with a current of 1 to 2 mA and plated

about 100 nm
min .

After the plating is completed, the photoresist is removed and the seed layer is etched away. The

top layer of gold is removed using HG-400 solution. The 100 nm of gold etched away, on average,

in 45 seconds. The 20 nm titanium layer is removed using BOE, taking an average of 20 seconds

to etch. Figure 4.19 shows some SEM images of a �nished array.
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(a)

(b)

Figure 4.19: a: SEM image of a completed 6x6 array b: SEM of a completed unit cell



Chapter 5

Sideband Generator Array

Characterization

5.1 Overview of measurements

To characterize the sideband generator array a number of di�erent measurements are performed.

These measurements are aimed at determining the s-parameters, conversion loss, and power han-

dling of the array and its equivalent unit cell. The results are also used to make a comparison

between the HFSS models, equivalent circuit designs, and Schottky diode characteristics.

The initial measurements are DC current-voltage measurements. Measurements are done on

individual diodes as well as the full array. This is important as many of the parameters which

govern the array operation depend directly on the intrinsic diode parameters, including reverse

saturation current, ideality factor, and series resistance. These results also provide a measure of

the number of the diodes within the array that are operational. On the same GaAs die which the

arrays are fabricated, several single Schottky diode devices are also fabricated. These individual

diodes allow for direct characterization of diodes which are fabricated along with the array.

Following DC characterization, the responsivity of the array as a detector is measured at 1.6 THz.

96
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This measurement demonstrates that the Schottky diodes respond to radiation at 1.6 THz. The

measurement also allows the optics of the measurement system to be optimized and an assessment

of the power handling of the array. Various bias voltages and back short positions are tested and the

results allowed a comparison to the responsivity of similar single-diode Schottky diode detectors.

Following the responsivity measurements, the performance of the array as a phase shifter is

measured. Because direct measurements with a vector-network analyzer are not yet possible at 1.6

THz, an interferometric technique is used to determine the phase shift and standing wave ratio as

a function of bias voltage. This measurement technique can determine the phase di�erence of the

array's re�ection coe�cient between two operating points. This result is also compared to the unit

cell equivalent circuit models in ADS and HFSS. The data helps to verify and update the circuit

models. Finally the updated circuit model is used to predicted a conversion loss to determine the

performance of the array.

5.2 Current-voltage relationship

To determine the characteristics of a Schottky diode, DC current-voltage measurements are per-

formed. A Keithley 236 source measurement unit is used to provide a bias current while also

detecting the voltage drop across the diode. Four micromanipulators are used to perform a four

point measurement to accurately measure the series resistance. During the fabrication process,

single-device Schottky diodes were fabricated along with the 100 element diode arrays. The aim is

to create an identical Schottky contact, not embedded within an array, to be characterized indi-

vidually. The results provide a means of measuring the number of the diodes in the array that are

functioning through a comparison of I-V curves for single devices and the array. Figures 5.1 and 5.2

show SEM images of the Schottky diode test structures fabricated for DC testing. The geometry of

the circuit around the diodes di�ers from the diodes in the array. However, the two sets of diodes

have the same anode size and are expected to respond similar at DC.
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Figure 5.1: A SEM image of the single Schottky diodes intended for DC probing with anodes
ranging from 1.2 µmto 0.8 µmanode diameters.

Figure 5.2: A SEM close up of a single Schottky diode. Figure 56 shows the area which is empha-
sized.

Measuring a single diode will provide the data necessary to determine the DC parameters in-
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trinsic to a Schottky contact. The measurement is used to solve for the reverse saturation current

Io , ideality factor η , and series resistance Rs of a single contact. To do so, the measured I-V data

is �t to the known forward bias relation, equation 5.1.

I(V ) = Isate
V
ηVT +

V

Rs
(5.1)

The �t is done in Mathcad using a Levenberg-Marquardt regression algorithm to minimize the

error. Throughout the GaAs die, diodes are fabricated with varying anode sizes ranging between

0.8 and 1.2 micron diameters. Since the nominal design was for a 1.2 micron diameter anode, the

results will be presented for that diameter.

Figure 5.3 is a semi-log plot of the I-V data for a measured device and a �t to equation 5.1.

The �tted data results in a reverse saturation current of 2.24 nA, an ideality factor of 1.44, and a

series resistance of 58 Ohm.

Figure 5.3: Plotting the measured and �tted IV data
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A second use for the DC testing is to determine the approximate number of operating diodes

within an array. It is possible that during the fabrication process one or more of the anodes may

not etch completely due to variations in the lithography or SiO2 RIE etch rate. However, because

all the cells are electrically in parallel with one another, it is di�cult to tell if any of the diodes

have failed unless they fail as a short circuit.

As a measure of the number of cells that are functioning, the results from individual diode I-V

measurements are compared to the I-V measurements of an array with all 100 devices in parallel.

Assuming that at a single diode is similar to a diode within the array, it is expected that an array

will pull 100 times more current than a single device at the same bias voltage. This assumption is

expected to be valid because the anode size and ohmic contact geometry of a single are similar to

that of an arrayed device.

Figure 5.4 plots the measured I-V data on a semi-logarithmic scale. The plot shows the results of

a single diode (1.2 um diameter) and a 100 element array. The di�erence between the currents is two

decades, as expected for an array containing 100 elements. At high bias levels, the array plot begins

to deviate some from the expected scaling, but it is conceivable that this results from di�erences in

series resistance arising from di�ering geometries of the array and single-element devices.
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Figure 5.4: A semi-log plot comparing the IV of a single diode and a 100 element array

5.3 Responsivity Measurements

After the DC testing is complete, the focus shifts to RF characterization of the array. The �rst

set of RF measurements are aimed at measuring the voltage responsivity of the array at 1.6 THz.

This is done to verify that power at 1.6 THz can be coupled to the diodes and to aid in optical

alignment. The responsivity test also provides a measure of the array power-handling capacity.

Figure 5.5 shows the optical setup used to characterize the responsivity. An Edinburgh Photonics

FIRL100 laser is used to create a 1.6 THz test signal. The laser is �rst directed into a Martin-Puplett

interferometer. The interferometer is used to rotate the polarization of the laser to ensure the correct

polarization illuminates the array. In addition, the interferometer allows for a measurement of the

wavelength of the FIR laser. As the roof top mirror in the interferometer translates ~45 microns,

the output polarization is rotated 90 degrees. This was con�rmed using a millimeter wave power
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detector and a wire grid polarizer. As the laser polarization rotates it is possible to observe a drop

in detected power as part of the beam begins to re�ect o� the wire grid.

Figure 5.5: A drawing of the optical setup used to characterize the responsivity of the array

Following the Martin-Puplett, an o�-axis parabolic mirror (OAPM) is used to focus energy

onto a silicon lens which the array is mounted. A moveable mirror is placed as close as possible

behind the array, approximately 1.5 - 2.0 mm. This mirror is used to tune the backshort to a desired

impedance. However, the absolute distance from the mirror to the array is unknown. Consequently,

measurements corresponding to relative distance over 200 microns are done to ensure the backshort

is moved an entire wavelength at 1.6 THz.

To perform the measurement, an optical chopper is placed at the input to the Martin-Puplett

and a lock-in ampli�er is used to record the responsivity data. The chopper was placed early in the

beam path to eliminate chopping the room lights to the array. It should be noted that any exposed

Schottky diode is sensitive to ambient light in the laboratory. A chopper which shadows the diode

from any room light contributes undesired detected power to the measurement. A normalizing
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detector was used to monitor the power of the laser and calibrate the power to the array.

The �rst step to �nding the array responsivity is to determine the FIR laser power at the spot

which the array is mounted. To do so, a power detector is put at the focus point of the o�-axis

parabolic mirror. The measured power and recorded normalizing detector voltage are recorded for

a number of di�erent laser power levels. Figure 5.6 shows a plot of the data. A linear �t is used to

derive a relation to predict the power to the spot as a function of monitored laser power. In this

case, equation 5.2 shows the �tted equation. Figure 5.6 shows the agreement between the �tted

line and measured values.

mWpower(mV ) = 1.041 ∗mV + 1.57mW (5.2)
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Figure 5.6: A plot showing the power to the array as a function of the normalizing detector and
the �tted line to predict the power to the array.

After characterizing the measurement system, the array was aligned to ensure the focused beam

was within the area occupied by the array. For this, the array was used as a video detector, as seen

in Figure 5.5, and moved on a micrometer stage until the maximum video response is detected using

a lock-in ampli�er. The the normalizing power detector and DUT lock-in responses are recorded

for various backshort mirror positions to �nd the optimal location for the mirror.

Table 5.1 shows the recorded data from the experiment. The �rst two columns record the

backshort's relative position. The third column is the detected voltage from the array using a

lock-in ampli�er. Column four is the normalizing detector voltage monitoring the strength of the

laser. The �nal column is the response relative to the normalizing power. These numbers do not
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represent a responsivity, but show which backshort mirror positions yield the largest normalized

response. Figure 5.7 shows the normalized response as a function of backshort mirror position. The

dashed lines represent an electrical distance of 180 degrees, showing a repeating pattern. From this

experiment it is possible to determine which backshort position yields the largest responsivity, (80

and 170 degrees).

Having found the best backshort mirror positions, the next step is to record the voltage re-

sponse for di�erent bias voltages at a �xed backshort position, 170 degrees. Using that data, a few

correction factors can be applied to determine the voltage responsivity of the entire array and a

single Schottky diode. Using the same setup seen in Figure 5.5, the bias current was adjusted and

the response recorded.
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Table 5.1: Recorded data from the responsivity measurements
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Figure 5.7: A plot of the normalized power detection as a function of back short mirror position.

Figure 5.8 plots the normalized detected voltage as a function of bias current. As expected, at

low currents the diodes are poorly matched to the antenna resulting in a low response . However,

as the bias current is increased, the diodes are better matched to the array embedding impedance

and the response improves. As the current continues to rise, and the operation point approaches

the linear region of the I-V curve, the response begins to drop.
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Figure 5.8: A plot showing the normalized responsivity vs bias current

Having found the bias current and mirror position that yield the largest response, it is possible

to determine the responsivity of the array. For this calculation, the relationship between the FIR

power to the spot and the normalizing voltage response in Figure 5.6 are used. However a few

correction factors, noted below, are applied to correct the data.

The �rst correction accounts for the mismatch between at the silicon lens and free space. As

the FIR laser radiation is incident from free space, the silicon interface causes substantial re�ection.

Using a free-space wave impedance, Zo = 377 Ω, and ZL = 107 Ω to represent silicon, the expected

transmission coe�cient of to silicon is 0.44. The second correction accounts for the spread of the

incident power over all the devices within the array. To do this the incident power is divided by

100.

From the plot in Figure 5.8 it is seen that a bias current of 500 uA is expected to yield a
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maximum voltage response. Using a bias of 500 uA the corrected responsivity can be calculated.

Table 5.2 outlines the steps. Using equation 5.1, the normalizing detector voltage can be converted

to a power at the DUT spot. A normalizing detector voltage of 5.21 mW corresponds to power of

6.99 mW at the spot. Applying the two corrections yield a corrected power of 35 uW to each diode.

The overall responsivity is found from the detected voltage by dividing by the corrected power. In

this case the Schottky diodes measured a responsivity of 16.1 V
W at 1.6 THz.

Table 5.2: A table showing the measured responsivity data and calculated result

A �nal responsivity measurement is done to estimate how much power is needed to saturate the

detector. For this measurement, the laser was tuned to produce its maximum power, ~10 mW at

the array spot. The array's detected voltage response is monitored as attenuators are placed in the

FIR laser path. Figure 5.9 shows detected response as a function of laser power. As the attenuation

is removed, the detected power increases linearly, never rolling o�. From this it can be concluded

that the array remained in the square law region and is capable of handling more than 10 mW of

incident power.
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Figure 5.9: A plot showing the response of the array vs input power

To estimate the overall power handling of the device a single diode is considered. From previous

measurements done on Schottky diodes with similar anode sizes, 0.8 to 2.0μm diameter, currents

exceeding 1 mA is commonly enough to permanently destroy the device. For a titanium contacted

GaAs Schottky diode with same anode dimensions to reach currents of 1 mA typically a bias of

1 V is required. For a practical limit of operation, the power must not exceed 1 mW in order to

assure a single device is not destroyed. For an array of diodes, as long as the power distribution is

equal across all the devices, the practical limit for the sideband generator array with 100 elements

is ~100 mW. The FIR laser used for the measurements is capable of producing up to 150 mW at

1.6 THz, however, due to necessary optical components and path length loss, the maximum laser

power is never available to the sideband generator array.
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5.4 Phase Shift Characterization

Since the sideband generator array is designed to operate as a varactor or parametric upconverter,

the ability of the array to produce a large phase shift is critical in determining the overall conversion

loss. To characterize the phase shift of the circuit an interferometric technique is employed [25].

Figure 5.10 shows a sketch of the experimental setup. The optics take advantage of constructive

and destructive interference in order to determine the relative phase di�erence between two bias

points.

In Figure 5.10 the incident 1.6 THz signal is split using a 1mil think mylar beam splitter. A

portion of the beam is re�ected towards the interference mirror on a moveable stage. The remaining

portion of the signal is focused onto the array. The array is held at a static bias, either at 0.3 V or

-4.0 V, as the interference mirror is adjusted in 10 micron increments. The two signals are combined

and detected by a GaAs Schottky diode detector mounted in a block with an integrated horn . A

chopper and lock-in ampli�er are used to detect the signal. As the interference mirror is adjusted,

an interference pattern is recorded and repeats ~90 microns corresponding to half wavelengths of

1.6 THz in air. The interference mirror is moved over a total distance of 260 microns in 10 micron

increments.
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Figure 5.10: A drawing of the optical setup used to characterize the phase shift of the array.

After the data is recorded the interference mirror is adjusted back to its original position and the

bias on the array is tuned to the second operating point. The interference mirror is then stepped as

in the previous measurement and the voltages from the lock-in ampli�er are recorded. This process

is then repeated for di�erent steps of the tuning mirror to characterize the phase shift of the array

as a function of backshort position.

To interpret the data, a Mathcad program, using a Newtons method algorithm, is used to

perform a best �t of a sinusoid, A∗sin(Bx+C)+D , to each of the measured interference patterns.

For each tunable mirror position, the sinusoidal �ts of the interference patterns are plotted and

compared. The phases, C, are compared to �nd the phase di�erence and the amplitudes, A, are

compared and recorded. Figure 5.11 shows a plot of the �tted waves at a backshort position of 187

microns at two di�erent bias points.
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Figure 5.11: A plot comparing the �tted interference patterns at the two operating points

Figure 5.12 shows the phase and magnitude di�erence recorded as a function of tunable mirror

position. The plot shows that for particular backshort positions there is little phase or magnitude

di�erence. However, at repeating intervals of 90 microns, there are tunable mirror positions that

yield a maximum 20 degree phase shift with a slight magnitude di�erence between the two operating

points. These results determine which mirror positions will yield the lowest conversion losses.
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Figure 5.12: A plot showing the phase and magnitude di�erence between the two operating points
as a function of tunable mirror position

The phase shifting results are used to verify the accuracy of the circuit models previously used

to characterize and design the unit array cell. Figure 5.13 shows the ADS equivalent circuit model

that is used to represent the unit cell. For this simulation the bias on the diode is varied between

0.3V and -4.0V. This is repeated for each backshort mirror position. The phase di�erence between

the two bias points were recorded for each backshort position. Figure 5.14 compares the measured

phase shift to the simulated results from Figure 5.13. The phase shift is plotted as a function of

the backshort position. The measurement is done with a �relative� mirror position, so a 30 degree

o�set is added to �synchronize� the phasing of the two results. Both plots share the same resonance

pattern and comparable maximum phase shifts of near 20 degrees.
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Figure 5.13: The ADS circuit model to describe the phase shift of a unit cell.

Figure 5.14: A plot comparing the simulated and measured phase shift as a function of backshort
position

In order to calculate the conversion loss of the sideband generator array some small adjustments

had to be made to the circuit in Figure 5.13. Figure 5.15 shows the circuit model used to predict
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the conversion loss. The diode and surround embedding impedance are identical, however, ideal

�lters and a high frequency pump are added to modulate the diode and terminate the sidebands

appropriately. The backshort is adjusted until the circuit results a maximum phase shift between

the two bias points.

Figure 5.15: The ADS circuit model used to calculate the conversion loss

Figure 5.16 shows the re�ection of the model in Figure 5.15 at various bias voltages. The

maximum phase shift of the model is 22º. This is in good agreement with the measured phase shift

which is 20º. For the simulation the diode is modulated with a 50 GHz sinusoidal pump. Enough

available power is provided to modulate the diode between 0.3 and -4.0 V. The circuit in Figure

5.15 predicts a conversion loss of 26 dB.
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Figure 5.16: The response of the circuit in Figure 5.15 as a function of bias voltage



Chapter 6

Conclusion

The bulk of this research is dedicated to the design, fabrication, and characterization of a 1.6 THz

sideband generator based on an array of varactor Schottky diodes. The goal is to meet or exceed the

performance of current state-of-the-art technology. In order to accomplish this goal, the Schottky

diode array takes advantage of key design features which help simplify the fabrication process, lead

to higher e�ciencies, and increase the overall power handling. The �rst design feature is a quasi-

optical setup used to eliminate the need for waveguide coupling and helps spread out the incident

power over a number of di�erent diodes. The arrayed design also creates advantageous boundary

conditions which can be exploited to create speci�c tuning elements. Another advantage of using

an array of Schottky diodes is the ability to extend the power handling of the SBG. Since the

available power is distributed among the number of elements in the array, the SBG input power

can be increased without the fear of destroying the Schottky diodes. A second design feature

which separates this work is the addition of a tuning element in parallel with the anode contact.

This additional tuning element increases the performance of the sideband generator in a number of

di�erent ways. It was shown that the additional tuning element creates a circuit topology capable

of reaching the fundamental limit of conversion loss. More importantly, the additional tuning

element reduces the e�ects of the parasitic capacitance typically associated with planar Schottky

diode design with out having to alter the planar diode geometry. This eliminates the need to create

118
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complex diode geometries simplifying the fabrication process and increasing the yield and reliability

of the devices greatly.

However, to design such a device, an equal amount of time was spent researching and under-

standing the planar Schottky diode operation at high frequencies. To do so, two di�erent diode

planar Schottky diodes were designed and fabricated. One design is centered at 20 GHz to be probed

by commercially available CPW probes. The second set of diode structures were tailored to operate

in the WR.1.5 band (500-750 GHz). The higher frequency diodes were designed to be probed by

the micromachined on-wafer probe fabricated in house in the UVa Microfabrication lab. The aim

was to see if the same modeling and characterization techniques could be used on both the low

and high frequency diodes. From the results it was concluded that the same modeling techniques

capable of describing the low frequency planar Schottky diode can be scaled to accurately model

a similar high frequency Schottky diode. However, as the frequencies being to approach 1 THz,

the parasitics within the GaAs mesa and ohmic contact can be realized and their a�ects can be

measured at high frequencies. The time spent researching these high frequency e�ects is important

because the results lead to more accurate models for the Schottky contact in the 1.6 THz sideband

generator array design.

To characterize the array a number of di�erent measurement techniques were used. The �rst was

a simple responsivity measurement which showed the power handling of the array. Despite having

incident powers approaching 100mW, none of the elements in the array were destroyed, and the

same I-V relationship was measured before and after the responsivity measurements. The second

measurement was an optical setup which used the array as a phase shifter. This measurement

took advantage of a standing wave created between the array and a �at mirror. The measurement

setup measured the constructive and destructive interference as a function of the array bias voltage

and backshort mirror position. The results from this experiment showed for a particular backshort

mirror position a 20 degree phase shift can be observed. Comparing these results to a simulated

model for a unit cell showed good agreement. The results also showed the validity of the computer

model.

This work has achieved many important results. The �rst was proving that the scaling technique
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used to model low frequency Schottky contacts and the planar diode geometry can be scaled and

adapted for their frequency counter parts. However, as the frequency increases past 500 GHz, the

parasitic e�ects of the ohmic contact and GaAs mesa must be taken into account for an accurate

design. The second result was the design, fabrication, and measurement of the 1.6 THz sideband

generator which took advantage of an arrayed design and additional tuning element in parallel

with the anode to outperform previously designed sideband generators. The measurement results

from the SBG showed a number of important contributions. The results showed that the quasi-

optical and arrayed design allowed for much greater power handling that previously fabricated SBGs

centered around 1.6 THz. The more signi�cant result was evidence that showed the additional

tuning element in parallel with the Schottky contact helped to alleviate the parasitics associated

with planar Schottky diode design. The reduction in the e�ects of the parasitics allowed for a much

simpler fabrication process, reducing the number of mask steps, increasing the yield of the devices,

and improving the reliability of the SBG.

There still remains work which can be done to further characterize the performance of the

sideband generator array. One method is to use VNA extender heads in a quasi-optical setup to

directly measure the S-parameters of the array. This would give a result to directly compare to the

HFSS and ADS models used to describe the array. However, the challenge lies in the calibration of

the setup. Another important test would be to directly measure the conversion loss of the array.

To do so, a characterized 1.6 THz mixer, or downconverter, would be used to directly measure the

sidebands produced by the sideband generator array. This measurement will help to characterize

the bandwidth, conversion loss, and power handling of the array. Ultimately work will always

continue in realm of high frequency Schottky diode characterization. As new devices are designed,

and new diode geometries discovered, the need for more accurate models will grow as the need for

performance at these higher frequencies increases.



Appendix A: WR1.5 planar Schottky

diode process sheet

121













Appendix B: 1.6 THz SBG array

process sheet

127













Bibliography

[1] A. Maestrini, B. Thomas, H.Wang, C. Jung, J. Treuttel, Y. Jin, G. Chattopadhyay, I. Mehdi,

and G. Beaudin, �Schottky diode-based terahertz frequency multipliers and mixers,� Comptes

Rendus Physique, vol. 11, no. 7-8, pp. 480�495, 2010.

[2] L. E. Dickens, �Spreading Resistance as a Function of Frequency,� IEEE Trans. Microwave

Theory Tech., vol. MTT-15, no. 2, pp. 101- 109, Feb. 1967.

[3] H.Lin, S.Senanayake, K.Cheng �Optimization of AuGe-Ni-Au Ohmic Contacts for GaAs MOS-

FETs�IEEE Trans. Microwave Elec. Devices.. vol. 50, No.4, May 2003

[4] K.Bhaumik, B. Gelmont, and R.Mattauch �Series impedance of GaAs Planar Schottky Diodes

Operated at 500 GHz.� IEEE Trans. Microwave Theory Tech.. vol. 40, No.5, May 1992

[5] S.M .Sze, Physics of Semiconductor Devices. New York: John Wiley & Sons, Inc, 1969, ch. 4.

[6] A. J. Kelly, �Fundamental limits on conversion loss of double sideband resistive mixers,� IEEE

Trans. Microwave Theory Tech., vol. MTT-25, pp. 867�869, Nov. 1977

[7] T.W. Crowe, R.J. Mattauch, H.P. Röser, W.L. Bishop, W. Peatman, and X. Liu, "GaAs

Schottky Diodes for THz Mixing Applications", Invited Paper Proceedings of the IEEE. Vol

80, No 11, pp. 1827=1841, November 1992

[8] Tang, A.Y.; Drakinskiy, V.; Sobis, P.; Vukusic, J.; Stake, J.; , "Modeling of GaAs Schottky

diodes for terahertz application," Infrared, Millimeter, and Terahertz Waves, 2009. IRMMW-

THz 2009. 34th International Conference on , vol., no., pp.1-2, 21-25 Sept. 2009

133



BIBLIOGRAPHY 134

[9] P.Wood �Analysis of High Frequency E�ects in GaAs Schottky Barrier Diodes,� Doctoral

dissetation, University of Virginia, Charlottesville Va 1994

[10] G. Piau, F. Brown, D. Dangoisse, P. Glorieux, �Heterodyne Detection of Tunable FIR side-

bands,� IEEE Journal of Quantum Electronics, Vol 23 No 8, Aug 1987

[11] J. Farhoomand, G. A. Blake, M. A. Frerking, and H. A. Pickett, �Generation of tunable laser

sidebands in the far-infrared region,� J. Appl. Phys., vol. 57, no. 5, pp. 1763�1766, 1985.

[12] D. D. Bicanic, B. F. J. Zuidberg, and A. Dymanus, �Generation of continuously tunable laser

sidebands in the submillimeter region,� Appl. Phys. Lett., vol. 32, no. 6, pp. 367�369, Jun.

1978

[13] P. Pen�eld and R. P. Rafuse, Varactor Applications. Cambridge, MA: MIT Press, 1962

[14] E. R. Mueller and J. Waldman, �Power and spatial mode measurements of sideband generated,

spatially-�ltered, submillimeter radiation,� IEEE Trans. Microwave Theory Tech., vol. 42, pp.

1891�1895, Oct. 1994.

[15] ] D. S. Kurtz et al., �Submillimeter-wave sideband generation using a planar diode array,� in

IEEE MTT-S Int. Microwave Symp. Dig., vol. 3, Baltimore, MD, June 1998, pp. 1903�1906.

[16] Kurtz, D.S.; Hesler, J.L.; Crowe, T.W.; Weikle, R.M., II., "Millimeter-wave sideband genera-

tion using varactor phase modulators," Microwave and Guided Wave Letters, IEEE , vol.10,

no.6, pp.245,247, June 2000

[17] Haiyong Xu; Schoenthal, G.S.; Hesler, J.L.; Crowe, T.W.; Weikle, R.M., "Nonohmic Contact

Planar Varactor Frequency Upconverters for Terahertz Applications," Microwave Theory and

Techniques, IEEE Transactions on , vol.55, no.4, pp.648,655, April 2007

[18] Kurtz, D.S.; Hesler, J.L.; Crowe, T.W.; Weikle, R.M., II., "Submillimeter-wave sideband gener-

ation using varactor Schottky diodes," Microwave Theory and Techniques, IEEE Transactions

on , vol.50, no.11, pp.2610,2617, Nov. 2002



BIBLIOGRAPHY 135

[19] Crowe, T.W.; Mattauch, R.J.; Roser, H.P.; Bishop, W.L.; Peatman, W. C B; Liu, X.,

"GaAs Schottky diodes for THz mixing applications," Proceedings of the IEEE , vol.80, no.11,

pp.1827,1841, Nov 1992

[20] Crowe, T.W.; Mattauch, R.J., "Conversion Loss in GaAs Schottky-Barrier Mixer Diodes,"

Microwave Theory and Techniques, IEEE Transactions on , vol.34, no.7, pp.753,760, Jul 1986

[21] Verlangieri, P. A.; Kuznetsov, M.; Schneider, M.V., "Low-resistance ohmic contacts for mi-

crowave and lightwave devices," Microwave and Guided Wave Letters, IEEE , vol.1, no.3,

pp.51,53, March 1991

[22] Hung-Cheng Lin; Senanayake, S.; Keh-Yung Cheng; Minghwei Hong; Kwo, J.R.; Bin Yang;

Mannaerts, J.P., "Optimization of AuGe-Ni-Au ohmic contacts for GaAs MOSFETs," Electron

Devices, IEEE Transactions on , vol.50, no.4, pp.880,885, April 2003

[23] P.F. Goldsmith, Quasioptical System. New York: Institute of Electrical and Electronics Engi-

neers Inc, 1998

[24] R. M. Weikle II, �Quasi-optical planar grids for microwave and millimeter- wave power-

combining, '' Ph.D. dissertation, California Institute of Technology, Pasadena, CA, 1992

[25] H. Xu, �Millimeter and Sub-millimeter Wave Tunerless Planar Varactor Frequency Upconvert-

ers,� Ph.D. dissertation, University of Virginia, Charlottesville Va, 2005

[26] Kurtz, D.S.; Hesler, J.L.; Hacker, J.B.; Crowe, T.W.; Rutledge, D.B.; Weikle, R.M.,

"Submillimeter-wave sideband generation using a planar diode array," Microwave Symposium

Digest, 1998 IEEE MTT-S International , vol.3, no., pp.1903,1906 vol.3, 7-12 June 1998

[27] Kurtz, D.S.; Hesler, J.L.; Crowe, T.W.; Weikle, R.M., II., "Submillimeter-wave sideband gener-

ation using varactor Schottky diodes," Microwave Theory and Techniques, IEEE Transactions

on , vol.50, no.11, pp.2610,2617, Nov. 2002



BIBLIOGRAPHY 136

[28] Mueller, Eric R., Je�rey L. Hesler, and Thomas W. Crowe. "Widely-Tunable Laser-Sideband

THz Source For Spectroscopy & LO Applications." Proceedings of the Twelfth International

Symposium on Space Terahertz Technology, San Diego, California

[29] J. L. Hesler, Planar Schottky diodes in Sub-millimeter Wavelength Waveguide Receivers. PhD.

Dissertation, University of Virginia, 1996

[30] G. S. Schoenthal, Integrated Diode Circuits for Greater Than 1 THz. Ph.D. Dissertation,

University of Virginia, 2003

[31] G. S. Schoenthal, W. L. Bishop, H. Xu, J. L. Hesler, R. M. Weikle, and T. W. Crowe, Fab-

rication of Integrated THz Sources, 27th International Conference on Infrared and Millimeter

Waves, pp. 127-128, 2002

[32] D. M. Pozar, Microwave Engineering 2nd ed. New York: John Wiley & Son Inc. 1998

[33] A. Maestrini, J. Ward, J. Gill, H. Javadi, E. Schlecht, G. Chattopadhyay, F. Maiwald, N. R.

Erickson, and I. Mehdi, A 1.7-1.9 THz Local Oscillator Source, IEEE Microwave and Wireless

Components Letters, vol 14, pp. 253 - 255, 2004

[34] P. Pen�eld and R. P. Refuse, Varactor Applications. Cambridge, MA: MIT Press, 1962

[35] B. S. Perlman, Current-Pumped Abrupt-Junction Varactor Power Frequency Converters, IEEE

Trans. Microwave Theory and Technology, Vol 13, pp. 150-161, 1965

[36] A. I. Grayzel, The Overdriven Varactor Upper Sideband Upconverter, IEEE Trans. Microwave

Theory and Technology, Vol 15, pp. 741-749, 1971

[37] P. S. Henry, An E�cient Microstrip Upconverter for Ka Band, IEEE MIT-S International

Microwave Digest of Technical, pp. 137-139, 1975

[38] W. L. Bishop, K. Mckinney, R. J. Mattauch, T.W. Crowe, and G. Green, A Novel Whisker-

less Diode for Millimeter and Submillimeter Wave Application, IEEE MIT-S International

Microwave Symposium Digest, pp. 607-610, 1987



BIBLIOGRAPHY 137

[39] O. P. Gandhi, Microwave Engineering and Applications. McGraw-Hill, 1981


