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Date : circa late 20th century

Function : noun

Pronunciation : "mI-kr&-m&-'shE-nist

Main Entry : mi.cro.ma.chi.ist (µ-machinist)

One entry found for : micromachinist

1 :  a craftsman who is skilled in the sculpting of dielectric material via solid- 

state processing techniques to build state-of-the-art high frequency circuits  ;

micromachined circuits

also posseses the ability to design, assemble, and evaluate the performance of

For More Information on "micromachinist" go to Britannica.com

Figure from Merriam-Webster (http://www.m-w.com/)

Definition by Yongshik Lee
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CHAPTER 1

Introduction

1.1 Motivation

T HE THZ spectrum, loosely defined as the frequency range from 0.1 THz to 10 THz

[1], holds a great deal of promise for many applications including high-resolution

environmental sensing, high-resolution biological imaging, wide-bandwidth satellite com-

munications, and is widening to the military and commercialfields. However, while ad-

vanced technologies in its neighboring bands, microwave and optical bands, have been

well-developed, research in the THz region has been limited. This is mainly due to the fact

that compact, economical, reliable, and high-power sources in the THz region are lacking.
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Figure 1.1: Electromagnetic spectrum.
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1.1.1 Millimeter-wave, Submillimeter-wave, and THz Sources

At present, the most commonly used RF sources for the microwave and THz spectrum

are solid-state sources and microwave tube sources. Compared with the microwave tube

sources, solid-state sources have the advantages of small size, low cost, and compatibil-

ity with microwave integrated circuits [2], and so are more preferred. However, as the

operating frequency of semiconductor solid-state devicesincreases, their power-handling

capacity is reduced due to the reduction in the size of the devices. Hence, although there

has been an extensive effort to develop solid-state sourcesfor the millimeter and submilli-

meter regime, vacuum tube-type sources such as klystrons and gyrotrons have been the

mainstay of microwave power sources at frequencies above 100 GHz, especially for high-

power applications. Unfortunately, these vacuum-type sources are large in size and weight,

require high-voltage supplies for operation, and have low reliability and short life time.

A considerable amount of effort has been carried out to improve the power and fre-

quency performances of semiconductor solid-state oscillators based either on three-terminal

devices or two-terminal devices to serve as sources at frequencies above 100 GHz. An out-

put power of 1µW for a DC to RF efficiency of 0.014 % was demonstrated at 213 GHz with

a Microwave Monolithic Integrated Circuit (MMIC) High Electron Mobility Transistor

(HEMT) oscillator based on AlInAs/GaInAs/InP technology [3]. Currently, two-terminal

devices are more promising candidates than the three-terminal devices for RF power gen-

eration in the THz spectrum. For instance, an output power of34 mW was delivered at

193 GHz [4], 1.1 mW at 315 GHz using state-of-the-art InP Gunndevices [5], and over 9

mW of output power at 202GHz with an outstanding phase noise of -94dBc/Hz with GaAs

Tunnel Injection Transit-time (TUNNET) diodes [6].

An alternate approach, rather than depending on all-solid-state local oscillators for

high-power and high-frequency signal generation, is to usea frequency multiplier or a

chain of multiplier stages driven by RF frequency oscillators at medium millimeter-wave

frequencies. This is the most common approach to RF power generation aboveD-band
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(110 GHz - 170 GHz) since it has the advantage of using lower frequency oscillators or

amplifiers which, compared with currently available high-frequency oscillators, have su-

perior frequency stability, accuracy, and phase noise performances [7]. For instance, a

high-performance InGaAs/InAlAs/AlAs heterostructure barrier varactor (HBV’s) tripler

has been reported that produces an output power 9.55 mW with aconversion efficiency

of 10.7 % at 247.5 GHz [8]. A demonstration of a 1.126 THz monolithic GaAs Schottky

diode membrane tripler, driven by a 400 GHz solid-state chain composed of power ampli-

fiers followed by two tunerless frequency doublers, with an output power of 80µW at room

temperature, 195µW at the ambient temperature of 120 K, and as high as 250µW at the

ambient temperature of 50 K has been reported [9].

Although these are excellent results, they still suffers from low power levels and thus are

not suitable for medium to high-power applications, such asradar systems. One possible

solution to overcome this limitation of solid-state sources is to combine the output power

of numerous solid-state oscillators, amplifiers, or frequency multipliers. Theoretically, a

large amount of RF power can be generated by combining a numberof sources. However,

the amount of power that can be combined is limited due to factors such as loss in the

combining circuit, isolation between each sources [2], combining efficiencies, and circuit

size limitations.

There are various techniques of power combining. Device level combining, which is

to design circuits with multiple devices in a series or parallel configuration rather than a

single configuration, is generally limited in the number of devices that can be efficiently

combined. Power combining can also be realized at the circuit level. The Wilkinson power

combiner is an example of a nonresonant circuit level power combining scheme, which

offers better frequency performance compared with resonant circuit level power combining

schemes such as those utilizing rectangular or circular resonant cavities. Multiple power

combining schemes can be used, both device level combining and circuit level combining,

to achieve higher efficiency and higher output power levels.However, the efficiency of
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circuit level combining decreases dramatically and eventually becomes impractical as the

number of components increases, since then most of the semiconductor area will be used

for the passive matching and combining circuitry.

Spatial or quasi-optical power combining provides enhanced combining efficiency by

coupling the output powers of each component in a single stage to large-diameter guided

beams or waveguide modes [10]. In this approach, complicated lossy network can be elim-

inated, which provides the ability to achieve higher combining efficiencies. Moreover,

quasi-optical power combining schemes become more attractive at higher frequencies since

denser device integration is feasible due to the shorter wavelengths [10], and thus higher ef-

ficiency and output power level can be achieved. For instance, using a quasi-optical power

combining scheme, 24 mW of power was delivered at the output frequency of 1 THz from

a 144-element grid of GaAs varactor-diode frequency doublers with bow-tie antennas [11].

1.1.2 Micromachined Power Combining Module

The proposed waveguide-based quasi-optical power combining system [12] is shown

in Figure 1.2. Each module that constitutes the power combining system consists of 3

components - a solid-state Microwave Monolithic Integrated Circuit (MMIC) RF source

such as frequency multipliers or oscillators, a transitioncircuit between the output of this

planar circuit and a micromachined waveguide, and a sectionof micromachined waveguide.

The output signal of the planar solid-state component is coupled to the waveguide via the

transition circuit, which is then delivered to the output ofthe waveguide. The waveguide

can then be used to feed a highly directive micromachined horn antenna. A number of

these modules can be simply combined together in an effort todeliver combined, therefore

higher power levels into free space.

The advantage of the proposed power combining system is thatoutput powers of Fi-

nite Ground Coplanar (FGC) line-based MMIC’s are combined using a waveguide system.

Compared with microstrip lines, FGC lines are easy to fabricate since the necessity to met-
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Micromachined

Horn Antennas

(a) Micromachined power combining system.

MMIC RF Source

Transition

Probe
Micromachined

Waveguide Halves

(b) Power combining module.

Figure 1.2: Proposed fully micromachined power combining system (a) and module that
constitutes the power combining system (b). An example of a 3×3 array power
combining modules is shown in this figure. Each module consists of a finite
ground coplanar line-based MMIC RF source, a transition probe, and a silicon
micromachined waveguide section. The waveguide can then beused to feed a
highly directive micromachined horn antenna.
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allize backside of the wafer is eliminated and that the electrical characteristics are relatively

insensitive to substrate thickness. Moreover, its uniplanar nature allows straightforward in-

tegration of series and shunt elements, diodes for example,without the need for via holes

which can provide additional parasitics as well as fabrication complexity. All of these are

a strong advantage over microstrip lines especially for MMIC’s. MMIC’s have the advan-

tages of small size, and modern integrated circuit (IC) techniques allow fabrication of such

circuits in large quantities at low cost.

Waveguides are bulky and difficult to integrate other circuitry, especially at lower fre-

quencies where the dimensions of waveguides are on the orderof centimeters. However,

the loss in waveguides is significantly lower than the loss inplanar transmission lines, and

its power handling capacity is well beyond that of FGC lines,microstrip lines, and other

types of planar transmission lines. In addition, waveguides can optimize the circuit perfor-

mance with incorporated tuners such as backshorts and can beused to directly feed highly

directive horn antennas. The proposed power combining system takes such advantages of

waveguides to combine the output power of individual modules at the low-loss waveguide

system level, rather than at the lossy planar transmission line level. The difficulty and high

cost of conventionally machining waveguides for submillimeter and THz spectrum due to

their small size and therefore small dimensional tolerancecan be considerably reduced

by means of silicon micromachining technology. The waveguides can be fabricated in a

“split-block”manner, using various cost-effective silicon micromachining techniques, and

still provide excellent performance.

The transition from the output of the MMIC to the waveguide isanother critical element

of the proposed power combining system. The transition utilizes a novel micromachined

E-plane probe that is fed by extending the center conductor ofan FGC line and inserted

into the waveguide. Effective transition between the FGC line and the micromachined

waveguide is important since it has a substantial effect on the overall efficiency of the

power combining system.
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The biggest challenge in realizing the proposed power combining system lies in the

difficulty of 2D-integration of individual modules and alsoin phase locking MMIC output

signals with suitable power dividing circuits. In addition, the design of a micromachined

horn antenna array is another key factor for the overall performance of the power combining

system.

1.2 Dissertation Overview

The main object of this dissertation is development of the proposed fully microma-

chined power combining module. Module components - GaAs monolithic frequency mul-

tipliers and fully micromachined FGC line to waveguide transitions - are first investigated.

A complete power combining module can be developed by integrating the two heteroge-

neous components.

Chapter 2 presents millimeter-wave high efficiency monolithic GaAs frequency multi-

pliers. A relatively simple yet effective means to reduce the loss in the passive circuitry of

monolithic circuits and therefore to improve the frequencymultiplier efficiencies is demon-

strated. Simulated as well as experimental results are provided. The frequency multipliers

developed in this chapter are used as the RF source in the powercombining module pre-

sented later in this dissertation.

Chapter 3 describes the development of transitions between 50 Ω finite ground copla-

nar lines and micromachined waveguides. A simple yet promising technique to develop

micromachined waveguides via dry etching silicon is introduced and utilized to fabricate

waveguides. A free-standing transition probe that provides the potential of such transitions

to be applicable well into the submillimeter-wave and THz range, is also presented. The

transition and the micromachined waveguide is the passive part of the power combining

module presented later in this dissertation. Thus, development of effective transition is an

essential part for successful demonstration of the module.
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Chapter 4 demonstrates the fully micromachined power combining module. It inte-

grates, in a unique micromachined arrangement, the high efficiency monolithic GaAs fre-

quency multipliers developed in Chapter 2 and the FGC line to micromachined diamond

waveguide developed in Chapter 3. A number of the demonstrated modules can be simply

combined together to produce higher output power levels. Therefore demonstrated power

combining module will seek as a promising candidate of an efficient power source for

high-frequency high-power application sources.

Chapter 5 summarizes the accomplishments in this dissertation and introduces other

high-frequency applications that the multi-functionality of the demonstrated power com-

bining scheme can be utilized in.
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CHAPTER 2

High Efficiency W-band

GaAs Monolithic Frequency Multipliers

2.1 Introduction

H IGH-FREQUENCY signals can be generated either by using high frequency oscil-

lators, or by multiplying signals from lower frequency sources. The performance

of oscillators, in terms of stability, accuracy, and phase noise, becomes worse as the operat-

ing frequency is increased [7]. This makes frequency multiplication a preferred method for

generating high frequency signals. As a result, frequency multipliers are one of the critical

components in millimeter and submillimeter wireless communication systems.

Traditionally, frequency multipliers have been based on Schottky barrier diodes. Fre-

quency multipliers utilizing novel diodes such as SBV (Single-Barrier-Varactor) have been

reported [13], yet the results are only promising. Recently,frequency multipliers utilizing

various types of transistors such as pHEMT’s and FET’s also have shown high efficiency

performance in millimeter and submillimeter region with their potential to amplify the out-

put signals [7,14,15]. However, due to the advantages of Schottky diode-based multipliers

over transistor-based multipliers such as higher power handling capacity, improved stabil-

ity, and better frequency response [16], Schottky diodes still remain as preferred nonlinear
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devices for frequency multipliers in millimeter and submillimeter systems.

The most popular type of millimeter-wave and submillimeter-wave frequency multipli-

ers have been of waveguide-based [17–19]. Waveguide circuits have low loss, highQ, and

the ability to optimize the performance with incorporated tuners such as backshorts. How-

ever, as the operating frequency is increased, conventional machining of metal rectangular

waveguides becomes more difficult and thus costly. Specifically for the waveguide-based

multipliers, the mount structures become more complex to design and fabricate as the op-

erating frequency increases [20].

An alternate but still competitive approach is monolithic microwave integrated circuits

(MMIC’s). MMIC frequency multipliers have more loss and lower Q than waveguide-

based frequency multipliers, and it is nearly impossible toinclude tuning elements. How-

ever, MMIC’s are often preferable to bulky-waveguide circuits due to their small sizes and

the possibility of low-cost fabrication in large quantities using integrated circuit (IC) fabri-

cation techniques. In addition, MMIC’s allow much better reproducibility of performance

than waveguide-based frequency multipliers.

Useful diode-based MMIC multipliers have been reported recently. Chenet al. suc-

cessfully demonstrated a diode-based MMIC multiplier withan output power of 65 mW

and an efficiency of 25 % at 94 GHz using microstrip lines [21].Brauchleret al. demon-

strated output power of 93 mW at 80 GHz [20] and Papapolymerouet al. demonstrated

an output power of 115 mW at 74 GHz with 4 diodes [22], both based on finite ground

coplanar(FGC) lines. However, MMIC frequency multipliers have suffered from relatively

low efficiencies compared to their waveguide-based counterpart.

One of the major limiting factors for achieving high efficiencies in MMIC’s is the loss

in the passive circuitry. For instance, transmission linesare used extensively not only to

transfer the input and output signals but also to match the impedances of active devices to

those of the input and output ports, with open/short stubs. Therefore, the efficiency of a

multiplier can benefit from reducing the loss in the transmission lines.
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Figure 2.1: Scanning electron micrograph of a fabricated MMIC frequency multiplier with
GaAs Schottky barrier planar diodes of inputQ=2. Shown in the top right
corner are test diodes.
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This chapter presents high efficiency diode-based MMIC frequency multipliers that

have comparable performance to the waveguide-based counterpart inW-band. Passive cir-

cuitry with lower loss has been adopted to improve the multiplier efficiencies. First, Section

2.2 will discuss basic Schottky barrier diode theory. Extracting diode DC parameters from

experimentalC/V andI/V curve is also shown for a Schottky barrier diode used as the non-

linear device for the frequency multipliers presented. In section 2.3, a practical method of

reducing the loss in FGC lines is provided and its experimental results are discussed. Then

the design and fabrication of two types of MMIC frequency multipliers are described in

Sections 2.4 and 2.5. Section 2.6 is devoted to the measurement setup and procedures. In

Section 2.7, the evaluated performance of the fabricated frequency multipliers is presented.

Finally, conclusion will follow in Section 2.8. The frequency multipliers discussed in this

chapter will be used as the MMIC RF source in the power combining module presented in

Chapter 4.

2.2 Schottky Barrier Diode Theory

Signal generation plays an important role in high frequencycommunications systems.

A variety of stable, low noise sources are available below 100 GHz, but most higher fre-

quency systems require harmonic multipliers in order to obtain the required output power

and frequency [23]. Due to their advantages such as higher power handling capacity, im-

proved stability, low noise characteristics, and superiorfrequency response especially at

high frequencies, Schottky (metal-to-semiconductor) barrier diodes have been the most

common nonlinear device for millimeter and submillimeter-wave frequency multipliers.

Reactive multipliers can be realized when the Schottky barrier diodes are used as varactors,

nonlinear voltage-controlled capacitors. Compared to resistive multipliers where Schottky

barrier diodes are used as resistive diodes, reactive multipliers have a strong advantage of

theoretical efficiency of 100%, restricted only by the losses in the diodes.

12



n+ Layer

Etch Stop Layer

n- Layer
Anode Metal

Ohmic Contact

Semi-insulating
GaAs

Figure 2.2: Schottky barrier diode used for theW-band frequency multipliers in this chap-
ter.

2.2.1 Junction Capacitance

A diagram of the Schottky barrier diode used for the multipliers in this chapter and in

Chapter 4 is shown in Fig. 2.2. The diode shown in this figure is aplanar disk type com-

monly used in MMIC applications. Then− layer had a doping level (Nd) of 1×1017 /cm3

and a thickness of 4700̊A. Then+ layer had a doping level of 5×1018 /cm3 and a thickness

of 2.5µm. The ohmic contact is formed on top of then+ layer with GaAs alloyed nickel-

germanium-gold layers. The size and shape of the anode are selected to give the appropriate

combination of junction capacitance and series resistancefor the intended application. Due

to the difference in work functions of anode metal andn-type semiconductor (GaAs), a

Schottky barrier type junction is formed when the anode thatconsists of Ti/Pt/Au metal

layers is placed on the semiconductor surface. Electrons are transferred from the semi-

conductor to the anode until equilibrium is obtained and a single Fermi level characterizes

both the metal and the semiconductor [24]. Hence, a depletion region is formed within

the semiconductor at the metal interface, which is depletedof mobile carriers (electrons).

Having lost electrons, then-type semiconductor will be charged positively with respect to

the anode at thermal equilibrium.

The depth of the depletion region (xd) can be controlled with an external bias voltage
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and is obtained by solving Poisson’s equation :

xd =

√

2εr

qNd
(φi −Va) [cm], (2.1)

whereεr is the permittivity of the semiconductor,q is the electron charge (1 eV=1.6×10−19

J),Nd is donor density (doping level) of then− layer,φi is the built-in voltage or the voltage

drop across the depletion region (space charge region) at equilibrium, andVa is the bias

voltage applied to the anode with the semiconductor grounded [24]. The built-in voltage

φi is simply the difference between the metal work function andthe electron affinity of the

semiconductor.

The space chargeQs per unit area in the semiconductor is

Qs = qNdxd =
√

2qεrNd(φi −Nd) [C/cm2] (2.2)

and the capacitance per unit area under small-signal ac conditions can be calculated by

using Equation 2.2:

C =

∣

∣

∣

∣

∂Qs

∂Va

∣

∣

∣

∣

=

√

qεrNd

2(φi −Va)
=

εr

xd
[F/cm2]. (2.3)

If this equation is solved for the total voltage across the junction, we obtain :

(φi −Va) =
qεrNd

2C2 . (2.4)

Equations 2.4 indicates that a plot of the square of the reciprocal of the small-signal

capacitance (1/C2) versus the reverse bias voltage should be a straight line. The slope of

the straight line can be used to obtain the doping level (Nd) in the semiconductor, and the

intercept of the straight line with the abscissa should equal to the built-in potential,φi [24],

Nd =
−2
qεr

× 1
slope

. (2.5)
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Shown in Fig. 2.3 is a plot of a 1/C2 as a function of DC bias for a test diode with an

anode area of 0.389 mm2. This diode was fabricated on the same wafer as the multipliers,

presented later in this chapter, for the purpose of calculating the doping level. The mul-

tiplier diodes can be used for such a measurement. However, considering the fabrication

tolerances and that the value of the anode area squared (capacitance per unit area, [F/cm2])

is considered in the calculation, the results are more consistent when obtained using a test

diode with relatively large anode area. The measurements were taken with an HP 4285A

Precision LCR Meter for the bias levels from -9 V up to -1 V with an increment of 1 V.

Also shown is a fitted curve used to find the exact slope and to extract the built-in potential

φi from the intercept of this line with the positiveVa axis where no measurements were

taken. The doping level was calculated to be 1.08×1017/cm3 which agrees well with the

value (1×1017 /cm3) provided by the vendor. The calculated built-in potentialφi was 0.71

V.

The capacitance per unit area (Equation 2.3) can also be expressed as [24,25]

Va [V]

-12 10 -8 -6 -4 -2 4

1
/C

2

-2e21

0

2e21

4e21

6e21

8e21

Measured
Fitted

0 2

Figure 2.3: Plot of 1/C2 versus applied bias for a test diode with an anode area of 0.389
mm2.
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Figure 2.4: Plot of measured capacitance versus applied bias for aQ=3 diode with an anode
area of 65.3µm2.

C =
Co

√

1− Va
φi

[F/cm2], (2.6)

whereCo is the zero bias capacitance and can be obtained from Equation 2.2,

Co = C|Va=0 =

√

qεrNd

2φi
. (2.7)

Taking into account the parasitic capacitances from diode fingers and probing pads, the

total capacitance of a Schottky barrier diode can be expressed as :

Ct = Cp +
Co

√

1− Va
φi

[F/cm2], (2.8)

whereCp is the parasitic capacitance.

Shown in Fig. 2.4 is a plot of measured capacitance versus applied bias for aQ=3 diode

used for the multipliers presented later in the chapter. Thediode had an anode area of 65.3
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µm2 and was fabricated on the same wafer as the large test diode inFig. 2.3. The built-in

potentialφi of 0.71 V obtained from Fig. 2.3 was used to obtain the zero-bias capacitance

of 48.3 fF and and the parasitic capacitance of 16.5 fF.

2.2.2 I/V Characteristics

The dependence of current on applied bias voltage (Va) of a Schottky barrier metal-

semiconductor junction can be obtained by the thermionic emission-diffusion theory. The

total current density can be approximated by [24,25]

J = Jsat

[

exp

(

qVa

ηkT

)

−1

]

[A/cm2], (2.9)

whereJsat is the reverse-saturation current density,η is the diode ideality factor,k is Boltz-

mann’s constant (1.37×10−23 J/K), andT is the temperature in Kelvin.Jsat can be obtained

by extrapolating the current density from the log-linear region toVa=0. An expression for

Jsat is [25]

Jsat = A∗∗T2exp

(

qφi

kT

)

, (2.10)

whereA∗∗ is the modified Richardson constant and is approximately 4.4 A/cm2 ·K2 for

GaAs.φi is the the barrier height, or the built-in potential.

The diode ideality factorη in Equation 2.9 can be obtained by taking the logarithm of

the same equation :

η =
q

kT
∂Va

∂(lnJ)
, for Va ≫

kT
q

. (2.11)

The diode ideality factor accounts for unavoidable imperfections in the junction and

for other secondary phenomena that thermionic emission theory cannot predict [25]. The

value ofη represents departures from an ideal Schottky junction (η=1) and actual Schottky
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barriers on moderately dopedn-type GaAs usually haveη values within the range of 1.0 to

1.25. However, it can depart substantially from unity when the doping is increased or the

temperature is lowered [26].

The reverse-saturation current densityJsat and the diode ideality factorη of the q=3

diode are calculated from the itsI/V curve in the next section.

2.2.3 Parasitic Series Resistance

It should be noted that Equation 2.9 is an approximatedI /V characteristic of the junc-

tion of a Schottky barrier diode and does not include the voltage drop across other parts of

the diode. In Schottky barrier diodes, the epitaxial layer is never fully depleted of charge in

normal operation even at the highest reverse voltages [25].Consequently, there is always

some undepleted epitaxial material between the depletion and the layers below. This rep-

resents a parasitic resistance in series with the diode junction. High electron mobility in

GaAs allows lower series resistance to be achieved with relatively lighter doping. However,

this series resistance is an important loss mechanism in diodes for mixers and frequency

multipliers and thus must be considered.

Shown in Fig. 2.5 is the high frequency equivalent circuit ofa Schottky barrier diode.

Rj

Cj

Rs

Diode junction

Figure 2.5: Equivalent circuit for a Schottky barrier diode. The components in the dotted
box represents the diode junction.
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Figure 2.6: Profile of the Schottky barrier diode shown in Fig. 2.2

It consists of three nonlinear elements : the junction capacitance (Cj ) in parallel with the

junction resistance (Rj ) associated with the generation-recombination current, diffusion

current, and surface leakage current, and the parasitic series resistance (Rs). However,Rs is

usually approximated as a linear element even when the diodeis operated as a varactor with

a reverse bias, in which case the series resistance shows nonlinearity and varies somewhat

more with applied bias [25].

Fig. 2.6 shows the profile of the Schottky barrier diode shownin Fig. 2.2. In such a

mesa-type diode where both contacts (anode and cathode) areon the top surface of the chip,

the current through the device flows down from the anode and spreads laterally around the

base of the mesa before flowing out of the cathode [21]. The current flow path is shown

by the arrows in the right half of the figure. Assuming that theanode metal has an infinite

conductivity and that the current density is confined withina skin depth (δ), total series

resistance (Rs) of a Schottky barrier diode can be broken into the components,Rn, R1, R2,

R3, R4. Rn is the spreading resistance of the undepletedn− layer, andR4 is the contact

resistance.R1 ∼ R3 are the spreading resistance of then+ layer and are divided based on

the current path shown in Fig. 2.6. The analytical equationsfor each series resistance

component are as follows [21,27,28]

Rn =
t −xd

σnπa2 , (2.12)
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R1 =
δs

2πσsa2 , (2.13)

R2 =
1

4πσsδs
, (2.14)

R3 =
1

2πσsδs
ln

(

b
a

)

, (2.15)

R4 =
ρmρs

ρmδs+ρsδm

[

1
2π

ln
(c

b

)

+
δs

ρs
(AIo(βc)+BKo(βc))+

δm

σm
(AIo(βb)+BKo(βb))

]

,

(2.16)

where

A =
1

2πβ∆

[

ρmK1(βb)

δmc
+

ρsK1(βc)
δsb

]

,

B =
1

2πβ∆

[

ρmI1(βb)

δmc
+

ρsI1(βc)
δsb

]

,

∆ = I1(βc)K1(βb)− I1(βb)K1(βc),

β =

√

1
ρc

(

ρm

δm
+

ρs

δs

)

,

andt is the thickness of then− epitaxial layer,xd is the depth of the depletion region,ρc is

the ohmic contact resistance.δs andδm are the skin depths,ρs andρm are resistivities,σs

andσm are conductivities, in the substrate and metal regions, respectively. Thea, b, andc

dimensions can be found in Fig. 2.6.In(·) andKn(·) are modified Bessel functions of the

first and second kind, respectively. The total series resistance of the Schottky diode is then
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Figure 2.7: MeasuredI/V curve for aQ=3 diode with an anode area of 65.3µm2.

Rs = Rn +R1 +R2 +R3 +R4. (2.17)

Thus, the series resistance of a Schottky barrier diode can be calculated using the above

equations. For aQ=3 Schottky barrier diode witha=4.56µm, b=8.7µm, c=12µm, t=4700

Å, andNd = 1.08×1017, the estimated series resistance is approximately 1.6Ω.

Fig. 2.7 shows a measuredI/V characteristic for the sameQ=3 diode, plotted on

semilogarithmic axes. The diodeI/V curve was measured using an HP 4155A Semiconduc-

tor parameter analyzer and a pair of Cascade Microtech tungsten probes with 2.4µm radius

tips. The reverse-saturation currentIs and the diode ideality factorη can be found from the

slope of the fitted line and Equations 2.10 and 2.11 :Is = Js× (Anode area)=615 fA and

η=1.19. The parasitic series resistanceRs can also be found from the measured and fitted

curves in Fig. 2.7. As is seen from this figure, the curve deviates from a straight line at the

high voltage end because of the voltage drop across theRs. The series resistance value can

be obtained from the difference (∆V) between the actual bias voltage and the expected bias

voltage (found from the fitted curve) for a certain current level (I1) beyond the deviating

point
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Rs =
∆V
I1

. (2.18)

TheRs of theq=3 diode is found to be 5.6Ω, which is higher than the value calculated

from Equation 2.17. The measuredRs of 5.6Ω includes the contact resistance between the

probe tip and the on-wafer gold pad. This resistance can be obtained from theI/V measure-

ments of a back to back probe tip to gold pad contact, and the average contact resistance is

found to be 0.9Ω per contact. Thus, it is reasonable expectation that the actual Rs of the

Schottky barrier diode is 3.8Ω. This series resistance value is still higher than the value

(1.6 Ω) calculated using Equation 2.17. The difference of about 2Ω between the theo-

retical experimental values of the series resistance is largely due to the resistance coming

from other diode components such as anode metal, ohmic contact, and ohmic metal. The

Equation 2.17 assumes that the anode metal has an infinite conductivity (zero resistivity)

and the contacts between the metal and semiconductor are ideal. In addition, the employed

ohmic contact (325/250/640̊A of Ni/Ge/Au annealed at 405◦C for 40 sec.) is known to

have an average contact resistivity of 5.0±2.5×10−7 Ω · cm2 [29]. Thus, it can be said

that the measured series resistance of 3.8Ω is in reasonable agreement with the theoretical

value of 1.6Ω.

When a Schottky barrier diode is operated as a varactor under areverse bias condition,

a large capacitance variation can be achieved. From Equation 2.3, this implies that the

depletion region depth (xd) varies considerably over the voltage applied across the junction.

Since the series resistanceRs consists largely of the undepleted epitaxial layer (R1 in Fig.

2.6), it is expected that there is also a great variation ofRs. Therefore, the assumption that

the series resistance is linear may not be valid for varactors [25].

When the junction capacitanceCj in Fig. 2.5 and the series resistanceRs are obtained,

the quality factor of the diode can be calculated. The quality factor,Q, of a diode is the ratio

of energy stored to energy dissipated within the diode and isa measure of the efficiency of

a varactor [26]
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Q =
ωCjRj

1+ω2C2
j RjRs

. (2.19)

Since the junction resistanceRj is on the order of kΩ range and is much larger than

series resistanceRs, the above equation can be simplified at high frequencies as :

Q≈ 1
ωCjRs

=
Xin

Rin
, (2.20)

whereRin andXin are the real and imaginary parts of the diode input impedanceat a fre-

quencyω.

For a given bias,Q varies asωCjRj at low frequencies and as 1/ωCjRs at high fre-

quencies [26]. This is due to the fact thatCj is fixed when the bias is fixed, and to the fact

that there is a great difference between the values ofRj andRs. Diodes operating at high

frequencies are subject to additional phenomena that can affect their performance [25]. For

example, the skin depth (δ) effects will have an effect on parasitic series resistanceRs.

A Schottky barrier diode can be modelled as a one-sided step junction which is a highly

asymmetrical (abrupt) junction [24]. The dopant concentration on one side of the junction

(metal) is much higher than on the other side (semiconductor), and thus the depth (xd in

Fig. 2.6) of the depletion region on the heavily doped region(metal) is negligible when

compared to that of the lightly doped region (semiconductor). The breakdown voltage of a

Schottky barrier diode can therefore be expressed as [26]:

VB
∼= 60(Eg/1.1)3/2(Nd/1016)−3/4, (2.21)

whereEg is the bandgap of the semiconductor material at room-temperature, which is 1.12

eV for silicon and 1.424 eV for GaAs at 300K.

The cutoff frequencyfc is a figure of merit for a diode, and is traditionally calculated

from its DC parameters [25] :
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fc =
1

2π
(

Rs+Rj
)

Cjo
≈ 1

2πRsCjo
(2.22)

2.3 Loss Control in Finite Ground Coplanar Lines

Geometries of the two most popular planar transmission lines used in MMICs are

shown in Fig.2.8. Owing to several advantages over the conventional microstrip lines,

finite ground coplanar (FGC) lines have become one of the most widely used transmission

lines in today’s millimeter and submillimeter applications. Among the advantages is a bet-

ter control of loss in the transmission lines. One way to reduce the loss in a microstrip

line is to reduce the current density on the conductor by making the conductor width (s in

Fig. 2.8(a)) wider. This reduces the ohmic loss in the microstrip line, therefore the overall

loss. However, in order to account for the decrease in the characteristic impedance (Zo)

due to a wider conductor width, the thickness of the substrate (h in Fig. 2.8(a)) has to be

increased accordingly. This may not be feasible, especially at very high frequencies where

thin substrates are required to prevent higher order modes.

In FGC lines, most of the electromagnetic field is concentrated in the aperture between

conductors (w in Fig. 2.8(b)). Thus, dielectric loss in FGC lines can be reduced by remov-

ing the dielectric in these apertures [30]. However, removing the dielectric from the slots

also affects other transmission line characteristics suchas effective permittivity(εe f f) and

thus its characteristic impedance and electrical length. Therefore the relationship between

the amount of dielectric removed from the slots and the transmission line characteristics

needs to be explored when designing such FGC lines. In addition, micromachining grooves

in the slots requires an additional process step which may not be compatible with the other

process steps, or which may be feasible only for certain substrate materials.

On the other hand, reducing the ohmic loss can be a more practical way to reduce the

overall loss of FGC lines. Ohmic loss can be reduced by widening the center conductor
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Figure 2.8: Geometries of the two most popular planar transmission lines used in MMICs.

width (s in Fig. 2.8(b)) thereby reducing the current density. In fact, this is a more effective

method for reducing the loss of FGC lines, since ohmic loss isthe dominant factor of FGC

line loss [31, 32]. The changes in transmission line parameters such as the characteristic

impedance due to a wider center conductor width can be compensated simply. Provided

that the ground plane width (g in Fig. 2.8(b)) and the dielectric thickness (h in Fig. 2.8(b))

can be considered to be infinite, the characteristic impedance (Zo) of an FGC line, found

by a quasi-static analysis using conformal mapping, is expressed as [33]

Zo =
30π
√εe f f

K′(k)
K(k)

[Ω], (2.23)

where

εe f f = 1+
εr +1

2
,
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k =
s

s+2w
,

andK(·) andK′(·) are the complete elliptic integrals of the first kind and its complement,

respectively. Thus for FGC lines,k=s/(s+2w) is the dominant factor that determines the

characteristic impedances. Therefore, if thew/s ratio is kept the same by increasing the

widths of the slots at the same time and by the same ratio that the center conductor width

is increased, the characteristic impedance will remain nearly the same. Thus, it can be said

that controlling the loss in FGC lines is relatively easier compared to microstrip lines.

There are limitations. As mentioned above, as the center conductor is widened to reduce

the ohmic loss, the slot widths needs to be widened in order tomaintain thew/s ratio

constant, therefore the characteristic impedance constant. At the same time, to ensure

a single mode of operation, the entire width of an FGC line hasto be less than half a

wavelength in the dielectric at the highest frequency of operation [34]. This condition sets

an upper limit on center conductor and slot dimensions. Thisupper limit, in turn, sets a

threshold on how much line loss can be improved from increased dimensions. In addition,

due to the wider center conductor slot widths, the circuit size may become too large to

implement. Reducing the ground plane widths maybe a solutionto such a problem, but such

truncation can reduce the characteristic impedance of the lines [33, 35], and/or introduce

additional loss [32].

The relationship between FGC line dimensions and the loss was experimentally veri-

fied. Two FGC lines with characteristic impedances of 50Ω are used for this experiment.

The FGC line with narrower dimensions are the FGC lines that have been used extensively

by our group at University of Michigan for high frequency circuits. The FGC line with

wider dimensions are scaled versions of these. In an effort to reduce the ohmic loss, the

width of the center conductor was widened by 40%. At the same time, width of the slots

was widened also by 40% so as to maintain the samew/s ratio and thus the characteristic

impedance of the line. Additional two FGC lines with characteristic impedances of 71Ω
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were also investigated in this experiment. The ground planewidths of scaled FGC lines

were carefully chosen to minimize the effect on characteristic impedances, and to ensure

single mode of propagation. The dimensions of FGC lines usedin this experiment are

summarized in Table 2.1. Thru-reflect-line(TRL) calibration standards of the four FGC

lines were fabricated on a 625µm semi-insulating GaAs wafer and tested inW-band. The

lines were patterned with 500̊A of titanium and 1µm of gold via standard lift-off pro-

cess. Measurements were performed with an HP8510C vector network analyzer and a set

of ground-signal-ground model 120 GGB Picoprobes. On-wafer calibration was achieved

through the use of MultiCal [36], a TRL protocol. In Fig. 2.9(a), the measured charac-

teristic impedance of the wider 50Ω FGC line, normalized to the measured characteristic

impedance of the narrower 50Ω line, is plotted in the solid line. The measured charac-

teristic impedance of the wider 71Ω FGC line, normalized to the measured characteristic

impedance of the narrower 71Ω line is plotted in the dotted line. The results show that the

changes in impedances due to the changes in dimensions were less than 1% over the entire

W-band, for both 50Ω and 71Ω FGC lines.

Shown in Fig. 2.9(b) are the real parts of the effective permittivity of the two 50Ω

FGC lines tested. The fact that the effective permittivity is nearly constant indicates that the

propagation along both lines are quasi-TEM modes and are nearly dispersionless. As can

be seen from this figure, the effective permittivities of thetwo lines show little difference

Table 2.1: Dimensions of 50Ω and 71Ω FGC lines on semi-insulating GaAs substrate used
to experimentally verify the relationship between FGC linedimensions and the
associated loss.

Zo Center [µm] Slot [µm] Ground [ µm]

50 Ω 50 45 160

70 63 140

71 Ω 20 80 260

28 112 230
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Figure 2.9: Experimental results for comparison of FGC lines in Table 2.1. (a) Impedances
of 50Ω and 71Ω FGC lines with 40 % wider center conductor and slot widths,
normalized to the impedances of original FGC lines. (b) Effective permittivity
of the two 50Ω lines tested.
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Figure 2.10: Attenuation [dB/cm] curves of the 50Ω and 71Ω FGC lines. The curves were
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f functions to provide clearer illustration.

29



in W-band.

These results, together with the fact that no mode other thanthe dominant mode is

excited over the entireW-band, implies that the tested FGC line pairs are electrically indis-

tinguishable in this frequency range.

Shown in Fig. 2.10 are the attenuation curves of the tested FGC lines, obtained from

MultiCal. Since loss in FGC lines are mainly ohmic, the curveswere fitted to
√

f functions,

to illustrate the differences in loss more clearly. As can beseen in this figure, 40% wider

center conductor width reduces the overall loss by about 0.3dB/cm for the 50Ω FGC line

and about 0.7 dB/cm for the 71Ω FGC line across the wholeW-band. For example, for

the 50Ω line, the loss was reduced from 2.5 dB/cm to 2.2 dB/cm at 80 GHz. For the 71Ω

line, the loss was reduced from 3.3 dB/cm to 2.6 dB/cm at 80 GHz.

Since FGC lines with various impedances are used extensively in MMIC designs not

only to transfer the input and output signals but also to match the impedances of active

devices to those of the input and output ports, the efficiencies of MMIC’s can benefit from

reducing the loss in these FGC lines.

2.4 Multiplier Design

Monolithic frequency multipliers were designed with a pairof GaAs Schottky barrier

planar diodes as the nonlinear devices. Shown in Fig. 2.11 isa block diagram of the de-

signed monolithic frequency doublers. The planar diode pair is connected from the signal

lines to the ground planes of FGC lines, in a shunt configuration, which is not an eas-

ily available configuration in circuits based on microstriplines. The two matching and

isolation networks should be designed so that the maximum power of the fundamental fre-

quency is delivered to the diodes and at the same time, the maximum second harmonic

power output from the diodes is delivered to the output ports.

A nonlinear multiple-reflection program that includes velocity saturation, doping, ava-
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Figure 2.11: Block diagram of the investigated MMIC frequency doublers of shunt diode
configuration.

lanche breakdown voltage, and mode of operation, based on the code described by Eastet

al. [37,38] was used to design the circuit so that the diodes have inputQ’s of two and three.

The inputQ of a diode determines the operating mode. Multipliers with lower Q diodes

are more resistive and thus have relatively lower efficiencies and wider bandwidths. Those

with higherQ diodes are more reactive and the multipliers with such diodes (varactors)

have relatively higher efficiencies and narrower bandwidths. As theQ of a diode increases,

the circuit design becomes more sensitive to small changes in the actual circuit [38]. For

example, variation in the passive circuitry dimensions dueto fabrication tolerances can de-

grade the actual multiplier performance. This degradationcan be greater for multipliers

operating with higherQ diodes.

The Q of a diode is inversely proportional to the product ofCjRS (whereCj is the

junction capacitance andRs is the parasitic series resistance, Equation 2.19), and higher

diodeQ can be achieved with lower junction capacitance (Cj ). Higher reverse bias voltage

(more negative) increases the depth of the depletion region(xd in Fig. 2.6), which in turn

reduces the junction capacitance. Therefore, smaller anode area and/or higher bias voltage

is required to operate a diode with a higherQ. The designedQ=2 diode has an epitaxial

layer doping of 1×1017/cm3, a thickness of 4700̊A, an anode area of 73.6µm2 per diode,

and a tuning bias voltage of -3 V. TheQ=3 diode has an epitaxial layer thickness with
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Figure 2.12: Schematic of the designed MMIC frequency doublers.

the same doping and the same thickness, an anode area of 65.3µm2, and a tuning bias

voltage of -6 V. As is expected, the difference between the two designed diodes are in the

anode area and bias voltage that is used to control theQ of the diodes. At the fundamental

frequency (40 GHz), the impedances of the diodes were calculated to be 52.3-j100Ω and

52.4-j160.8Ω for theQ=2 andQ=3 diodes, respectively. At the second harmonic (80 GHz),

the impedances of theQ=2 diode was calculated to be 41.2-j56Ω and that of theQ=3 diode

was calculated to be 50.4-j96Ω. The peak efficiencies predicted by the nonlinear multiple-

reflection program was 34% and 39% for theQ=2 andQ=3 diode multiplier, respectively.

The passive circuitry was designed in Agilent ADS with FGC lines optimized for lower

loss, using the calculated diode impedances at the fundamental frequency and at the second

harmonic. The ground plane widths of the FGC lines were carefully chosen in an effort to

ensure a single mode of propagation. A schematic of a designed multiplier is shown in

Fig. 2.12. The lengths of the open-ended balanced stub pair at the input areλg/4 at the

second harmonic and the lengths of the open-ended balanced stub pair at the output are

λg/4 at the fundamental frequency. The 50Ω standard sections C and E are alsoλg/4
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Table 2.2: Passive circuitry dimensions for theQ=2 diode multiplier.

Section Description w [µm] s [µm] Length [µm]

A 50 Ω signal launch section 70 63 200

B 49 Ω open-end balanced stubs 70 65 318

C 50 Ω standard section 70 63 374

D 71 Ω diode feed lines 28 112 213

E 50 Ω standard section 70 63 694

F 49 Ω open-end balanced stubs 70 65 710

G 21.5Ω low impedance section 168 14 300

H 50 Ω signal launch section 70 63 200

Table 2.3: Passive circuitry dimensions for theQ=3 diode multiplier.

Section Description w [µm] s [µm] Length [µm]

A 50 Ω signal launch section 70 63 200

B 42 Ω open-end balanced stubs 70 26.6 346

C 50 Ω standard section 70 63 360

D 71 Ω diode feed lines 28 112 273

E 50 Ω standard section 70 63 702

F 49 Ω open-end balanced stubs 70 65 682

G 21.5Ω low impedance section 168 14 307

H 50 Ω signal launch section 70 63 200
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long at the second harmonic and at the fundamental frequency, respectively. Thus the

output isolation network appears to be an open circuit at thefundamental frequency, and

similarly, the input isolation network appears to be an opencircuit at the second harmonic,

providing appropriate isolations. At the same time, the impedances of these stubs and the

high impedance FGC lines (Section D in Fig. 2.12) that are used at the diode input to

resonate the average capacitances of the diodes, are chosento match the diode impedances

to the input and output port impedances of 50Ω, at the input frequency of 40 GHz and

at the output frequency of 80 GHz, respectively. The input and output matching/isolation

networks were optimized using Agilent ADS where the diodes were modelled as a resistor

in series with a capacitor. The goal was to match the diode impedances to the embedding

impedances, while the harmonic trap at the input and pump trap at the output provide

appropriate RF blockings. The designed passive circuitry dimensions are summarized in

Table 2.2 and 2.3.

The measured DC characteristics of fabricatedQ=2 andQ=3 diodes are in Table 2.4.

The measurement was taken with HP 4155A Semiconductor Parameter Analyzer and a pair

of Cascade Microtech tungsten probes with 2.4µm radius tips. As is mentioned in Section

2.2.3, included in the measured parasitic series resistances (Rs) in Table 2.4 are contact

resistance between the probe and the gold probing pad on the wafer. This was found to be

0.9Ω/contact. Considering the fact that measurements require two probe-to-gold contacts,

the actual parasitic series resistances are expected to be 3.6 Ω and 3.8Ω for theQ=2 and

Q=3 diode, respectively. Finally, the measured DC parameters are used to model the diodes

Table 2.4: Measured DC characteristics of theQ=2 andQ=3 Schottky barrier diodes.

Rs [Ω] C jo [fF] Cp [fF] Io [fA] VBR [V] η f c [GHz]

Q=2 5.4 59 18.2 278 12.8 1.16 750

Q=3 5.6 48 16.5 615 13.0 1.19 873
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Figure 2.13: Schematic of a frequency multiplier circuit for simulations in Agilent ADS.

used in the frequency multiplier simulations in Agilent ADS(Fig. 2.13). The simulated

peak efficiency for theQ=2 diode multiplier was 26.2% at an output frequency of 81.8

GHz with an input power level of 18 dBm, biased at -4 V. The simulated peak efficiency

for theQ=3 diode multiplier was 37.3% at an output frequency of 79.4 GHz with an input

power level of 17 dBm and biased at -4.4 V. Simulated efficiencies and return loss for both

multipliers with fixed bias is plotted in Fig. 2.14. Shown in Fig. 2.15 are the simulated

output power as a function of the input power at the output frequency of 81.8 GHz and 79.4

GHz, for theQ=2 andQ=3 diode multipliers, respectively, biased at -4 V and -4.4 V.

2.5 Multiplier Fabrication

The designed frequency multipliers were fabricated on GaAswafer with a thickness

of 625µm. The silicon-doped active layers were grown on a 3 inch (100)-oriented GaAs

substrate. Then− layer was 4700̊A thick with a doping level (Nd) of 1×1017/cm3 and
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Figure 2.14: Simulated efficiency and return loss vs. outputfrequency for the GaAs mul-
tipliers. Diodes were modelled in Agilent ADS using the DC parameters in
Table 2.4: (a)Q=2 diode multiplier with an input power of 18 dBm and bias
level of -4 V. (b)Q=3 diode multiplier with an input power of 17 dBm and
bias level of -4.4 V.
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Figure 2.15: Simulated output power vs. input power at 81.8 GHz and 79.4 GHz for the
Q=2 andQ=3 diode multipliers, respectively. Each diode was biased at -4 V
and -4.4V.

then+ layer was 2.5µm thick with a doping level of 5×1018/cm3. Between these epitaxial

layers was a 500̊A thick etch stop layer of Al.6Ga.4As.

First, ohmic contacts were formed through standard lift-off process after then− layer

was etched through with H3PO4:H2O2:H2O (1:1:8) and the native oxide was removed in

buffered-HF (BHF). The ohmic metal consisting of 250/325/650/450/2500Å of Ni/Ge/Au/

Ti/Au layers was then annealed for 40 seconds at 405◦ C. Second, the Schottky anodes

that consisted of 500/500/3000̊A of Ti/Pt/Au layers were formed through standard lift-off

process. The native oxide on the anode patterns were etched in BHF before the wafer was

metallized. After the planar diodes were formed, the doped active layers were etched away

in NH4OH:H2O2 (1:24) followed by an oxide etch in NH4OH:H2O (1:15), forming mesas

to isolate the diodes from the passive circuitry. Then the passive circuitry was printed with

500Å/1 µm of Ti/Au via standard lift-off process. Finally, air bridges were added by gold

electroplating to equalize the the ground planes of FGC lines and at the same time, diode
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fingers were added to connect the Schottky anodes to the passive circuitry. An SEM picture

of a fabricatedQ=2 diode frequency multiplier is shown in Fig. 2.1. Shown in Fig. 2.16 is

a fabricated planar GaAs Schottky barrier diode.

2.6 Measurements

The performance of the fabricatedW-band frequency multipliers was evaluated using

the measurement system in Fig. 2.17. The system consisted oftwo subsystems, input and

output. A single tone signal from the HP 8510C Vector NetworkAnalyzer system is multi-

plied to aKa-band (26-40 GHz) signal by an HP 83554A mm-Wave Source Module. This

signal drives a Hughes 800IH TWT (Travelling Wave Tube) amplifier via an HP R382A

variable attenuator. The output power level of the TWT amplifier is controlled by the the

variable attenuator so that the measurements can be taken atvarious multiplier input power

levels. The output of the TWT amplifier is connected to aKa-band waveguide (WR-28)

system consisted of a pair of HP R752D 20 dB Directional Couplers, HP 11970A Har-

monic Mixers (26.5-40 GHz), and HP R365A Isolators. The WR-28 waveguide system

mixes the sampled forward and reverse signals from the directional couplers with an LO

signal provided by the network analyzer system and the resulting IF is fed back to the

network analyzer system to calculate the return loss.

The WR-28 waveguide system is followed by an HP R752D 20 dB Directional Coupler.

An HP R4886A Power Sensor (26.5-40 GHz) followed by an HP 437B Power Meter is

connected at the coupled port of this coupler to monitor the power levels at the output

of the thru port. Using an HP R281A coax-to-WR28 adapter, the thru port of the 20 dB

coupler was connected to a 2.4 mm Micro-Coax coaxial cable, which is connected to an

HP 11612B 45 MHz-50 GHz Bias Network (tee). Bias is provided from an HP E3631A

DC Power Supply, and the output of this bias tee is connected to a 150µm pitch Picoprobe

(Model 40A) by GGB Industries using a 2.4 mm-to 2.9 mm adapterand a 2.9 mm Micro-
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(a)

(b)

Figure 2.16: (a) Scanning electron micrograph of a fabricated planar GaAs Schottky barrier
diode. (b) The diode finger connects the anode to the 71Ω FGC line that
cancels out the average capacitance of the diode. Air bridges are added to
equalize the potentials of FGC line ground planes.
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Figure 2.17: Block diagram and image of the frequency multiplier measurement setup sys-
tem. AKa-band TWT amplifier and a variable attenuator was used to vary the
power delivered to the multipliers.
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Coax coaxial cable.

The output measurement subsystem consisted of a 150µm pitch Picoprobe (Model 120)

that has a WR-10 waveguide input, a 30 cm long WR-10 waveguide section, and an Anritsu

MP717A Power Sensor (60-90 GHz) followed by an Anritsu MA402B Sensor Adapter and

an Anritsu ML4803A Power Meter. With the described measurement system, the highest

input frequency is limited to 40 GHz whereas the lowest output frequency is limited to 70

GHz. Therefore, the frequency multiplier performance measurement is limited to the input

frequency range of 35-40 GHz, which corresponds to the output frequency range of 70-80

GHz.

In order to accurately measure the frequency multiplier efficiencies, loss introduced by

the input and output measurement subsystems needs to be accounted for. To measure the

loss associated with the input measurement subsystem, the system was first calibrated at

the output flange of the 20 dB coupler connected to the WR-28 waveguide system, denoted

by the dotted line AA’ in Fig. 2.17(a). Calibration was achieved using WR-28 load, short,

and offset short calibration standards (HP R11644A WR-28 Calibration Kit), and a WR-28

load was at the coupled port during calibration. The loss introduced by the components

between this reference plane and the end of theKa-band probe tips can be obtained from

theS-parameters of the system consisting of the components. Thesystem can be treated as

a two-port network with unknownS-parameters,S11, S21, S12, andS22. TheS-parameters

can be calculated by measuring the input reflection coefficient of this two-port network (Γin

in Fig. 2.18) when a load with a known reflection coefficient (ΓL in Fig. 2.18) is connected

to the output of this two-port network [39]:

Γin = S11+
S12S21ΓL

1−S22ΓL
. (2.24)

Once the input reflection coefficients (Γin) of the input measurement subsystem with

three standard planar short, open, and 50Ω load connected at the output port is measured,

the S-parameters of the two-port network yields a system of threeequations with three
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Figure 2.18: Block diagram of the input measurement subsystem beyond the waveguide-
calibrated reference plane (AA’). The components between this component
and the end of theKa-band probe tips can be considered as a two-port net-
work with unknownS-parameters. A WR-28 waveguide load was connected
at the coupled port of the 20 dB coupler for the input reflection coefficient
measurements.

unknowns :

S11 = Γload, (2.25)

S22 =
2Γload−Γshort−Γopen

Γshort−Γopen
, (2.26)

S21 = S12 =
√

(S22−1)(Γload−Γopen), (2.27)

TheS-parameters of the output measurement subsystem (an outputprobe and a WR-10

waveguide section) can be calculated in a similar way using HP 8510C in aW-band config-

uration. The calculatedS-parameters of, for example, the output measurement subsystems

are plotted in Fig. 2.19

TheS11 of the input and output measurement subsystems remained below -15 dB in the

measured range, i.e. 35-40 GHz for the input and 70-80 GHz forthe output. Therefore, the

loss introduced by each subsystem can be approximated by itsinsertion loss (|S21|). The

loss in the input measurement subsystem is found to be 9.2±0.2 dB. The loss in the output
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Figure 2.19: Calculated return loss and insertion loss of theoutput measurement subsys-
tem. The subsystem consists of a ground-signal-ground Picoprobe and a sec-
tion of WR-10 waveguide.

measurement subsystem is found to be 2.7±0.17 dB. Using the obtained loss, the input and

output power level reference planes can be set to the corresponding ports of the frequency

multipliers, as shown by the dotted line BB’ (input) and the dotted line CC’ (output) in Fig.

2.17(a). For accurate monitoring of the input power,S-parameters of the 20 dB coupler of

the input measurement subsystem were also measured.

Frequency multiplier efficiency measurements were taken for the input frequency range

of 35 GHz to 40 GHz, with 100 MHz steps. For each frequency points, the input power

was varied from 10 dBm, with increments of 1 dBm, up to as high as 22 dBm. Input power

was varied by controlling the power driving the TWT amplifier with the variable attenuator.

The power levels at the input port of the frequency multipliers were monitored using the

power meter at the coupled port of the 20 dB coupler, measuredS-parameters of this 20 dB

coupler, and the loss of the input subsystem obtained from itsS-parameters. Finally, the DC

bias was varied at every test points to maximize the performance for the given conditions,

i.e. input frequency and input power. The loss associated with the output measurement
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Figure 2.20: Measured efficiency and return loss versus output frequency for aQ=2 diode
frequency multiplier at an input power level of 100 mW (20 dBm).

subsystem was calibrated out for the multiplier efficiency calculations.

2.7 Experimental Results

Measured RF power efficiency and return loss versus output frequency of aQ=2 diode

multiplier is shown in Fig. 2.20. The multiplier shows a peakefficiency of 29.5% at the

output frequency of 76.2 GHz with an input power of 20 dBm, showing a very close perfor-

mance to the simulated peak efficiency of 26.2%. It is also close to the peak efficiency of

34% predicted by the multiple-reflection program. The corresponding experimental output

power level is 14.7 dBm (29.5 mW). The efficiency remains above 20% in the majority

of the measured frequency range. For an input power level of 20 dBm, the minimum effi-

ciency is 13.9% at the output frequency of 72.8 GHz, where theoutput power level is 3.3

dB below the peak level.

As can be seen in this figure, theQ=2 diode frequency multiplier is well matched,
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the return loss exhibiting better than 10 dB in the majority of the measured frequency

range for the input power level of 20 dBm. For example, the return loss is 10.4 dB at the

output frequency of 76.2 GHz where the multiplier shows maximum efficiency of 29.5%.

The return loss at the output frequency of 72.8 GHz where the multiplier shows minimum

measured efficiency of 13.9% is 12.4 dB, which indicates that less than 6% of the input

power is being rejected. This implies that the actual diode impedances reasonably matches

the predicted impedances and that the input matching network is efficiently delivering the

input power to the diodes, therefore showing a good impedance match at the input port.

The difference in the efficiencies at the two frequency points is largely due to the output

matching network. The output matching network consists of a50 Ω standard section, a

pair of balanced 49Ω open-ended stubs, and a 21.5Ω quarter wavelength (at 80GHz)

transformer. At the second harmonic frequency, this network is designed to match theQ=2

diode impedance of 41.2− j56 Ω to the output port impedance of 50Ω so that maximum

second harmonic power coming out from the diodes is delivered to the output port. The 50

Ω standard section and the open-ended stubs are quarter wavelengths at the fundamental

frequency, or half wavelengths at the second harmonic. Therefore, greater variation in the

impedances of the output matching network than the input matching network are expected

with respect to frequency. All the passive circuitry sections of the multipliers are equal

to or shorter than quarter wavelengths in the input frequency range (35-40 GHz) where as

all the sections are close to being half wavelengths in the output frequency range (70-80

GHz). Therefore, it is expected that the input and output matching networks exhibit greater

performance variations with respect to the input frequencythan to the output frequency.

Experimental results of RF power efficiency and return loss versus output frequency

for a Q=3 diode multiplier is shown in Fig. 2.21. The peak efficiencyis 36.1% at the

output frequency of 76.0 GHz with an input power of 20 dBm, again showing very close

performance to the simulated peak efficiency of 37.3%. It is also very close to the peak

efficiency of 39% predicted by the multiple-reflection program. The corresponding output
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power level is 15.6 dBm, or 36.1 mW. As is the case with theQ=2 diode multiplier, the

efficiency remains better than 20% in the majority of the measured frequency range for

the Q=3 diode multiplier. For the input power level of 20 dBm, the minimum efficiency

is 18.6% at the output frequency of 70.2 GHz, where the outputpower level was 2.9 dB

below the peak level. The return loss of theQ=3 diode multiplier is also better than 10 dB

in the majority of the measured frequency range. For example, the return loss is -10.4 dB

at the output frequency of 76.0 GHz where maximum efficiency is achieved, indicating that

less than 10% of the input power is being rejected at the inputport of the circuit.

Although the experimental results show peak efficiency levels that are very close to the

simulated results, there are still discrepancies between the two. For example, Agilent ADS

expected the peak efficiency of theQ=3 diode multiplier at the output frequency of 79.4

GHz whereas in the experiment, the peak efficiency is at the output frequency of 76.2 GHz.

The shift in the peak efficiency frequency point is mostly dueto the reduced zero-bias ca-

pacitances. Using Equation 2.3, the zero-bias capacitances are calculated to be 79 fF for

a Q=2 diode and 69 fF for aQ=3 diode. The zero-bias capacitances obtained from the

measuredC/V curve are 25-30 % smaller, 59 fF and 48 fF. The reduction in thezero-bias

capacitances are due to the dimensional tolerances in the mask generation especially for

circular patterns. The shift in the peak efficiency frequency point is also in part due to para-

sitic capacitances of the multiplier diodes, that had not beaccounted for in the simulations.

From the measuredC/V curve, the parasitic capacitances (Cp) were calculated to be 18.2

fF and 16.5 fF for theQ=2 andQ=3 diodes, respectively. A 2D electrostatic simulation

calculates the capacitance between the anode finger metal and anode/ohmic metal to be

over 10 fF.

The measured efficiencies and the output power versus the input power at the output

frequency of 76.2 GHz and 76.0 GHz forQ=2 andQ=3 diode multipliers, respectively, are

shown in Fig. 2.22. Due to relatively high loss associated with the input measurement sub-

system (9.2±0.2 dB), the input power delivered to the frequency multiplierswas limited
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Figure 2.21: Measured efficiency and return loss versus output frequency for aQ=3 diode
frequency multiplier at an input power level of 100 mW (20 dBm).

to 20-21 dBm at the frequencies where maximum efficiencies areachieved. Therefore, no

measurements were taken with higher input power levels at these frequency points. How-

ever, as can be seen in the figure, the output power levels werestill not saturated at the

input power of 21 dBm and 20 dBm forQ=2 andQ=3 diode multipliers, respectively. Due

to current saturation within the diodes, the efficiency of the Q=2 diode multiplier started

to saturate at the input power level of 18 dBm, whereas the efficiency of theQ=3 diode

multiplier starts to saturate at the input power level of 19 dBm, which are in reasonable

agreements with the simulated results (Fig. 2.15). Throughout the whole experiment, the

maximum output power for theQ=2 diode multiplier was 16.6 dBm (46 mW) at the output

frequency of 75.6 GHz with an input power level of 22 dBm (158 mW). For theQ=3 diode

multiplier, the maximum output power was 16.5 dBm (45 mW) at theoutput frequency of

75.6 GHz with an input power level of 22 dBm (158 mW). However, from previous results

with similar diodes [40], it is a reasonable expectation that both multipliers would be able

to produce higher output power levels given higher input power levels.
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Figure 2.22: Measured efficiencies and output power levels versus input power of aQ=2
diode multiplier and aQ=3 diode multiplier.
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2.8 Conclusions

GaAs Schottky barrier diode-based MMIC frequency multipliers were designed with

finite ground coplanar (FGC) lines, fabricated, and tested inW-band. In an effort to increase

the efficiency, the FGC line geometries were optimized to reduce the ohmic loss, therefore

the overall loss, while still maintaining a single mode of propagation.

The relationship between the loss in the FGC lines and the dimensions were experimen-

tally verified. Four different thru-reflect-line (TRL) calibration standard sets were printed

with 500 Å of titanium and 1µm of gold on semi-insulating GaAs of 625µm thickness,

two of which have the characteristic impedances of 50Ω and the other two have the char-

acteristic impedances of 71Ω. A 50 Ω and a 71Ω FGC lines were those that have been

used extensively at The University of Michigan for high frequency circuits while the other

two FGC lines have wider center conductor and slot dimensions. Both the center conduc-

tor and the slots are widened by 40 % so as to maintain the samew/s ratio and thus the

characteristic impedances of the lines. The ground plane widths of scaled FGC lines were

carefully chosen to minimize the effect on characteristic impedances, and to ensure single

mode propagation. Experimental results reveal that by having 40 % wider center conductor

and slot widths, the loss can be improved by 0.3 dB/cm for a 50Ω line and by 0.7 dB/cm

for a 71Ω line over the entireW-band with nearly the same characteristic impedances and

effective permittivities (εe f f).

Based on the FGC lines with optimized dimensions, monolithicfrequency multipliers

with GaAs Schottky barrier diodes were investigated. The frequency multipliers were de-

signed so that the diodes have inputQ’s of two and three. The peak efficiencies achieved

were 29.5% at the output frequency of 76.0 GHz with an input power of 20 dBm for aQ=2

diode multiplier, and 36.1% for aQ=3 diode multiplier at the output frequency of 76.2 GHz

with an input power level of 20 dBm. The efficiency of 36.1% is the highest efficiency re-

ported for a diode-based MMIC frequency multiplier inW-band. The experimental results

imply that MMIC frequency multipliers, with the advantagesof low cost fabrication, small
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size, and better reproducibility of their performance, canvery well compete conventional

waveguide-based multipliers for millimeter-wave frequency sources.
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CHAPTER 3

Finite Ground Coplanar (FGC) Line

to Waveguide Transitions

RECTANGULAR waveguides, coaxial cables, and planar transmission lines such

as finite ground coplanar (FGC) lines and microstrip lines areused extensively in

microwave circuits to transfer input and output signals. Aneffective transition between

two types of transmission lines, for example a coax-to-microstrip transition, is required in

applications where two or more of such transmission means are used.

Since its introduction in 1969 [41], the finite-ground coplanar (FGC) line has become

one of the most widely used transmission lines in MonolithicMicrowave Integrated Cir-

cuits (MMIC’s), owing to the simplicity of fabrication and its ability to easily integrate

series and shunt elements without via holes . However, conventionally machined rectan-

gular waveguides still play an important role, especially in very high frequency systems

where the loss of such waveguides is significantly less than that of popular planar trans-

mission lines. Besides its low loss and high-Q characteristics, rectangular waveguides have

the ability to incorporate tuners to optimize their performance, and are capable of handling

signals at much higher power levels than planar transmission lines. Therefore, effective

transitions between FGC lines and rectangular waveguides are required in many applica-

tions.
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While considerable amount of work has been done on microstrip- to-waveguide transi-

tions [42–48], comparatively fewer efforts have been made to establish suitable transitions

from FGC lines to waveguides [49–52]. In this chapter, transitions between FGC lines on

silicon and various waveguides are presented. The transition is realized with a microma-

chined rectangular probe inserted into the broad sidewall of a waveguide.

First, loss characteristics of aW-band waveguide (WR-10) are investigated in Section

3.1. Measured attenuation as well as theoretical attenuation of the waveguide are presented

and compared with the attenuation of a typical 50Ω FGC line. Then a transitions from an

FGC line to a conventionalX-band (WR-90) andKa-band (WR-28) rectangular waveguide

are presented in Section 3.2. TheKa-band measurement results demonstrate the ability of

such a transition to operate efficiently across the entire band of a WR-28.

Prior to presenting theW-band performance of fully micromachined transitions in Sec-

tion 3.4, a simple yet promising micromachining technique,deep reactive ion etching

(DRIE), that is used to develop micromachined waveguides is presented in Section 3.3.

Although waveguides have many advantages over planar transmission lines especially at

very high frequencies, the small dimensions make it difficult thus costly to convention-

ally machine to tight tolerances. If the high frequency waveguides can be micromachined,

the cost can be reduced by taking advantage of the batch fabrication ability of microma-

chining, while maintaining equal or better dimensional tolerances. In Section 3.4 and 3.5,

transitions between FGC lines and waveguides micromachined in silicon are presented.

Micromachined waveguides developed via the DRIE technique have sidewall profiles that

are nearly identical to those of conventionally machined waveguide. When bulk, anisotrop-

ically etched, waveguide with diamond shaped profiles are formed. The novel free-standing

probe presented in Section 3.5 proves the ability of such transitions to be applicable well

into the submillimeter-wave and THz range. The presented transition and micromachined

waveguides will be the passive part of the power combining module demonstrated in Chap-

ter 4.
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3.1 Loss in Rectangular Waveguides

The largest advantage of rectangular waveguides over popular planar transmission lines,

such as finite ground coplanar (FGC) lines and microstrip lines, is its loss performance and

power handling capacity.

Although the strengths of most dielectrics used as the planar transmission line sub-

strates are greater than that of air, the power handling capacity of a planar transmission

line is limited primarily by the heating of the substrate dueto ohmic loss [2]. The power

handling capacity can be increased by increasing overall dimensions of a planar transmis-

sion line. In microstrip lines, for example, as the substrate becomes thicker, the breakdown

voltage increases, thus its peak power handling capacity isimproved. However, this may

not be feasible at high frequencies where thin substrates are required to suppress excita-

tions of higher order modes. In FGC lines, larger slot widthsnot only improves its power

handling capacity, but also leads to excess radiation loss and higher order mode excitations.

Assuming maximum operating temperature of 100◦C, the average power handling capac-

ity of a 50 Ω microstrip line on silicon is calculated to be 1.6 kW at 20 GHz[33]. On

the other hand, the power handling capacity of a rectangularwaveguide is limited mostly

by the breakdown of air that fills up the waveguide. Air breaksdown at a field strength

of aboutEd = 3×106 V/m at room temperature while silicon and GaAs breaks down at

a field strength that is 10 times higher or more. However, waveguides have much larger

cross sectional area and the metal sidewall thickness is by far thicker than the metal strips

of planar transmission lines. This enables rectangular waveguides to be suitable for high

power applications. For example, a WR-10 rectangular waveguide has a cross sectional

area of 2.54× 1.27 mm2 where as the typical width of a 50Ω FGC line center conductor

is below 100µm for operation inW-band (75 GHz-110 GHz). The sidewall thickness of a

standard WR-10 waveguide is around 1 mm while the planar transmission line metal strip

thicknesses are on the order ofµm’s. At the time of this writing, aK-band (18-26.5 GHz)

rectangular waveguide (WR-42) section with a peak power handling capacity of 170 kW is
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commercially available from Advanced Technical Materials, Inc., Patchogue, NY [53].

The other major advantage of a rectangular waveguide over planar transmission lines is

its superior loss performance. As is seen in Section 2.3, loss performance of planar trans-

mission lines can be improved, to some degree, by enlarging the dimensions. However,

there are limiting factors in such schemes and also due to thelimitation on the realizable

minimum circuit size, the loss performance is especially critical for higher frequency ap-

plications, where the wavelengths become very small. For rectangular waveguides, the

surface roughness of the sidewalls and finite conductivity of the sidewalls are the two main

sources of loss. Due to the low loss characteristic of air, waveguides exhibit negligible

dielectric loss. If the sidewall roughness is negligible compared to the wavelengths, the

attenuation (α) of a waveguide is solely ohmic loss and thus can be expressedin a closed

form [54] :

α =
20

ln10

√

εo

µo

1
σδc

(
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2A

)

√

√

√

√
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f

)2

{

ξmn+ηmn

(

fc
f

)2
}

[dB/m], (3.1)

where the dimensionless geometrical parametersξmn = ηmn = 2/3 for the TE10 mode,σ

is the conductivity of the sidewall metal,δc is the skin depth at the cutoff frequency,A

is the waveguide cross sectional area, andC is the waveguide circumference. The guided

wavelength of a signal travelling inside a waveguide can be expressed as :

λg =
λo

√

1−
(

fc
f

)2
, (3.2)

whereλo is the free-space wavelength,f is the frequency,fc is the cutoff frequency of

the specific mode. Using these two equations, theoretical loss per guided wavelength (λg)

for the TE10 mode of a WR-10 is plotted in Fig. 3.1(a). Also plotted is the measured

attenuation of a WR-10 waveguide. The experimental results are obtained by measuring
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(a) Attenuation in WR-10 rectangular waveguide. Copper (σ = 5.8×107 (Ω ·
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(b) Attenuation in a typical 50Ω finite ground coplanar line on silicon.

Figure 3.1: Attenuation per guided wavelength (λg) for the TE10 mode of a WR-10 rectan-
gular waveguide and a 50Ω finite ground coplanar line on silicon with typical
dimensions (50/45/160µm).
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the S11 of a 30 cm WR-10 thru section with a waveguide short connected atthe other

port. The measurement was taken with an HP 8510C vector network analyzer and standard

one port waveguide calibration was performed with short, offset short, and load calibration

standards. Another important source of loss for waveguidesin practice is the connections of

two waveguide sections or elements. Improper tightening ofthe screws can lead to radiation

loss, or introduce reactance, therefore affect the signal transfer. In order to compensate

for this affect, theS11 of the waveguide short was measured and twice the magnitude is

subtracted from the magnitude of shorted 30 cm WR-10 sectionS11. Indeed, although not

shown here, theS11 of the waveguide short was somewhat different from that expected

from an ideal waveguide short. This is mostly due to screwingthat cannot be perfect in

practice. Also plotted is a curve that is fitted to the experimental data in the form of :

α = ν×

√

√

√

√

√

f
fc

1−
(

fc
f

)2

{

1+

(

fc
f

)2
}

[dB/m], (3.3)

whereν is a fitting parameter.

For comparison, an example of planar transmission line attenuation is plotted in Fig.

3.1(b). The plot shows the loss per guided wavelength (λg) of a 50 Ω FGC line with

gap/slot/ground widths of 50/45/160µm. The line was printed on a high resistivity (ρ >

2000Ω·cm) silicon wafer with 1µm of gold via standard lift-off process. The curve was

plotted using the attenuation (dB/cm) and effective permittivity (εe f f) data provided by

MultiCAL [36] after performing a thru-reflect-line (TRL) calibration. Since loss in FGC

lines are mainly ohmic, a
√

f curve fitted to the experimental data is also plotted.

Fig. 3.1(a) shows that measured attenuation for a WR-10 is 0.035 dB/λg at 75 GHz and

drops down to 0.013 dB/λg at the high frequency end of the measured range. Throughout

theW-band, the experimental data was approximately 1.6 times higher than the theoretical

data. This is expected since theoretical data only accounted for the ohmic loss, whereas in

practice more loss is expected due to dielectric (air) loss,surface roughness, and minute
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surface irregularities [55]. Also, as mentioned previously, improper connections of waveg-

uides sections and/or elements can introduce additional loss. However, as is evidenced

from the figure, the frequency dependence of the experimental attenuation values agrees

very well with the theory. Fig. 3.1(b) shows that attenuation per guided wavelength for a

typical 50Ω FGC line is 0.44 dB/λg at 75 GHz and drops down to 0.37 dB/λg at the high

frequency end. As can be seen, the experimental attenuationvalue is in an excellent agree-

ment with a
√

f curve, showing that loss in FGC lines are mostly ohmic. The attenuation

per guided wavelength of an FGC line is more than 10 times higher than that of a rectangu-

lar waveguide, approaching 30 times higher values than waveguide attenuation at the high

frequency end ofW-band. Although the loss in FGC lines can be reduced by the methods

in [30] and in Section 2.3, rectangular waveguides still exhibit superior loss performance.

Typical loss for commercially available WR-10 is 2.0 dB/foot at75 GHz and 1.4 dB/foot

at 110 GHz [56], which is approximately 0.043 dB/λg and 0.015 dB/λg at 75 GHz and 110

GHz, respectively.

3.2 Transition to Conventional Waveguides

3.2.1 Transition Design

A sketch of the FGC line to waveguide transition first proposed by Tentzeriset al. [52] is

depicted in Fig. 3.2. A micromachined rectangularE-plane probe and FGC line are printed

on a substrate. The probe is fed by extending the center conductor of the shielded FGC line,

and is inserted into the waveguide through a slot on the broadsidewall of the waveguide,

aligned with the electric field of the waveguide’s dominant mode. By choosing appropriate

probe size (l andw in Fig. 3.2), probe position within the waveguide (x andh1), probe-

supporting substrate material (therefore the dielectric constantεr ), and the thickness of this

substrate (h2), the characteristic impedance (Zo) of the FGC line can be directly matched

to that of the rectangular waveguide, eliminating the necessity of impedance matching cir-
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Figure 3.2: Sketch of the finite ground coplanar (FGC) line to rectangular waveguide transi-
tion via a micromachinedE-plane probe. Dimensions are summarized in Table
3.1 and 3.2.
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cuits. Transitions utilizing such probes provide widebandcharacteristics to operate across

the entire waveguide band. Moreover, the simple structure makes such transitions more

attractive for high frequency systems.

The original transition design in [52] was to couple from a 50Ω FGC line to aG-band

rectangular waveguide WR-187, the dominant mode of which is tooperate in the frequency

range of 3.95 GHz to 5.85 GHz. For an initial experiment to verify the performance of such

a transition, anX-band (WR-90, 8.2-12.4 GHz) and aKa-band (WR-28, 26.5 GHz-40 GHz)

transition were designed by scaling theG-band design. The dimensions of a WR-187 (a

and b in Fig. 3.2) are 4.755 cm× 2.215 cm, whereas the dimensions of a WR-90 are

2.286 cm× 1.016 cm and those of a WR-28 are 0.711 cm× 0.356 cm. Since the ratios of

width (a in Fig. 3.2) to height (b) of the three standard waveguides were different, tuning

of matching parameters (x, h1, andh2 in Fig. 3.2) other than the scaled probe dimensions

(l andw) was required for an effective operation inX-band andKa-band. Optimization

was achieved with the help of Ansoft HFSS and the dimensions are summarized in Table

3.1 and 3.2. Full-wave simulation results for single transitions inX-band andKa-band are

shown in Fig. 3.3. The return loss is better than 15 dB from 9 GHz for the designedX-

band transition, and is better than 20 dB across the entire waveguide band for theKa-band

transition. For both simulations, the dielectric (silicon) and metals were assumed to be

lossless.

Table 3.1: Dimensions forG-band [52],X-band andKa-band transition designs. Standard
rectangular waveguides are used for all designs (WR-187, WR-90,and WR-28).
All dimensions are in mm.

a b w l x h1 h2 h3 h4

G-band 47.55 22.15 3.8 10.8 0.8 13.2 2.0 1.2 2.0

X-band 22.86 10.16 1.58 4.67 0.54 6.06 0.875 0.79 0.875

Ka-band 7.11 3.65 0.544 1.595 0.244 2.337 0.25 0.215 0.5
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Figure 3.3: Simulated results for FGC line to rectangular waveguide transitions inX-band
andKa-band assuming lossless.
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Table 3.2: Dimensions of the FGC lines in theG-band [52],X-band andKa-band transition
designs. All dimensions are in mm.

Center Slot Ground

G-band 0.8 0.5 5.8

X-band 0.42 0.375 1.335

Ka-band 0.112 0.99 0.365

3.2.2 Fabrication

Transition Probes

For experimental verifications, designedX-band andKa-band transitions were fabri-

cated and tested. For measurement purposes, the transitions were fabricated in a back-to-

back configuration with an FGC line section between the two probes. TheX-band probe

structure that consists of two back-to-back transition probes with a 3.15 cm long FGC line

section between the two probes was fabricated from 50 mils thick RT/Duroid 6010 M/W

Laminate substrate with dielectric constant (εr ) of 10.8 and foil (Copper) thickness of 0.67

mils. A milling machine was used to pattern the metal layer ontop of the substrate, and

also to mill around the probe structure so that they can be released.

TheKa-band probe structure consisted of two back-to-back transition probes with 1.65

cm long FGC line section between the two probes and was fabricated out of 500µm thick

silicon. First, metal alignment patterns were formed on thetop of the wafer by standard

lift-off process. 500Å of titanium and 2500̊A of gold were evaporated to print verniers and

crosses that could be used to align patterns on both sides of the wafer. Then the wafer was

flipped over to thin down the silicon that would later serve asthe probe-supporting substrate

to approximately the half of its original thickness. This isfor the purpose of improving the

transition performance. As mentioned previously, the thickness of the probe-supporting

substrate is one of the critical factors that determines thetransition performance. Lithogra-
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Figure 3.4: Scanning electron micrograph of a fabricatedKa-band transition probe struc-
ture. To improve performance of the transition, the siliconsubstrate under the
probe was thinned down to half of its original thickness.

phy was done using an infrared (IR) alignment technique for backside processing, the pat-

terns on which are aligned to the alignment marks on the frontside. Rectangular apertures

were opened in approximately 7000Å thermally grown oxide by chemical wet etching in

49% buffered hydrofluoric acid (BHF) at an etch rate of roughly1000Å/min. The oxide

on the front side was protected with another silicon wafer bonded with photoresist. With

the remaining oxide serving as the mask, the silicon was anisotropically etched in 25%

tetramethyl ammonium hydroxide (TMAH) at 80◦C. The average etch rate was roughly 20

µm/min, and the etch depth was measured using an optical microscope (Nikon Optiphot-

2) by changing the focus from the etched surface to the top surface. After the oxide was

stripped, probe and FGC line patterns on the front side were formed by gold electroplating.

Taking into account the theoretical skin depth of 0.49µm for gold (σ = 4.1×107 (Ω ·m)−1)

at 26 GHz, approximately 3µm of gold was electroplated on top of Ti/Au (500/1500Å )
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Figure 3.5: Illustration ofX-band andKa-band test structure assembly. Conventionally ma-
chined waveguide blocks were designed to accommodate back-to-back transi-
tion probes and introduce waveguide backshorts.
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HP X281A Coaxial 
Waveguide Adapters

Waveguide
Backshort

FGC Shield

Figure 3.6: Digital still image of theX-band test structure with a probe structure placed in
the groove. Screw holes for UG-135 standard waveguide flanges are incorpo-
rated on the aluminum block to acceptX-band standard waveguides (WR-187).
Also shown are HP X281A coaxial waveguide adapter used forS-parameter
measurements.

seed layers. Finally, the probe structure was released fromthe silicon wafer with a dic-

ing saw tool. A scanning electron micrograph of a fabricatedKa-band transition probe

structure is shown in Fig. 3.4.

Waveguide Blocks

The X-band andKa-band rectangular waveguides were conventionally machined out

of 1/8 in. thick aluminum. The waveguide blocks were designed so that the back-to-back

transition probe structures could be mounted. As suggestedin Fig. 3.5, the probe structure

rests in a shallow groove machined in the metal block, the depth of which is same as the

thickness of the FGC line substrate. The groove above the transmission line serves as a

shield and thus its height is chosen to ensure single-mode propagation along the line and

maintain an impedance of 50Ω. Each probe faces what becomes the waveguides back-

short in the assembled system. For measurement purposes, the metal blocks also serve as
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flanges, designed to acceptX-band orKa-band standard rectangular waveguides or suitable

adapters. The test structure forX-band transition measurements is shown in Fig. 3.6. A

similar metal block set as shown in this figure is also machined conventionally to accom-

modateKa-band transition probe structures and to accept WR-28 with theincorporated

screw holes for UG-599 standard waveguide flanges.

3.2.3 Experimental Results

The X-band transition structure was measured using HP 8722D vector network an-

alyzer. Standard 2-port short-open-load-thru (SOLT) calibration was performed from 8

GHz to 12 GHz with 3.5 mm coaxial calibration standards. Using the HP X281A coaxial

waveguide adapters shown in Fig. 3.6, theS-parameters of the transition structure were

measured and are shown in Fig. 3.7. The results include loss due to the coaxial waveguide

adapters and also the loss in the 3.15 cm long FGC line section. As is seen from this figure,

the return loss is better than 10 dB from 9 GHz with reasonableinsertion loss for a back-

to-back transition up to the highest frequency end. The insertion loss, for example, is 0.56

dB per transition at 11.0 GHz, and is getting better as the operating frequency is increased.

The measured insertion loss is expected to be much smoother over the frequency range

if the transition probe and the coaxial waveguide adapter were separated further. The dis-

tance between the two was decided by the thickness of the bottom metal block, 3.175 mm

(1/8 in.). Thus in this experiment, the distance is less than1/20 of the guided wavelength

(λg) at 8 GHz, and about 1/10 of the guided wavelength at 12 GHz. This distance should be

at least quarter wavelength in order to minimize the effect due to higher-order propagation

modes generated at discontinuities.

The Ka-band transition structure was measured using HP 8510C vector network an-

alyzer. Standard 2-port short-open-load-thru (SOLT) calibration was performed from 26

GHz to 40 GHz with HP 85056A 2.4 mm coaxial calibration standards. Using a pair of

HP R281A coax-to-WR28 adapters connected to the metal blocks, theS-parameters of the
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Figure 3.7: MeasuredS-parameters of a back-to-backX-band FGC line to rectangular
waveguide transition.

back-to-back transition structure was measured and is shown in Fig. 3.8. The loss due to

the coaxial waveguide adapters and also the loss in the 1.65 cm long FGC line section were

de-embedded out in the insertion loss shown in this figure. The measured insertion (|S21|)

loss of back-to-back coaxial waveguide adapters is considered to be the loss introduces by

the adapters. This is reasonable since the return loss of theadapters are better than 20 dB,

in the entireKa-band. Loss in the FGC line section between the two probes is measured by

on-wafer calibration protocol using MultiCAL [36]. As is evidenced from the figure, the

return loss of the back-to-back transition is better than 10dB throughout the entire wave-

guide band, with the majority of the band exhibiting better than 20 dB. Also, the measured

return loss shows a reasonable agreement with the simulatedreturn loss of a lossless case.

Measured results show that the insertion loss is better than0.5 dB per transition through-

out the entireKa-band. Due to the defective wafers provided by the vendor, the resistivity

(ρ) of the silicon wafer that the probe structures were fabricated from was lower than 150

Ω·cm while the expected resistivity was greater than 1000Ω·cm. This results in a greater
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Figure 3.8: MeasuredS-parameters of a back-to-backKa-band FGC line to rectangular
waveguide transition. Simulated return loss for a losslesscase is also shown.

loss due to increased current in the FGC line substrate as well as in the probe-supporting

substrate. Indeed the FGC line attenuation, obtained from MultiCAL [36], was around 3.5

dB/cm which is more than twice as high as the attenuation of a 50Ω FGC line on high

resistivity (ρ > 2000Ω·cm) silicon with similar dimensions [30]. Shown in Fig. 3.9 is

simulated insertion loss results forKa-band transitions with substrate different resistivities.

Loss tangent (tanδ) of 0.004 was assumed for the substrate and conductivity (σ) of 4.1×107

(Ω ·m)−1 was assumed for the metal layers. FGC lines feeding the probes were assumed

to be lossless. According to the simulation results, the transition performance is degraded

by approximately 0.2 dB when the resistivity is 100Ω·cm, whereas the insertion loss for

substrate resistivity of 2000Ω·cm shows little difference from the infinite resistivity case.

Thus, it is expected that the insertion loss in Fig. 3.8 improve by 0.2 dB per transition when

the probes are fabricated out of silicon with resistivity of2000Ω·cm or higher.
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Figure 3.9: Simulated insertion loss for silicon (εr = 11.9 and tanδ = 0.004) substrates
with different resistivities.

3.3 Deep Reactive Ion Etching (DRIE)

Silicon remains the substrate of choice for highly integrate circuits (IC’s) and micro-

machined circuits owing to its advantages such as high quality thermal oxide, high sta-

bility during thermal processing, low defect densities, superior mechanical properties as

well as good electrical properties and a well-established process technology. Etching is

an essential process in developing micromachined circuitsand structures. Deep reactive

ion etching (DRIE) is a simple yet cost-effective technique that enables microfabrication

of high-aspect ratio structures. The advantage of DRIE over wet anisotropic etching (Fig.

3.10) is that DRIE exhibits little crystal plane dependence,therefore reducing the geo-

metric restrictions [57]. As evidenced in Fig. 3.11, DRIE enables fabrication of trenches

that are independent of crystal planes thus making it possible to develop micromachined

waveguides with vertical sidewall profiles.

The DRIE system by Surface Technology System (STS [59]), utilizing the “Bosch pro-

cess” [60], typically achieves high aspect ratios of 20 to 30:1 with etch rates up to 6µm/min.
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Figure 3.10: Scanning electron micrograph of micromachined grooves in (001)-oriented
silicon, etched with 25% TMAH [57]. The crystal orientationdependence of
etch profile can be clearly seen.

Etch uniformity is better than±5% and Si:SiO2 selectivity of more than 150:1 [61] is

achievable. Typical silicon to photoresist selectivity is50:1. A picture of the DRIE sys-

tem of the Solid-State Electronics Lab, University of Michigan, Ann Arbor is shown in

Fig. 3.12(a), and its schematic is shown in Fig. 3.12(b) [62,63]. The wafer is loaded into

the process chamber through a load station chamber. The loaded wafer (4 in. diameter)

is mechanically clamped to the electrode using 8 alumina finger clamps, and the process

chamber is pumped down to the preset base pressure (0.2 mT forall the work presented

in this dissertation). High-density, low-pressure, and low-energy plasma is driven induc-

tively with an RF power source operating at 13.56 MHz, and is accelerated by another RF

source connected to the electrode. The wafer chuck is cooledto liquid nitrogen tempera-

tures (77 K). Using helium gas under the wafer to transfer heat, the wafer’s temperature is

maintained at cryogenic temperatures throughout the process [64]. The cryogenic cooling

enhances condensation of reactant gases and as a result, protects sidewalls from etching to

achieve anisotropy [61].
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Figure 3.11: Scanning electron micrograph of micromachined silicon feature via deep re-
active ion etching (DRIE) [58]. DRIE is capable of developing features in
silicon with vertical sidewalls.

The silicon etching process in the DRIE technique consists ofan etching cycle flow-

ing only SF6 and a sidewall passivating cycle flowing only C4F8, known as the “Bosch

process” [60] or time multiplexed deep etching (TMDE) [65].High etch rate is achieved

by the fluorine-rich gas (SF6) during the etching cycle, and anisotropy is achieved by the

deposition of Teflon-like inhibiting films during the passivating cycle. During the etching

cycle, bombardment of the accelerated ions removes passivating film preferably from the

wafer surfaces, and further etches silicon by breaking the bond between silicon atoms. The

DRIE tool can either be operated with a predetermined pressure levels for both cycles, or

with the automatic pressure control (APC) valve fixed at an angular position. In the first

case, the position of the APC valve position will vary in eachcycles to maintain the pre-

set pressure level whereas in the latter case, the pressure levels are determined by the gas

flow rates. Higher APC valve angles correspond to higher chamber pressures for the same

gas flow rates. The etch mechanism is a combination of physical sputtering of silicon and

thermal reaction between silicon and the reactive fluorine radicals. The etch characteristics
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Figure 3.12: Deep reactive ion etching (DRIE) system by Surface Technology System
(STS).
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such as etch rate, sidewall profile (anionotropy), undercut, uniformity, selectivity, surface

roughness, and critical dimension control depend on various conditions : gas flow rates,

pressure levels, etching cycle duration, passivating cycle duration, switching time between

the two cycles, platen power, coil power, mask type, exposedsilicon area, platen temper-

ature, etc. In general, by tailoring such conditions, the ion bombardment as well as the

formation and preservation of protective films on the sidewalls can be controlled, thus the

etch characteristics.

Due to the alternation of etching and passivating cycles in time multiplexed deep etch-

ing systems and to the spontaneous nature of the etch in fluorinated chemistries, resulting

structures of DRIE exhibit horizontal scalloping on the sidewalls. It has been reported that

the depths of such scallop range from 50 nm up to 300 nm [65]. Also, since physical

sputtering of the substrate is the primary etch mechanism inall plasma-assisted etching

systems, the surface of etched features exhibit roughness that is usually worse than that of

a wet chemically etched surface. Although DRIE surface roughness can be improved to

some degree, the surface roughness for the recipe utilized in this dissertation is known to

be approximately twice the roughness of wet etched (tetramethyl ammonium hydroxide,

TMAH) surface [57]. Certainly, the surface roughness is one of the most critical issues

when developing micromachined waveguides via DRIE, the lossof which largely depends

on surface roughness of the walls. This becomes especially important at very high frequen-

cies when the wavelengths become very small.

In addition to the scalloping due to the inherent characteristics of time multiplexed

deep etching systems, vertical striations known as “roughening bands”on the sidewalls of

DRIE trenches also contribute to the sidewall roughness. This is caused by the plasma

damage to the etch mask (photoresist) during the etching cycle which then leads to the

uneven receding of photoresist as the etch proceeds. As a result, the uneven patterns at the

photoresist edges are transferred to the sidewall of the etched feature. This becomes worse

when the photoresist is hard baked prior to the etching process. Historically, researchers of
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(a) No hard bake.

(b) Hard baked for 8 min. in a 120◦C oven.

Figure 3.13: Profile of Clariant AZ9260 photoresist spun at 2krpm.
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Radiation Lab have been using quarter pieces of 4 in. silicon wafers. Since the STS DRIE

system only accepts 4 in. full wafers, the wafer has to be bonded to a 4 in. carrier wafer

prior to loading. This has been done by bonding the two wafersusing photoresist followed

by a hard bake. Thus, the patterning photoresist is also hardbaked during wafer mounting

process. Hard baking is used to further remove solvents inside the photoresist, to improve

adhesion of the photoresist to the substrate, and to increase both chemical and physical etch

resistance of the photoresist. However, the edge profile of the patterned photoresist profile

deteriorates when it is hard baked, as shown in Fig. 3.13. AZ9260 photoresist by Clariant

was spun at 2000 rpm, and soft baked for 4.5 min on a 110◦C hot plate. The resist was

exposed for 2 min. at an UV intensity of 20 mW/cm2 and was developed in AZ400K:H2O

(1:3). Fig. 3.13(a) show the photoresist profile when the resist was not hard baked and

Fig. 3.13(b) show when the resist was hard baked for 8 min. in a120◦C oven. Although

not shown, the photoresist profile remain almost the same as in Fig. 3.13(b) even for a

longer hard baking time, 40 min. for example. The vertical striations can be clearly seen in

Fig. 3.14 that displays the sidewall of a micromachined WR-10 waveguide half, developed

via DRIE. As is evidenced in Fig. 3.14, the vertical striations are usually worse near the

photoresist interface.

This sidewall roughness can be improved by introducing a secondary hard mask, such

as a thermal SiO2 layer [65]. Also, it has been the author’s experience that bytailoring

Table 3.3: Investigated deep reactive ion etching recipes.

Recipe 1 Recipe 2[66]

Parameters Passivating Etching Passivating Etching

Time 7 sec. 13 sec. 11 sec. 14 sec.
Overlap 0 0 0 0.5 sec.
Gas Flow 85 sccm 160 sccm 40 sccm 105 sccm

Electrode Power 0 W 25 W 6 W 12 W
Coil Power 600 W 800 W 600 W 750 W
APC Angle 67% 67% 65% 65%
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Figure 3.14: Scanning electron micrograph of sidewall of a DRIE feature. Approximately
20µm of hard baked photoresist was used as a masking layer.

the etch conditions for a lower etch rate, the sidewall roughness can further be improved.

Table 3.3 summarizes two DRIE recipes that have been investigated. Recipe 1 is utilized

in all the DRIE work presented in this dissertation. Recipe 2 [66] has been investigated to

improve sidewall roughness and to achieve more vertical sidewall profiles. The recipe can

be used to develop micromachined WR-3 waveguides (220-325 GHz), which remain as a

future work. The major differences between the two recipes are in cycle durations, gas flow

rates, and electrode power for both cycles.

Compared with Recipe 1, the passivating cycle is longer in Recipe 2 although the etch-

ing cycle durations of the two are approximately the same. Asthe etch proceeds and

the trenches become deeper, the reactive species tend to stay longer at the bottom of the

trenches. Thus, DRIE profiles tend to be somewhat negative, orreentrant. Longer passivat-

ing cycles provide lower etch rates and less negative (reentrant) etch profiles since thicker

passivating films are deposited on the sidewalls to prevent from etching. Obviously, longer

passivating cycles will give lower etch rates, since the passivating films will be thicker not
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Figure 3.15: Scanning electron micrograph of sidewall of a DRIE feature with Recipe 2 in
Table 3.3. 8000̊A of thermal oxide was used as a making layer in addition to
photoresist.

only on the sidewalls but also on the etch surface. The gas flowrates are reduced substan-

tially in both passivating and etching cycles of Recipe 2, as well as the electrode power of

the etching cycle, which also reduces the etch rate. The plasma densities are expected to

be roughly the same since the coil power are almost the same. For the investigated recipes,

the APC valve was fixed at a preset angular position thus the chamber pressures were de-

termined by the gas flow rates. Since the gas flow rates are substantially lower in Recipe 2

for both cycles, and the APC valves are set at approximately the same positions, chamber

pressure levels of Recipe 2 are expected to be lower.

Shown in Fig. 3.15 is a scanning electron micrograph of the sidewall of a silicon mi-

cromachined WR-3 waveguide developed via DRIE using Recipe 2. Rectangular apertures

were opened in 8000̊A thick thermal oxide by standard lithography and conventional re-

active ion etching (RIE) during which approximately 12µm of photoresist serving as the

etch masking layer. The 2 mm silicon wafer was then mounted ona 4 in. carrier wafer,
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(a) After 5.5 hours of etching with Recipe 1 in Table 3.3.

(b) After 3.7 hours of etching with Recipe 2 in Table 3.3.

Figure 3.16: Close up of the sidewalls of DRIE features of recipes in Table 3.3.
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Figure 3.17: Scanning electron micrograph of sidewall of a WR-3 waveguide half devel-
oped via DRIE with Recipe 2 in Table 3.3. 8000Å of thermal oxide was used
as a making layer in addition to photoresist.

bonded with photoresist and hard baked. Top and bottom halves were etched down 430

µm at an average etch rate of 2µm/min, which is roughly half the etch rate of Recipe 1.

Finally, the wafer was diced to examine the sidewall roughness. Compared with Fig. 3.14,

the sidewalls show less roughness, especially near the photoresist interface. The amount

of vertical striations are reduced substantially, although they still appear near the bottom.

Visually examining the micrographs in Fig. 3.16, there was agreat improvement on the

sidewall roughness of Recipe 2. As was done in [57], thorough investigations on the side-

wall roughness of such DRIE features, taking into account theetching time, remain as a

future work. Shown in Fig. 3.17 is a scanning electron micrograph of a WR-3 waveguide

half developed via DRIE using Recipe 2, the depth of which is 430µm. Compared with a

WR-10 waveguide half developed via DRIE using Recipe 1 in Fig. 3.23, Recipe 2 results

in a less negative and much more straight sidewall profiles. However, the slow etch rate of

Recipe 2 makes it suitable for developing waveguides that require etch depths of about 400
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Figure 3.18: Cross sections of rectangular waveguide and DRIEwaveguide.

µm of less.

DRIE Waveguides

Shown in Fig. 3.18(a) is the cross section of a conventionally machined rectangular

waveguide with theE-field vector of the dominant waveguide mode suggested by thearrow.

Such waveguides can propagate transverse electric (TE) andtransverse magnetic (TM)

modes and have a unique characteristic that below cutoff frequencies, propagation is not

possible. For a rectangular waveguide with such dimensionsas in Fig. 3.18(a), the cutoff

frequencies of the TEmn or TMmn mode for vacuum-filled waveguides are given as follows

:

fc =
1

2π
√

µoεo

√

(mπ
a

)2
+

(nπ
b

)2
, (3.4)

whereεo andµo are the permittivity and permeability of free space.

The propagation constant (β), guided wavelength (λg), and TEmn mode characteristic

impedance (ZTE) of a waveguide are given as follows :

β = ko×

√

1−
(

fc
f

)2

, (3.5)
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λg =
λo

√

1−
(

fc
f

)2
, (3.6)

ZTE =
ηo

√

1−
(

fc
f

)2
, (3.7)

whereko = ω
√

µoεo, λo, ηo =
√

µo
εo

are the free-space propagation constant, wavelength,

and wave impedance.

As will be shown in later sections, the trenches formed with the DRIE recipe utilized

in this work show somewhat negative or reentrant profiles. This is due to a relatively long

etching cycle duration (13 sec.) compared with the passivating cycle (7 sec.). The trench

slopes have dependence on several etch conditions, especially on coil and electrode power,

the ratio of etching cycle duration to passivating cycle duration, and chamber pressure [67].

By controlling such conditions, the trench slopes can be madenearly vertical.

Assuming that DRIE gives reentrant profiles (see Fig. 3.23), flaring out byδ for an etch

depth ofa/2. The cross section of a resulting DRIE waveguide is shown in Fig. 3.18(b).

The cutoff frequency of such “perturbed” geometry (DRIE waveguide) can be approxi-

mated by the cutoff frequency (fc) of “unperturbed” geometry (rectangular waveguide)

using perturbation method, and can be expressed as [68]:

∆ fc
fc

≈
∫∫

∆S

(

µo |Ho|2− εo |Eo|2
)

dS
∫∫

S

(

µo |Ho|2 + εo |Eo|2
)

dS
, (3.8)

whereEo andHo represent the fields of the original geometry.

Whenδ≪ b, then the change in the geometry (∆S) is negligible compared with the orig-

inal geometry (S). Assuming that the field in∆Scan be considered as constant, Equation

3.8 can be simplified as (see Appendix B) :
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∆ fc
fc

≈ δ
2b

· λ2
oβ2−4π2

λ2
oβ2 +4π2 ·sin2

(

3mπ
4

)

, (3.9)

whereλo is the free-space wavelength.

Using the above equation, the first two cutoff frequencies ofa WR-10 rectangular wave-

guide and a DRIE WR-10 waveguide, witha=2.54 mm,b=1.27 mm, andδ = 80µmhave

been calculated. The cutoff frequencies of both waveguidesare calculated with Ansoft

HFSS and summarized in Table 3.4. As can be noticed, the perturbation method results

reasonably agrees with Ansoft HFSS results. However, the perturbation method result

starts to deviate as the variation of the field in∆Sbecomes larger for the TE20 mode.

As is noticed from Table 3.4, the cutoff frequencies of a DRIE waveguide are nearly

the same as those of a rectangular waveguide, exhibiting a single-mode bandwidth that is

close to 2:1 single-mode bandwidth of a rectangular waveguide. Although not shown here,

the propagation constant (β, Equation 3.5) and the TE10 mode impedance (ZTE, Equation

3.7) of a DRIE WR-10, obtained using the cutoff frequency in Table 3.4, are also in good

agreement with those of a conventional WR-10.

3.4 Transition to a Micromachined Waveguide

In Section 3.1, the advantages of rectangular waveguides over popular planar trans-

mission lines have been discussed. The advantages are especially important for very high

frequency circuits where the loss of planar transmission lines become excessively large.

Table 3.4: The first two cutoff frequencies ([GHz]) of a WR-10 rectangular waveguide and
a DRIE WR-10 waveguide.

Analytic HFSS

Mode Rectangular DRIE Rectangular DRIE

TE10 59.02 58.08 59.01 57.57
TE20 118.03 116.17 118.03 110.75
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Unfortunately, as the operating frequency is pushed towardthe THz region, small wave-

guide dimensions make it difficult and costly to conventionally machine rectangular waveg-

uides to tight dimensional tolerances. There has been an ongoing effort to develop waveg-

uides using various low-cost micromachining techniques including those described in [69]

and [70]. However, in these works, the waveguide heights were determined by the limited

thickness of photoresist, resulting in reduced-height waveguides atW-band which suffer

from higher attenuation and mismatch loss. This limitationon achievable waveguide di-

mensions through micromachining can be overcome by adapting the “snap-together” tech-

nique [71–74], which is to fabricate micromachined waveguides in two halves and put the

two halves together to form a complete waveguide block. Therefore the depth/height that

needs to be achieved by micromachining is reduced to the halfof the standard waveguide

dimensions thus making it possible to develop micromachined waveguides even at rela-

tively lower frequencies,W-band for example [75,76].

An alternate technique that has the potential to satisfy theneeds for fabrication of low-

cost high-performance micromachined waveguides is deep reactive ion etching (DRIE)

introduced in the previous section. DRIE is capable of etching trenches with vertical side-

wall profiles. Hence, micromachined waveguides developed via DRIE have cross sections

that are identical to those of conventionally machined waveguides. this circumvents the

bandwidth compatibility issue that the diamond shaped waveguides [75] have. Also, the

relatively fast etch rate and high selectivity of DRIE provide the ability to develop full-

height waveguides which overcomes the high attenuation andmismatch loss issues. There-

fore, DRIE is a promising technique for fabrication of high-performance micromachined

rectangular waveguides.

The FGC line to waveguide transitions presented in the previous section is converted

to a fully micromachined version in this section. Waveguides are developed via DRIE, the

cross section of which resembles that of a conventionally machined waveguide.
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Figure 3.19: Drawing of transition to a conventional waveguide (left) and to a microma-
chined waveguide (right). For a fully micromachined transition, the rectangu-
lar probe is rotated 90◦.

3.4.1 Motivation

To develop a fully micromachined version of the FGC line to waveguide transitions

investigated in Section 3.2, the transition was designed with probe rotated 90◦. As shown

in Fig. 3.19, the transition probe to conventionally machined waveguides was facing the

waveguide backshort. 90◦ rotated probes are preferred to fully micromachine such a tran-

sition since, from a fabrication standpoint, then the length (channel) of a waveguide is

compliant in the plane of the wafer. Full-wave simulation results of FGC line to conven-

tional waveguide transition via 90◦ rotated probe, although it requires different matching

parameters, nevertheless show excellent transition performance across the entire waveguide

band.

A fully micromachined transition has been demonstrated by Beckeret al. [77] where the

waveguide halves were micromachined in (001)-oriented silicon via wet anisotropic etch-

ing, resulting in a waveguide with a diamond-shaped cross section. Such waveguides have

several advantages. They are simple to fabricate and can be easily fashioned into microma-
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Figure 3.20: Cross sections of conventional rectangular waveguide and diamond-shaped
micromachined waveguide. TheE-field vector of the dominant waveguide
mode is suggested by the arrow for each type.

chined horn antennas. In addition, the sidewalls in the etched feature are very smooth since

wet chemical etching relies on the selectivity of the etchant to crystal orientation. This is

of critical importance since the loss in a waveguide is dominated by the surface roughness

of its sidewalls [55].

However, due to the fact that its height (thec dimension in Fig. 3.20) is determined

by the width (a in Fig. 3.20), the diamond-shaped waveguide has a limited single-mode

bandwidth of approximately 1.33:1. This can be problematicas the bandwidth is signifi-

cantly less than that of a standard waveguide, especially inapplications that operate across

an entire waveguide band. In rectangular waveguides, the height of the narrow wall (b

in Fig. 3.20) is chosen to establish a 2:1 frequency range of single-mode operation. For

the fully micromachined transition version investigated in this section, waveguides are mi-

cromachined using a deep reactive ion etching (DRIE) technique, which does not depend

on the crystal plane orientation. Therefore, micromachined waveguides that maintain a

single-mode bandwidth of 2:1 can be developed, providing a better compatibility with con-

ventional waveguide systems.
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Figure 3.21: Schematic of theW-band fully micromachined transition structure utilizing
DRIE waveguides. The top half is suggested in outline in (b).
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3.4.2 Transition Design

TheW-band FGC line to silicon micromachined waveguide transition module, utilizing

only DRIE as a micromachining technique, is depicted in Fig. 3.21. A printed rectangular

probe is fed by extending the center conductor of a shielded 50 Ω FGC line inserted into

the DRIE WR-10 waveguide through its broadside wall, facing thenarrow sidewall. The

design of such a transition is based on matching the impedance of the FGC line to that of the

waveguide. This can be done by by carefully choosing the sizeof the probe, the position

of the probe within the waveguide, the distance between the probe and the waveguide

backshort, and the dielectric constant and the thickness ofthe substrate supporting the

probe.

Optimization of the transition design with a center frequency around 76 GHz was

achieved with the help of Ansoft HFSS, the results of which with a 0.5 cm section of

DRIE waveguide are shown in Fig. 3.22. The silicon under the probe was assumed to have

a resistivity (ρ) of 2000Ω·cm and loss tangent (tanδ) of 0.004. All metals were assumed to

be gold(σ=4.1×107 (Ω ·m)−1, µr=0.99996) whereas the shielded FGC line was assumed

to be lossless. Simulation results predict that the return loss of a single transition is better

than 20 dB across the entireW-band, from 75 GHz to 110 GHz, with insertion loss better

than 0.5 dB in the same frequency range. The size of the designed probe is 545µm × 185

µm on a silicon substrate with a thickness of 100µm, and the distance between the center

of the probe and the backshort is 835µm. The FGC line has center, slot, and ground strip

widths of 50, 45, and 160µm, respectively, and the height of the FGC line shield is chosen

to be 100µm in order to ensure single-mode propagation along the FGC line and maintain

a 50Ω impedance. The length of the extended center conductor of the FGC line feeding

the probe is 95µm. Arm-like appendages, as shown in Fig. 3.21(a), are developed on the

probe structures for handling purposes as well as for properplacement of the structure in

the probe cradle.

86



Frequency [GHz]
60 70 80 90 100 110

S
1

1
 [

d
B

]

-50

-45

-40

-35

-30

-25

-20

-15

S
2

1
 [

d
B

]

-0.40

-0.38

-0.36

-0.34

-0.32

-0.30

-0.28

-0.26

-0.24

S21S11

Figure 3.22: SimulatedS11 andS21 of a single FGC line to DRIE waveguide transition with
a 0.5 cm section of DRIE waveguide assuming gold metallization.

3.4.3 Fabrication

DRIE Waveguides

A back-to-back transition consisting of input and output FGC lines with a 1 cm section

of micromachined waveguide in between the two transition probes was fabricated for mea-

surement purposes. The top and bottom halves of the waveguide were etched via DRIE, at

an etch rate of approximately 3.7µm/min. The utilized DRIE recipe is Recipe 1 in Table

3.3. The etch depth for each waveguide half was 1.27 mm, whichis one half of a standard

W-band waveguide (WR-10) width. A high resistivity (ρ >1000Ω·cm) silicon wafer with

a thickness of 2 mm was used for the fabrication of these waveguide halves. Photoresist

with a thickness of approximately 20µm was used as a masking layer for the deep etch. A

scanning electron micrograph of a micromachined DRIE waveguide half is shown in Fig.

3.23. As evidenced by this figure, deep etching with the utilized recipe (Recipe 1 in Table

3.3) shows a negative-sloped profile, flaring out approximately 80µm on each side for an

etch depth of 1.27 mm. However, it has been seen in Section 3.3that such waveguides have

characteristics that are nearly same as those of rectangular waveguides. Also, this negative
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BACKSHORT

Figure 3.23: Scanning electron micrograph of a micromachined waveguide(WR-10) before
metallization. Only the half is shown here. As can be seen, DRIE shows a
negative-sloped profile with the utilized recipe.

etch profile was taken into account in the transition design and simulation.

Additional grooves were etched 100µm deep by DRIE, for which photoresist with a

thickness of 7µm on top of a 3000Å thick sputtered titanium layer served as masking

layers. The grooves in the bottom waveguide half serve as thecradle where the fabricated

probes are placed in, and the grooves in the top waveguide half serve as the shield for

the FGC lines. At the same time that these grooves were formed, pits in forms of crosses

and squares were etched on both top and bottom halves. For proper alignment of the two

waveguide halves, 200µm thick alignment blocks that have exactly the same cross sections

as these pits will be placed in these pits that are half as deep, 100µm. The alignment blocks

were fabricated out of 200µm thick silicon by deep etching around the pattern. By placing

the alignment blocks in the correct pits on the top and bottomhalves that are half as deep,

both halves can be precisely aligned, thus forming a complete waveguide block. Shown in

Fig. 3.24 is an alignment block placed in its pit that is half as deep as the thickness of the
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Figure 3.24: Alignment block placed in its cradle that is half as deep as the thickness of the
block.

block.

The waveguide halves were then diced and finally, the waveguide walls and the grooves

were sputtered with 500̊A of titanium and 1.6µm of gold for metallization. Though not

carried out in the reported effort, an additional step of bonding may be completed to ensure

intimate contact between the two waveguide halves.

Transition Probes

The probes were fabricated on a high resistivity (ρ >2000Ω·cm) silicon wafer with

a thickness of 100µm. To avoid the possibility of exposing gold inside the DRIE cham-

ber, double side processing is required. Therefore, the alignment marks were first etched

through by DRIE. Then on the top side of the wafer, the FGC line and the probe were

patterned via standard lift-off process with 500Å of titanium and 1µm of gold. Then the

wafer was flipped over for backside processing. Using the etched-through vernier and cross

alignment marks, the substrate around the probe was etched through from the backside us-
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ing DRIE. 100µm thick silicon wafer pieces that have roughly the same size as the etching

apertures are used to monitor deep etching and to obtain the desired depth of 100µm. Fi-

nally, the remaining photoresist was removed in PRS2000 so that the probes are released

from the wafer. For each process steps, the 100µm thick silicon wafer was mounted on a

400µm carrier wafer using photoresist.

Shown in Fig. 3.25 is a scanning electron micrograph of a bottom half of a microma-

chined waveguide with fabricated probes placed in their cradles. Also displayed in Fig.

3.25 are alignment blocks in their alignment pits. Since the200µm-thick alignment blocks

are placed in pits that are 100µm deep, the upper half of these alignment blocks come up

above the wafer surface by 100µm. This can be clearly seen in this figure. The upper halves

of these alignment blocks will fit in the 100µm-deep alignment pits on the top waveguide

half, enabling both waveguide halves to be aligned accurately.

3.4.4 Experimental Results

A fabricated transition in a back-to-back configuration (probe-to-probe) with a 1 cm

section of DRIE waveguide between the two probes was measuredin W-band using an

HP8510C network analyzer and a set of ground-signal-groundmodel 120 GGB probes.

Calibration was achieved with MultiCal [36], a thru-reflect-line (TRL) protocol, using on-

wafer thru, short, and delay lines. The measured results areshown in Fig. 3.26. Loss in the

FGC lines are calibrated out using the attenuation data provided by MultiCal, but the loss

in the 1 cm section of DRIE waveguide is included in the results.

As can be seen from this figure, the back-to-back transitionsshow excellent perfor-

mance across the entire waveguide band. The return loss is better than 10 dB in over 90

% of theW-band, with the insertion loss exhibiting better than 1.5 dB/transition (including

the loss in 0.5 cm long DRIE waveguide) across the entire waveguide band, and better than

1 dB/transition in about 30 % of this band.

Compared with the performance of the similar transitions in Section 3.2 and in [77]
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Figure 3.25: Scanning electron micrograph of a bottom half of a micromachined waveguide
with probes placed in the cradles.
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Figure 3.26: Measured results of a fully micromachined back-to-back FGC line to silicon
DRIE waveguide transition.

where waveguides formed via wet anisotropic etching were employed, the insertion loss

per transition of the investigated transition is somewhat higher. This is mainly due to the

difference in the loss of waveguides. As can be seen from Fig.3.23 and Fig. 3.25(a),

the sidewalls of DRIE waveguides show some roughness, especially near the photoresist

interface. As mentioned in Section 3.3, the roughness is caused by the imperfect side wall

passivation throughout the DRIE process for the required high etch rate, and also by the

plasma damage to the etch mask (photoresist) during the etching cycle which then leads to

the uneven receding of photoresist as the etch proceeds. In addition, the alternating etching

and passivating cycles of DRIE process forms scallops on the sidewalls [67], which also

contribute to the sidewall roughness. Since the loss in waveguides is dominated by the

surface roughness of the sidewalls, it is a reasonable expectation that the performance of

the investigated transition will be significantly improvedwith the improvement of DRIE

waveguide sidewall roughness through selection of the appropriate etch recipe and etch

masks. Moreover, the transition performance can further beimproved using wafer bonding
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of the waveguide halves.

The performance of the transition to a diamond-shaped waveguide [77], in terms of

bandwidth, is limited to the single-mode bandwidth(1:1.33) of the diamond-shaped wave-

guide itself. On the other hand, waveguides micromachined via DRIE enable the single-

mode bandwidth to be the same as that of a standard rectangular waveguide. As a result,

the investigated transition shows excellent performance across the entire waveguide band,

from 75 GHz to 110 GHz.

The presented work also suggests that, along with other micromachining techniques in-

cluding photolithographic techniques [69–72,74], wet silicon processing [73,75,76], X-ray

lithography [78], and laser milling [79], DRIE is a relatively simple, yet another promising

technique to develop low-cost high-performance micromachined waveguides especially at

submillimeter and THz frequencies where the required etch depth is about 400µm or less.

3.5 Transition for THz applications

3.5.1 Motivation

While the initial results of fully micromachined FGC line to waveguide transitions are

encouraging, additional fabrication challenges exist forextending the transition to submilli-

meter and true terahertz frequencies. A major difficulty in the investigated transition is the

required thinning of silicon wafer in order to achieve demonstrated transition performance.

In Section 3.2,Ka-band probes were fabricated from 500µm thick silicon and the silicon

substrate under the probe was etched to half of the original thickness in order to improve

the performance of the transition. As theKa-band design was scaled down for operation in

W-band in Section 3.4, the substrate under the probe had to be etched down to 100µm, to

provide a comparable level of performance. The thinned silicon substrates were difficult to

fabricate from thicker wafers. In order to overcome this problem, theW-band probes were

fabricated on a 100µm, which made it unnecessary to thin down any part of the wafer. If
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Figure 3.27: Drawing of close-up views of FGC line to waveguide transitions. Depicted in
(b) is the case when free-standing probe is realized by completely removing
the probe-supporting substrate.
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the substrate supporting the probe is made even thinner as required at higher frequencies,

it is expected that the transition performance will improvedue to a reduction of the loss

associated with the substrate. As we go higher in frequency,the substrate thickness under

the probe has to be thinner in order to retain the same-scaleddimension. Also, as the op-

erating frequency is increased, the substrate thickness under the probe must be thinner for

the probe structure to properly fit within the waveguide whose dimensions must likewise

shrink in accordance with the increased operating frequency. Eventually, complete removal

of the substrate beneath the probe may in fact become necessary.

Another limitation of realizing such transitions at higherfrequency lies on the size

of the slot on a waveguide sidewall that is required to insertthe probe. As conceived in

Fig. 3.27(a), the width of this opening is the overall width of the FGC lines, whereas

the height of this opening (x dimension in Fig. 3.27(a) is the thickness of the FGC line

substrate and the height of the FGC line shield. For example,the width (a dimension in

Fig. 3.27) of a WR-1, the dominant mode of which is to be operated750 GHz up to 1.1

THz (1 THz=1000 GHz) is 254µm. If the transition probe in Section 3.4 is designed for

a WR-1 using, for example, 25µm thick silicon substrate and 25µm shield, the height of

the slot will be 50µm. Practically, this is roughly the smallest possible slot height since

from a fabrication standpoint, the substrate of the probe structure has to have a certain

thickness to be properly handled. This implies that the height of the slot is larger than

1/10 of the waveguide width, which can lead to substantial amount of leakage loss through

such a slot. Also, the waveguide will be partially filled up with probe-supporting dielectric,

which result in excitation of spurious modes due to inhomogeneity and eventually impede

effective transitions.

If the probe-supporting substrate is completely removed, as depicted in Fig. 3.27(b),

the height of the slot can be reduced down to the height of the FGC line shield and the

height required for the probe metal. Thus, by complete removal of the substrate, the height

of the opening on a waveguide wall can be reduced to nearly half the height required for
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a probe with supporting dielectric underneath. In addition, when the substrate under the

probe is completely removed, the probe may have better mechanical strength than when it

is etched locally and partially since the remaining substrate is of a single thickness. In this

case, the metal probe has to have mechanical strength in order to be suspended in air. Also,

control of the stress in the metal layers comprising the probe becomes crucial in preventing

the suspended probe from warping.

In this section, the design, fabrication, and experimentalresults of a fully microma-

chined transition via a free-standing probe is demonstrated. By completely removing the

substrate under the probe, the associated dielectric loss will be minimized, thus maximiz-

ing the transition performance. Such a structure is demonstrated to maintain its mechanical

integrity. Moreover, the utilized free-standing probe proves the potential of such transitions

to be applicable well into the submillimeter-wave and THz range.

3.5.2 Transition Design

A schematic diagram of the FGC line to silicon diamond waveguide transition is de-

picted in Fig. 3.28. TheE-field vector of the dominant waveguide mode is suggested by

the arrow. A free-standing rectangular probe is fed by extending the center conductor of

a 50Ω FGC line into the waveguide. The waveguide halves are micromachined in silicon

via wet anisotropic etching, resulting in a waveguide with adiamond-shaped cross section.

As mentioned in Section 3.4.1, such waveguides have reducedsingle mode bandwidth of

approximately 1:1.33 due to the restrictions in the realizable geometry. However, this type

of micromachined waveguides have several advantages over DRIE waveguides. They are

simple to fabricate and can be easily fashioned into micromachined horn antennas. In ad-

dition, the sidewalls in the etched feature are very smooth.This is of critical importance

since the loss in a waveguide is dominated by the surface roughness of its sidewalls [55].

The dimensions of diamond waveguide utilized in this section is chosen so that its width

(a in Fig. 3.28) matches that of a standard WR-10 waveguide, 2.54 mm. This in turn de-
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Figure 3.28: Schematic of the FGC line to diamond waveguide transition utilizing free-
standing probe. The top half is depicted in outline. The waveguide halves are
micromachined in 2 mm silicon via wet anisotropic etching.

termines its height (b in Fig. 3.28) to be 1.796 mm. The first two cutoff frequencies of a

diamond waveguide with such dimensions, calculated by Ansoft HFSS, are 85.9 GHz and

113.8 GHz. Shown in Fig. 3.29 are the dominant mode impedances (Zpv) of rectangular

WR-10 waveguide, diamond waveguide (a=2.54 mm), and DRIE WR-10 waveguide with

80 µm of undercut (δ in Fig. 3.18(b)), calculated with Ansoft HFSS. The results show that

the diamond waveguide exhibit a greater variation in the impedance with respect to fre-

quency in its single mode band, than the rectangular waveguide and the DRIE waveguide.

It is also evidenced from the figure that DRIE waveguides and rectangular waveguides

have nearly the same dominant mode impedances, and that the impedance of a diamond

waveguide is about 3 times higher than that of a rectangular waveguide .

Among the critical factors that affect the transition performance are the dielectric con-

stant and the thickness of the substrate supporting the probe. If the substrate under the

probe is thinned, or if a substrate material with a lower permittivity is used, less field will
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Figure 3.29: Calculated dominant mode impedances of rectangular WR-10 waveguide, di-
amond waveguide, and DRIE WR-10 waveguide.

be confined in the dielectric under the probe and thus the associated dielectric loss is re-

duced. As a result, the transition performance will improve.

In an effort to maximize the transition performance, the substrate under the probe

was completely removed. An optimum transition design with the free-standing probe was

achieved with Ansoft HFSS. The FGC lines have center/slot/ground widths of 50/45/160

µm and the designed probe size is 608µm × 202µm. The distance between the center of

the probe and the backshort is 2.101 mm. The length of the extended center conductor of

the FGC line feeding the probe is 170µm, and the width of the micromachined waveguide

(the a dimension in Fig. 3.28) is chosen to match that of a standardW-band waveguide

(WR-10), 2.54 mm. The height of the waveguide (theb dimension in Fig. 3.28), 1.8 mm,

is chosen by the height. The lowest two cut-off frequencies of a diamond waveguide with

such dimensions, calculated with Ansoft HFSS, are 85.9 GHz and 113.8 GHz.

Simulated results of a single transition via a substrateless probe and 0.4 cm of dia-

mond waveguide section are shown in Fig. 3.30. The shielded FGC lines were assumed

to be lossless, where as the probe metal was assumed to be nickel with a conductivity of
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Figure 3.30: SimulatedS11 andS21 of a single substrateless probe transition and 0.4 cm of
diamond waveguide section.

1.45×107 (Ω ·m)−1. The diamond waveguide surfaces were assumed to have a conduc-

tivity of 5×106 (Ω ·m)−1, since such a conductivity gives the approximate loss of such a

waveguide in its dominant mode bandwidth [75]. The simulation results predict that the

transition performance be at its peak at around 97.5 GHz withan insertion loss of 0.25 dB

and a return loss of better than 25 dB. As expected, the transition performance is degrading,

as the frequency of operation is reaching the upper and lowercut-off frequencies.

3.5.3 Fabrication

For measurement purposes, back-to-back substrateless probe transition structures were

fabricated with a 0.8 cm section of a diamond waveguide.

Free-standing Probes

The free-standing probes are fabricated out of (001)-oriented high resistivity (ρ >

2000Ω · cm) silicon wafer with a thickness of 100µm, in a similar manner as in Section

3.4.3. To minimize the possibility of the mechanical deflection of the suspended probe,
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Figure 3.31: Scanning electron micrograph of a suspended metal probe formed by deep
reactive ion etching of the underlying silicon substrate.

a relatively thick metallization is desired and realized through nickel plating. Approxi-

mately 8µm of nickel was electroplated on top of 2000/500Å titanium/nickel seed layers,

at an electroplating rate of 0.13µm/min. From an electrical loss standpoint gold is clearly

preferred due to its higher conductivity. However, due to compatibility issues with the fab-

rication processes of other researchers in our shared facility, gold was not allowed to be

used in the deep reactive ion system. In addition, stresses in the metal layers of the metal

pattern are a critical issue in fabricating these air-suspended probes. Also, due to the degree

of inherent stress, plated gold may in fact be more difficult to utilize for the free-standing

structure than nickel. Further investigation is needed to investigate the potential of utilizing

gold in the reported transition structure.

After the metal layers are formed, the silicon around the probe structure was etched

through via DRIE from the backside so that they could be released from the wafer. At

the same time, substrate under the probe was also etched away. Prior to releasing the

probe structures from the wafer, the 2000Å titanium seed layer of the probe metal, now
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Figure 3.32: Cross sectional view of a free-standing probe. The silicon wafer is 100µm
thick.

exposed after complete removal of the silicon under the probe, is etched in hydrofluoric

acid:deionized water (1:10). This was done to relieve the stress coming from the inter-

face between the titanium and the nickel. Finally, the remaining photoresist is stripped in

PRS2000 and the probes are cleaned in acetone and isopropyl alcohol (IPA).

A scanning electron micrograph of a fabricated free-standing probe is shown in Fig.

3.31. As can be seen, about 8µm of electroplated nickel is thick enough to provide me-

chanical strength to the probe to keep it suspended in air. Also, the warping effect of the

probe due to stress is negligible. A cross sectional view of the edge of the probe is given

in Fig. 3.32. The deep etching recipe utilized (Recipe 1 in Table 3.3) results in a nearly

vertical sidewall, as evidenced by the figure.

Diamond Waveguides

The silicon diamond waveguide are fabricated in a similar manner as in [77]. A (001)-

oriented high resistivity (ρ > 1000Ω ·cm) silicon wafer with a thickness of 2 mm has been

101



etched in 25% tetramethyl ammonium hydroxide (TMAH) to formtop and bottom halves

of a diamond waveguide. 8000̊A of thermal oxide was used as the etch masking layer

and the temperature of TMAH was held at 80◦C. The etch rate was roughly 25µm/min.

The etch depth is 1270µm, which is one half of theW-band standard waveguide (WR-10)

width. At the same time, pits for 596µm diameter glass microspheres for aligning the two

halves of a waveguide are also etched.

The next step is to etch 100µm deep grooves by deep reactive ion etching (DRIE).

Grooves in the bottom waveguide half serve as the cradle for the fabricated probes, and

grooves in the top waveguide half serve as the shields over the FGC lines. Before applying

photoresist, 5000̊A of titanium is sputtered over the entire wafer. This titanium layer is

used as another masking layer, in addition 8µm of photoresist, when etching the grooves.

This is especially important for the immediate edges of the waveguide where the resist

becomes too thin to mask deep etching. Insufficient masking of the waveguide edges may

result in etching damage along the waveguide edges, which inturn may degrade overall

transition performance through signal leakage. 100µm thick silicon wafer pieces that have

roughly the same size as the etching apertures are used to monitor etching and to obtain

the desired depth of 100µm. The waveguide halves are then diced and 500Å of titanium

and 1.6µm of gold are sputtered to metallize the waveguide walls and the grooves. A

scanning electron micrograph of a bottom half of a silicon diamond waveguide with two

probes placed in their cradles is shown in Fig. 3.33 and Fig. 3.34.

3.5.4 Experimental Results

The fabricated back-to-back transition module was measured using an HP 8510C vector

network analyzer and GGB picoprobes of 120µm pitch. Calibration was achieved using

thru-reflect-line (TRL) protocol with on-wafer FGC thru, short, and delay lines of the same

geometry as that used to feed the probe. From TRL calibration,it was calculated that the

nickel-plated FGC line has loss of about 4.4 dB/cm at 85 GHz andabout 4.8 dB/cm at 105
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Figure 3.33: Scanning electron micrograph of a bottom half of silicon diamond waveguide
with probes placed in the cradle. Pits for aligning the top and bottom wave-
guide pieces are shown in lower-right corner.

Figure 3.34: A closer look at a free-standing probe placed inits cradle.
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Figure 3.35: Measured and simulated results of back-to-back FGC line to silicon microma-
chined diamond waveguide transition.

GHz. which is somewhat higher than FGC lines with the same dimensions and patterned

with gold (Fig. 3.1(b)).

Fig. 3.35 displays the measured results of a back-to-back transition after the FGC line

and waveguide loss have been de-embedded out. For comparison, Ansoft HFSS simulation

results for assuming waveguide wall conductivity of 5× 106 Ω·cm are plotted in dashed

lines. The measured results and simulated results are in good agreement, but is somewhat

different around 105 GHz, where the measured insertion lossis roughly 3 dB below the

simulated insertion loss, while exhibiting an excellent match with a measured return loss

of 12 dB. The greatest cause for the difference between the tworesults rests in the fact that

the two waveguide halves are simply clipped together. Imperfect bonding introduces gaps

between the two halves. It is believed that in this experiment, the effect of the gap was

negligible in the measured band except around 105 GHz.

Measured results show that the waveguide is cutoff below 86 GHz. Above the cutoff

frequency, the return loss of the back-to-back transition is better than 10 dB throughout the
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entireW-band, up to 110 GHz. The insertion loss is less than 0.5 dB pertransition from

∼92 GHz to∼101 GHz, and less than 0.25 dB per transition from∼93 GHz to∼98.5 GHz.

When compared with the results of [77] where there was a 100µm thick probe-supporting

substrate, the experimental results suggest that completeremoval of the dielectric may

indeed improve the performance of such an FGC line to waveguide transition. As expected,

the transition performance, in terms of bandwidth, is limited by the narrow dominant mode

bandwidth of the diamond waveguide. However, the measured insertion loss and return

loss are in good agreement with the simulated results withinthe single-mode bandwidth of

the waveguide. It is certainly expected that when the top andthe bottom waveguide halves

are thermo-compression bonded (the waveguide halves were simply clipped together in this

study), the transition performance will be further improved.

In addition to exhibiting improved performance over an earlier micromachined version

[77], the novel free-standing probe structure provides a viable means to effect broadband

FGC line to waveguide transitions applicable well into the submillimeter-wave and THz

range.

3.6 Conclusions

The uniplanar geometrical characteristic of finite ground coplanar (FGC) lines provides

ability to easily integrate both active and passive elements. Thus, FGC lines have become

one of the most popular transmission lines for current monolithic microwave integrated

circuits (MMIC’s). However, owing to its superior loss performance as well as power

handling capacity, there is still need for hollow rectangular waveguides. Thus, effective

transitions between FGC lines and waveguides are required in many applications.

Such transitions have been demonstrated with conventionally machined waveguides in

X-band (8.2-12.4 GHz) andKa-band(26.5-40 GHz). Although the transition showed ex-

cellent performance across the entire waveguide band, the feasibility of such transitions is
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limited due to the difficulty and high cost of conventionallymachining rectangular waveg-

uides at very high frequencies.

This has led to developing micromachined waveguides. Micromachining has the ability

to cost-effectively manufacture to better, if not the same,tolerances. Among various micro-

machining techniques, deep reactive ion etching (DRIE) is a promising technique since it

is a relatively simple and has a potential to fabricate micromachined waveguides that have

the same cross sections as conventional waveguides.

The fully micromachined transition employing micromachined waveguides developed

via DRIE showed not only the bandwidth but also the insertion loss performance that is

comparable to the transition employing conventionally machined waveguides. One concern

with developing waveguides via DRIE is the reproducibility of the process. It has been

to the author’s experience that the DRIE etch rate varies by asmuch as 10% depending

on various conditions. One important factor is wafer mounting process. The STS DRIE

system is capable of only handling full 4 in. wafers. Thus, quarter-piece wafers are bonded

to a 4 in. carrier wafer using photoresist. This inevitably introduces air gaps between the

two. Together with the wafer-bonding photoresist that has alow thermal conductivity, the

air gaps impede efficient cooling during deep etching. Sincethe formation of air gaps is

not always the same, wafer cooling is not the same and thus results in different etch rates.

This can be circumvented by processing full 4 in. wafers. Since the process wafer can

be directly cooled with helium from the backside, the results are expected to be far more

consistent.

Finally, the free-standing probe presented in this chapter, with a reduced single-mode

bandwidth of the diamond waveguide, not only maximizes the transition performance, but

also proves the ability of such transitions to be applicablewell into submillimeter-wave and

THz range.
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CHAPTER 4

Micromachined Power Combining Module

4.1 Introduction

SOLID-STATE sources have advantages over vacuum tube-type sources because of

their small size, low cost, and compatibility with monolithic microwave integrated

circuits (MMIC) [2]. However, as the operating frequency increases, their power-handling

capacity is reduced due to the reduction in the size of the solid-state devices. As a result,

vacuum-based sources have been widely used as microwave power sources at frequencies

above 100 GHz. Unfortunately, these vacuum-based sources are large in size and weight,

require high voltage supplies for operation, and have low reliability and a short life time.

A considerable amount of effort has been carried out to improve the power and fre-

quency performances of solid-state oscillators and frequency multipliers that can be used

as millimeter-wave sources [4, 14]. Although these are excellent results, they still suffer

from low power levels and thus are not suitable for medium to high power applications,

such as radar systems. One possible solution to overcome thelimitations of solid-state

sources is to combine the output power of numerous solid-state oscillators, amplifiers, or

multipliers [10,11].

The proposed waveguide-based power combining system is shown in Fig. 4.1. An ex-

ample of a 3×3 array of power combining modules is shown in this figure. In each module

107



Micromachined
Horn Antennas

Micromachined
WaveguideMMIC Source

d/2
w

Transition
Probe

Top half

Bottom half

Figure 4.1: Proposed waveguide-based fully micromachinedpower combining system
composed of modules. Each module consists of a finite ground coplanar (FGC)
line-based MMIC source, a transition probe, and a silicon micromachined
waveguide section. The waveguide can then be used to feed a highly directive
micromachined horn antenna. A number of these modules can becombined
together to produce higher output power.
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that constitutes the power combining system, the output of an MMIC source is coupled

to the micromachined waveguide via a rectangular transition probe. The waveguide then

can be used to feed a highly directive micromachined horn antenna. A number of these

modules can be combined together to constitute a fully micromachined power combining

system for high-power millimeter-wave applications.

This chapter presents a fully micromachined power combining module that operates at

an output frequency of 72 GHz. The module has the unique characteristic that it integrates,

for the first time, micromachined components fabricated outof GaAs and silicon. GaAs

monolithic circuits provide optimum high frequency performance while silicon microma-

chined components allow low cost fabrication. State-of-the-art high efficiency GaAs mono-

lithic frequency doublers and all silicon-based finite ground coplanar (FGC) line to silicon

micromachined waveguide transitions have been successfully demonstrated in Chapter 2

and Chapter 3, respectively. A successful integration of thetwo heterogeneous compo-

nents through a unique micromachined arrangement is demonstrated in this chapter.

4.2 GaAs Micromachining

GaAs is notoriously fragile, thus is not well suited to be micromachined, to be chemi-

cally sculpted on a very fine scale [25, 57]. On the other hand,the high electron mobility

and high saturated drift velocity characteristics make GaAs material of choice for high

speed or high frequency circuits. Another strong advantageof GaAs over other materials is

the availability of semi-insulating substrates [80]. Highresistivity substrates are required

to construct monolithic circuits since it greatly reduces parasitic capacitances. However, a

well-established process technology is available and thuslost-cost fabrication of microma-

chined structures is viable with silicon that provides superior mechanical properties.

In order to integrate GaAs monolithic high frequency circuits with silicon microma-

chined structures, for example in the power combining module presented later in this chap-
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Figure 4.2: Typical wet chemical etching profiles of GaAs andsilicon with most common
slice orientations.

ter, process technology other than standard GaAs IC fabrication technology is also required.

In this section, several GaAs micromachining techniques are discussed.

4.2.1 Wet Chemical Etching

GaAs and silicon wet chemical etching are anisotropic due tothe nature of etching be-

havior that is dependent on crystal orientations. Etchantswill attack different crystal planes

at different etch rates, thus resulting in anisotropic etchprofiles. However, the difference

in the crystal structures of GaAs (zinc blende) and silicon (diamond) leads to other wet

etching characteristics that differ from each other, as shown in Fig. 4.2. This is because the

(111) crystal planes in GaAs are either of all gallium (Ga) atom planes (111A planes) or all

arsenide (As) atom planes (111B planes) that have very different chemical properties thus

different etch rates, whereas all crystal planes in siliconare of only silicon atoms.

There are various purposes for wet etching GaAs : to remove damaged material, to

form mesa structures for device isolation, to recess gates prior to metallization in FET’s, to
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aid in polishing, as part of of cleaning procedures, etc. Most etchants for GaAs contain an

oxidizing agent, a dissolving agent, and a dilutant, such aswater [81]. The etchants first

oxidize the surface and then dissolve the oxide, thereby removing gallium and arsenide

atoms. The popular GaAs etchant H2SO4/H2O2/H2O, for example, has hydrogen peroxide

that oxidizes the surface, and sulfuric acid that dissolvesthe resulting oxide. However,

GaAs will not etch in either H2O2 or H2SO4 alone. For example, the etch rate was reduced

to roughly 0.5µm/min from roughly 10µm/min by diluting H2SO4/H2O2/H2O from 1:1:10

to 1:1:40. The etch rate depends strongly on proportions of each chemicals, especially the

dilutant. Other conditions such as etchant temperature andagitation, as well as etchant

type also have effects on various etch characteristics,{100}/{111} selectivity for example.

Most GaAs wet etchants have poor{100}/{111} selectivity, and generally the amount of

undercutting for GaAs wet etching is about the same as the etch depth. The undercutting of

masking patterns for silicon wet etchants is small or negligible, and thus is better suited than

GaAs for micromachining structures that require tighter dimensional tolerances. Typical

{001}/{111} selectivity for silicon wet etching is 10/1 in TMAH, 400/1 inKOH, and 40/1

in EDP.

Other popular GaAs etchants include C6H8O7 (Citric acid)/H2O2/H2O, H3PO4/H2O2/H2O,

HCl/H2O2/H2O, and NH4OH/H2O2/H2O systems. For frequency multipliers in Chapter 2

and in this chapter, H3PO4/H2O2/H2O is used to etch through then− layer for ohmic metal

deposition. The etch system gives an etch rate that is reasonably low and controllable.

The etch rate is approximately 100̊Asec. for the mixture ratio of 1:1:8. To form mesas

for device isolation, NH4OH/H2O2/H2O (1:24:0) is used . The etch rate is relatively high,

roughly 3.5µm/min., but this etchant system has a very high AlGaAs/GaAs selectivity and

thus a thin layer of AlGaAs can be used as an etch-stop layer.

Shown in Fig. 4.3 is a scanning electron micrograph of a wet etched GaAs profile.

(100)-oriented GaAs is etched in H2SO4/H2O2/H2O (1:1:40) at an average etch rate of 0.5

µm/min. The etch depth is 124µm (measured with DEKTAK Profilometer) with an orig-
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Figure 4.3: Profile of GaAs wet chemically etched in H2SO4/H2O2/H2O (1:1:40).

inal opening width of 250µm. Visual examination of the SEM reveal that the width of

opening top is roughly 550µm whereas the bottom is roughly 145µm. As mentioned, most

GaAs etchants have poor{100}/{111} selectivity, usually less than 1, resulting in substan-

tial amount of masking-pattern undercutting. In the case for Fig. 4.3, the{100}/{111}

selectivity was approximately 0.83.

4.2.2 Reactive Ion Etching

Dry etching of GaAs, compared with wet chemical etching, provides better dimensional

control and its anisotropy can proceed more rapidly in the vertical direction. Therefore, un-

dercutting of masking patterns can be greatly reduced [80].Dry etching techniques involve

plasma etching of any type, in which the plasma generates reactive species that serve to

chemically (therefore isotropically) etch material in immediate proximity to the plasma. In

most cases, the reactive species (ions) are driven by the voltage applied between the up-

per and lower electrode to obtain anisotropy. Upon reachingthe substrate with a certain

kinetic energy, ions sputter the material away from the wafer on the atomic scale. Com-

112



RF Matching

Unit

13.56 MHz

Plasma

Pumping Port

Load Station

Gas Inlet

Lower Electrode

Upper Electrode

Wafer/Sample

Pumping Port

Figure 4.4: Schematic of the reactive ion etching (RIE) system used for GaAs dry etching.

mon problem with plasma etching occurs when the physically sputtered particles are rede-

posited on the wafer surface. Usually, this “micromasking”mechanism leads to formation

of tall, thin columns in the etched trench. Plasma-assistedetching can be highly directional

(anisotropic), thus is a suitable technique to form narrow deep holes, for example source

via ground connections, in GaAs circuits.

The investigated reactive ion etching (RIE) recipe optimized by Nordhedenet al. [82]

is investigated in this section, with the focus on etch masking issues. The optimized GaAs

RIE is utilized in the fabrication of GaAs circuits presentedlater in this section. The etch is

necessary to define each GaAs circuit structure, and the required etch depth is 100µm. The

RIE uses a mixture of Cl2/BCl3/Ar plasmas. Chlorine provides the majority of the reactive

species while argon is used as a buffer gas. The boron trichloride is added to scavenge

oxygen in the chamber and to remove native oxide on the GaAs surface. The gas flow rates

in [82] are increased by 50%, from Cl2/BCl3/Ar 8/6/20 sccm to 12/9/30 sccm, in an effort
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minimize loading effects. Also, the chamber pressure is increased from 15 mT to 27 mT at

which the recipe is reported have the highest etch rate, although no major difference in the

etch rates is observed. The RF power is controlled by the bias voltage of -300 DCV, which

corresponds to roughly 160 W of RF power.

The GaAs dry etching experiments in this chapter are performed in a PlasmaTherm

SLR 720 parallel-plate RIE system, the schematic of which is shown in Fig. 4.4. The 4 in.

anodized aluminum platen electrode is operated at 13.56 MHzwith the upper electrode and

chamber walls grounded. The chamber is pumped down to the base pressure of 2×10−5

Torr prior to etching. Gas flow rates are controlled with massflow controllers and the

powered electrode is cooled by a circulating chilled water to a temperature of 20◦C during

the process.

GaAs samples with an approximate size of 1 in.×1 in. are patterned with approximately

30 µm thick, triple coated AZ9260 photoresist. The first two layers are spun at 2000 rpm

and the third layer is spun at 4000 rpm. After each spin, photoresist is soft baked for 30

min. in a 90◦C oven followed by a 20 min. rest on a flat surface. The patternsare exposed

for 315 sec. at UV intensity of 20 mW/cm2 and developed in AZ400K:H2O (1:3). The

patterned samples are then mounted on 4 inch silicon carrierwafers with 500/2000̊A of

titanium/nickel layers and 20µm thick photoresist. The evaporated metal layers are used

as an additional masking layer to protect silicon from beingetched thus changing the etch

chemistry during RIE. On top of the metal layers of the carrierwafer, AZ9260 is spun twice

at 2000 rpm with 30 min. soft bake at 90◦C after each spin. The patterned GaAs sample

is mounted in the center and baked for 3 min. on a 105◦C hotplate, to improve bonding of

the GaAs sample and silicon carrier wafer.

Shown in Fig. 4.5(a) is the etch profile after 200 min. of RIE. The average etch rate

is 0.46µm/min. with a selectivity of 6:1 As can be seen, an excellent vertical profile is

obtained. However, as is shown by this figure, signs of surface damage are seen across the

entire GaAs wafer. In plasma etches, the ion bombardments not only results in physical
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(a) Photoresist not hard baked.

(b) Photoresist not hard baked. Etch performed in 20 min. incre-
ments

(c) Photoresist hard baked for 2 hours at 110◦C.

Figure 4.5: GaAs profiles after reactive ion etching (RIE).
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Figure 4.6: Temperature dots for measurement of the peak temperature during RIE. The
circle turns dark when the temperature exceed a certain value, for example
132◦C (right).

sputtering of the material, but also increases the temperature of the wafer. Although the

wafer chuck is continuously cooled with circulating chilled water throughout the process,

effective heat transfer is impeded due to the thick (over 20µm) photoresist layer on the car-

rier wafer that is used to protect the carrier wafer and to bond the GaAs sample. It can be

also attributed to the low pressure operating condition (therefore low heat convection) and

the low thermal conductivity of GaAs (0.46 W/cm·◦C at 300 K). The peak temperature of

photoresist during 100 min. of RIE, measured with the temperature dots in Fig. 4.6, did not

exceed 132◦C (132◦C is the lowest temperature that is detectable with the temperature dots

used for this experiment). However, the continuing ion bombardments on heated photore-

sist leads to photoresist corrugation, creating valleys where eventually the wafer surface

is revealed and damaged (etched). This is illustrated in Fig. 4.7. Microscope images of

initial test RIE patterns before and after removal of the convoluted (corrugated) photoresist

are shown Fig. 4.8. As can be seen in Fig. 4.8(c), the entire wafer surface is damaged by

corrugated photoresist.

Shown in Fig. 4.5(b) is the etch profile of GaAs RIE, in increments of 20 min. The etch

recipe is the same as that of Fig. 4.5(a), except the bias is reduced (less negative) to -225

DCV, which corresponds to RF power of roughly 110 W, and the etchis divided into nine

20 min. etches for the total etch time of 180 min., with approximately 10 min. of cooling

time between each etch. The modification in the etch recipe isto alleviate photoresist
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Figure 4.7: Illustration of surface damage due to convoluted photoresist.

heating problems. The decrease in the bias voltage and therefore the RF power reduces the

kinetic energy of ions. Therefore average etch rate is reduced by roughly 10% while the

selectivity is roughly the same. Also, as can be seen from thesidewall slopes in the two

figures (Fig. 4.5 (a) and (b)), the anisotropy is degraded dueto reduced ion bombardment.

Moreover, there is a discontinuity in the slope which is believed to be due to native oxide

formed during every 10 min. of idle time between each etch. Such a discontinuity in the

etched profiles is also seen for deep reactive ion etching (DRIE) of silicon when a long etch

is divided into a number of short etches. Although the etch recipe is modified to alleviate

excessive heating of photoresist problems, the wafer surface damage due to overheated

photoresist is still seen.

Since the temperature of photoresist does not exceed 132◦C during RIE, the problem

of overheating can be circumvented by hard baking the photoresist. The heating due to

ion bombardment will have minimal effect if the photoresistis hard baked at about the

same temperature prior to etching. While hard-baked photoresist provides improved phys-

ical/chemical resistances and thus is preferred for masking processes such as RIE, it also

leads to an uneven slanted etch profile resulting in loosing of original dimensions. As seen

in Fig. 3.13, reflow of photoresist occurs during hard bake, and resist profile at the pat-

terned edge no longer is close to being vertical. This non-vertical photoresist profile is then
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(a) Convoluted photoresist.

(b) Closer look at the convoluted photoresist.

Etched part

Etched part

(c) Surface damage on the wafer due to heating of photoresist.

Figure 4.8: Convoluted photoresist and the resulting pattern due to ion bombardment and
heating during RIE.
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transferred to the wafer during RIE, resulting in a similar etch profile and loosing its origi-

nal dimensions. As mentioned, RIE is required in power combining module fabrication to

define each GaAs circuit structure that will later be released from the wafer and placed in a

cradle with the same dimensions. Thus, dimension control during GaAs RIE is of critical

importance in this work.

Shown in Fig. 4.5(c) is the etch profile after RIE when the patterning resist is hard

baked for 2 hours in a 110◦C oven prior to etching. Rather than mounting the process

wafer on a carrier wafer with already soft-baked photoresist, the GaAs wafer is mounted

prior to the 30 min. soft-bake (90◦C) of the second photoresist layer on the carrier wafer.

This is done to minimize any air gaps between the carrier wafer and the process wafer, and

therefore provide efficient cooling of the wafer during RIE. The etch recipe is same as that

for Fig. 4.5(a). However, the average etch rate is reduced down to 0.3µm/min and the

selectivity to less than 5:1. The reasons for lowered etch rate and selectivity, as well as

degraded surface roughness will be discussed in Section 4.4.3. As is seen in Fig. 4.5(c),

the sidewall profiles are less vertical when compared to Fig.4.5(a) since the non-vertical

profile of hard baked photoresist is transferred to the etched trenches. Visual examination

of the SEM reveals the top width of the trench is 340µm and the bottom width is 280µm,

while the width of the opening on the mask is 250µm. However, the surface damage is no

longer seen due to increased physical resistance of hard-baked photoresist.

4.2.3 Wafer Lapping

Virtually all GaAs wafers require substrate thinning for thermal and/or electrical rea-

sons [80]. Significant amount of heat is generated within a very small surface area of GaAs

devices such as FET’s and diodes. The thermal conductivity of GaAs, 0.46 W/cm·◦C at

300 K [26], is about 1/3 of silicon and thus GaAs is often considered as a poor thermal

conductor. Hence, after front-side processing, GaAs substrate is usually thinned down to

100∼150µm to achieve low thermal impedance and efficiently transfer the heat to a heat
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Figure 4.9: Lapping GaAs substrate with grit.

sink attached to the backside. The electrical motivation for thinning GaAs substrates is

related to the transmission lines printed on the substrate rather than do GaAs devices. For

example, the impedance of a microstrip line is a function of the substrate thickness, and

thicker substrate requires wider conductor line which in turn increases the overall circuit

size. Also, for high frequency operations, thinner substrates are required to suppress any

unwanted propagation modes. Therefore, substrate thinning is required.

Lapping has been the most popular mechanism for wafer thinning. Lapping is not only

used to thin III-V substrates for the reasons mentioned above, but also to remove unwanted

materials, for example, after molecular beam epitaxy (MBE) growth. Wet etching lacks

uniformity while lapping is a relatively simple, yet an effective method to thin wafers with

excellent uniformity and reasonable accuracy. A slurry of water and grit (abrasive) is ap-

plied between the wafer and the flat lapping plate. As the wafer is moved (rotated) with

respect to the lapping plate, the grit mechanically removesGaAs material. This is illus-

trated in Fig. 4.9 [80]. The grit is usually a very hard compound such as silicon carbide

(SiC) or alumina (Al2O3) of various sizes. Finer grit gives slower lapping rate and smoother

lapped surface. Shown in Fig. 4.10 is a picture of a Logitech PM2 Precision Polishing ma-

chine of Solid-State Electronics Lab, University of Michigan, Ann Arbor, in operation. The

substrate is mounted on a 3 in. glass carrier chuck using wax,which is then mounted to

the sample holder (Logitech PP5 Precision Polishing Jig) using vacuum. The glass lapping

plate rotates at a preset speed, and the jig rotates randomlyfor uniform lapping. The depth

of lapping is monitored with the indicator on the jig. Lapping speed is decided by the grit
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Figure 4.10: Logitech PM2 Precision Polishing machine in operation.

size, glass plate rotational speed, and amount of pressure applied to the sample.

The most important step when lapping GaAs is mounting the substrate upside down

on a glass carrier chuck. For bonding the two, wax is usually used for its strong bonding

ability. Prior to mounting, photoresist can be spun on the front side of GaAs to avoid direct

contact of wax and protect the circuit, for example air bridges. Photoresist can also be used

to bond the substrate to the chuck. An nevenly mounted substrate results in unevenly lapped

substrate, and moreover, the notoriously fragile GaAs substrate is likely to break/crack or

even pulverize during the lapping or unmounting process. Inthis study, weights are used

to achieve maximum flatness when mounting the GaAs wafer (Fig. 4.11). With heated

(melted) wax on the glass chuck, the GaAs wafer is placed upside down. A total of 3

weights (∼1 kg) are put on so that the GaAs wafer is pressed down evenly with appropriate

pressure. To avoid direct contact of the steel weights to theGaAs wafer, a glass slide is
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Figure 4.11: Weights (340 g each) are used for maximally evenmounting of GaAs sub-
strates on glass chucks.

placed between the two. Prior to mounting, the weights and the glass slide are also heated

to the same temperature as the glass chuck. With the weights still on the wafer, the wafer-

mounted glass chuck is left for at least one hour at room temperature to cool down.

Lapped substrates are more fragile due to the inevitable crystal damage introduced by

lapping and therefore handling thinned (< 200µm) GaAs wafers needs special care. For

subsequent processes, the GaAs substrate can first be mounted on a carrier wafer, then the

carrier wafer can be mounted to the glass chuck . In doing so, it is also very important to

bond the two wafers with maximum flatness for the same reason mentioned above.

4.3 Module Design

4.3.1 FGC line to waveguide transition

A schematic diagram of an FGC line to waveguide transition can be seen in Fig. 4.1.

A rectangularE-plane probe is fed by extending the center conductor of a 50Ω FGC line

on a 100µm GaAs substrate into the waveguide. The waveguide halves are formed by

bulk anisotropically etching silicon, resulting in a diamond-shaped waveguide. The bot-
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Figure 4.12: SimulatedS11 andS21 of a single FGC line to diamond waveguide transition
with a 0.475 cm section of diamond waveguide.

tom half of the waveguide has an additional groove, serving to support the GaAs structure.

As mentioned in Chapter 3, such micromachined waveguides aresimple to fabricate and

can be easily fashioned into micromachined horn antennas. Moreover, provides one of the

smoothest sidewalls among various micromachining techniques. This is of critical impor-

tance when developing micromachined waveguides since lossin waveguides are in large

part due to the surface roughness of the walls. The waveguidedimensions are chosen in

order to include the operating frequency range (70-80 GHz) of the frequency doublers in

its single mode bandwidth. The width (w in Fig. 4.1) is chosen to be 2.474 mm, which then

determines the depth (d in Fig. 4.1) to be 3.5 mm. The first two cutoff frequencies of such

a waveguide, calculated with Ansoft HFSS, are 62.3 GHz and 82.6 GHz.

The FGC line to diamond waveguide transition is designed in order for the center fre-

quency of operation to match the frequency at which the frequency doublers have the high-

est efficiencies. The transition performance depends on thesize of the probe, the position

of the probe within the waveguide, and the distance between the probe and the waveguide

backshort. The transition design is optimized with HFSS. The designed probe size is 796

123



µm × 264µm and is inserted 200µm into the waveguide. The distance from the backshort

to the center of the probe is 2.3 mm. Simulated results of a single transition with a 0.475

cm section of diamond waveguide are shown in Fig. 4.12 where results for silicon and

GaAs substrates with same dimensions are shown. GaAs (εr=12.9) is assumed to have a

zero conductivity (σ) and a tangent loss (tanδ) of 0.006 whereas silicon (εr=11.9) is as-

sumed to have a conductivity of 0.05(Ω ·m)−1 and a tangent loss of 0.004. FGC lines with

center/gap/ground dimensions of 70/63/140µm and shield height of 100µm are assumed

to be lossless. All other metal surfaces (probe, waveguide)are assumed to be gold with a

conductivity of 4.1×107 (Ω ·m)−1.

4.3.2 GaAs Frequency Doublers with Incorporated Probes

The FGC line-based GaAs monolithic frequency multipliers in Chapter 2 were re-

designed to incorporate the transition probes designed in Section 4.3.1. The frequency dou-

blers were originally designed using the nonlinear multiple-reflection program described by

Eastet al. [37,38] so that the GaAs Schottky barrier diodes have inputQ’s of two and three.

TheQ=2 diodes have an epitaxial layer doping of 1×1017/cm3, a thickness of 4700̊A and

an area of 73.6µm2 per diode, whereas theQ=3 diodes have an epitaxial layer thickness

with the same doping and the same thickness, and an area of 65.3 µm2. The FGC line

dimensions are optimized so as to minimize the loss in the passive circuitry and therefore

maximize the efficiency.

A schematic of the designedQ=2 diode frequency doubler with an incorporated tran-

sition probe on 100µm thick GaAs can be seen in Fig. 4.13. The high impedance (71Ω)

FGC lines at the diode inputs are used to resonate the averagecapacitances of diodes. The

input and output matching and isolation networks, each consisting of a pair of open-ended

stubs, are designed so that the maximum power of the fundamental frequency is delivered

to the didoes and at the same time, the maximum second harmonic output from the diodes

is delivered to the output port. For this experiment, the 50Ω output FGC lines were ex-
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tended to 3000µm and additional space was provided in the input side of the circuit. This

is for proper handling and placement of the GaAs structure within the groove. The overall

dimensions of the structure is 8.1 mm× 1.91 mm.

4.4 Fabrication

4.4.1 Diamond Waveguide

For measurement purposes, the structure is fabricated in a back-to-back configuration

with a 0.95 cm of diamond waveguide section in between the twoprobes. The diamond

waveguide is fabricated using a (001)-oriented high resistivity (ρ >1000 Ω·cm) silicon

wafer with a thickness of 2 mm. At the same time, pits were introduced on both halves to

accommodate glass microspheres, thus allowing simple alignment of the top and bottom

halves of the waveguide. With 1µm of thermally grown oxide serving as a masking layer,

the silicon wafer is etched in 25% tetramethyl ammonium hydroxide (TMAH) at an average

etch rate of 20µm/hour to form top and bottom halves of the diamond waveguide. The

oxide is patterned through standard lithography and by wet chemically etching in buffered

hydrofluoric acid (BHF) and the TMAH is held at 80◦C throughout the etch. The mask is

generated taking into account for the{001}/{111} selectivity of TMAH, roughly 10/1. To

ensure the designed waveguide dimensions, the etch was monitored regularly by comparing

Output 50 Ω FGC Line

Transition ProbeDiodes
Input

8.1 mm

1
.9

1
 m

m

Figure 4.13: Schematic of the designedQ=2 diode frequency multiplier with incorporated
transition probe on 100µm thick GaAs.
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Alignment Bars

7 8

100 µm

5 µm

Figure 4.14: Microscope image of ruler patterns on a mask.

the etched feature with the ruler patterns on a mask, shown inFig. 4.14 . Each bar is 5

µm wide and is separated from each other by 5µm. A mask aligner is used to accurately

align the sample (etch feature) parallel to the alignment bars thus measured lengths/widths

accuracy is less than±5µm.

Then additional grooves were etched 100µm deep by deep reactive ion etching (DRIE).

The groove in the bottom waveguide half serves as a cradle where the GaAs structure is

placed, and the grooves top waveguide half serve as the shield over the FGC lines of the

GaAs circuit. Finally, the waveguide halves were diced and metallized by sputtering 500̊A

of titanium and 2µm of gold.

4.4.2 Silicon Probes

For complete on-wafer measurements (Fig. 4.15), silicon probe structures at the out-

put was also fabricated. These probe structures were fabricated out of 100µm thickness

high resistivity (ρ >2000Ω·cm) silicon. Etched-through alignment marks, shown in Fig.

4.16(a), are formed by deep etching. Relatively larger features as shown in Fig. 4.16(b)
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GaAs Doubler

Silicon

Micromachined Waveguide

Measurement Output

Measurement Input

Figure 4.15: Schematic diagram (top view) of the fabricatedpower combining module.
Only the bottom half of the waveguide is shown. A transition probe on silicon
was used at the output for measurement purposes.

were used to monitor deep etching and avoid excessive etching. Aligned to these etched-

through alignment marks, transition probe and FGC line metal layers were patterned with

500 Å of titanium and 1µm of gold, via standard lift-off process. Then using the DRIE

technique, silicon around the probe structure was etched through from the backside. Fi-

nally, the remaining photoresist was removed in PRS2000 so that the probes are released

from the wafer.

4.4.3 GaAs Frequency Doublers with Incorporated Probes

The GaAs monolithic frequency doublers with incorporated transition probes were fab-

ricated out of (100)-oriented GaAs wafer with a thickness of625µm. The epitaxial layer

consisted of a 4700̊A thick silicon-dopedn− layer with a doping concentration (Nd) of

1×1017 /cm3 and a 2.5µm silicon-dopedn+ layer with a doping concentration of 5×1018

/cm3. In between the epitaxial layer and the substrate was a 500Å thick AlGaAs layer that

would be used as an etch-stop layer in the mesa formation process. The passive circuitry

was printed with 500̊A of titanium and 1µm of gold on semi-insulating GaAs after the

Schottky diodes were formed and the doped active layer was etched away. Air bridges and

fingers were added to equalize the potentials of FGC line ground planes and to connect the

anodes to the passive circuitry, respectively. Relatively thick (> 4 µm) metallization was
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(a) Deep etched verniers.

(b) Etch monitoring feature.

Figure 4.16: Etched-through alignment marks via DRIE for double side processing. Rela-
tively larger patterns were as in (b) are used to monitor the deep etch.
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Figure 4.17: A scanning micrograph of an test GaAs wafer witha multiplier test pattern
etched using reactive ion etching (RIE).

realized so that these air bridges and fingers can have enoughmechanical strength for the

subsequent processes.

After the Schottky diodes and passive circuitry were formed, GaAs around the structure

was etched down 100µm using conventional reactive ion etching(RIE) to define individual

circuits. An example initial test GaAs wafer etched with a multiplier test pattern is shown in

Fig. 4.17. Approximately 20µm of resist is required to mask the etching, and an additional

10 µm is required to protect the air bridges and diode fingers thatare approximately 8µm

high. AZ9260 photoresist was spun three times at 2000/2000/4000 rpm with a 30 min. soft

bake at 90◦C (oven) and 20 min. idle on a flat surface after each spin. The GaAs wafer with

patterned photoresist was then mounted on a 4 in. silicon carrier wafer and then baked for

another 30 minutes at 90◦C (oven) and hard baked for 2 hours at 110◦C. The silicon carrier

wafer had 20µm of photoresist, AZ9260 spun twice at 2000 rpm, on top of evaporated

500/2000Å of titanium/nickel layers. The evaporated nickel is used to mask etching of the

silicon, which can affect the etch chemistry. The average etch rate was 0.3µm/min. and

the selectivity was roughly 1:4.5.
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A serious impediment to successful plasma etching of GaAs 100 µm deep is the condi-

tion of the chamber, especially its cleanness. Plasma etch processes are usually followed

by a cleaning etch process typically using a mixture of Ar andO2 at high pressure. These

plasmas, driven at several hundred watts of RF power, are effective for cleaning organic

materials and the by-product of fluorine-based silicon plasma etching. By no means, how-

ever, are these as effective for cleaning GaAs or other III-Vplasma etch by-products. NF3

plasma is a popular choice for such purposes [83], which was not available for the RIE

system at the time of this work. Thus, prior to the RIE run, the chamber was opened to be

physically cleaned with 6% H2O2 and IPA, followed by a 60 min. cleaning etch process

with Ar and O2 plasmas. However, due to the limited time available in the shared research

facility, the chamber was not pumped down to the base pressure of 2×10−5 Torr. The etch

process was performed at the base pressure level 5∼6 times higher than this level, around

1×10−4 Torr). The higher base pressure decreases ion directionality, and thus results in de-

creased etch rate, anisotropy, selectivity, and increasedsidewall roughness. The degraded

sidewall roughness can clearly by the difference between Fig. 4.5(a) and Fig. 4.5(c).

After these 100µm trenches are formed, 10µm of resist was spun on the wafer to

protect the entire circuit on the front side including air bridges and diode fingers. Then

the wafer was flipped over and mounted on a 200µm thick silicon carrier wafer, bonded

with photoresist. The bonded wafers are baked for 30 min. in a90◦C oven and for 1.5

hrs. at 110◦C, pressed down by three weights in Fig. 4.11 to achieve maximum adhesion

and flatness. Using wax, then the carrier wafer is mounted on a3 in. glass chuck to be

loaded to the lapping tool. Again, the sample was pressed down with the same weights

to achieve maximally flat mounting. The GaAs substrate was lapped from the backside.

When the GaAs wafer was thinned down to the required thicknessof 100µm, the 100µm

deep trenches were revealed so that the individual structures could be released from the

wafer. The 200µm silicon carrier wafer is used to handle thinned wafers whenunmounting

from the glass chuck and releasing the individual circuits.If there is not a perfect adhesion
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(a) Transition probe on GaAs.

(b) Transition probe on silicon.

Figure 4.18: Scanning electron micrograph of fabricated GaAs probe and silicon probe,
placed in cradles on the bottom waveguide half. The difference in sidewall
roughness of GaAs conventional RIE and silicon deep RIE is clearly seen.
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GaAs Doubler
with Probe

Silicon
Probe

Alignment Pits

Micromachined
Waveguide

(a) Bottom half of the module test structure

(b) Q=3 diode multiplier.

Figure 4.19: Scanning electron micrograph of a fabricated power combining module test
structure. Only the bottom half of the waveguide is shown in (a).

132



between the GaAs wafer and the carrier wafer, the GaAs structures are likely to come off

during lapping immediately after the trenches are revealed. In order to circumvent this, the

final 10 µm is thinned using a wet etchant (NH4OH:H2O2 1:24). Finally, the individual

GaAs circuit structures were released and cleaned in PRS1000and IPA. and Fig. 4.18(a).

Show in Fig. 4.18 are SEM images of the GaAs and silicon transition probes, placed in

their cradles. The sidewall roughness of GaAs RIE, degraded due to higher base pressure,

can be clearly seen in Fig. 4.18(a). As is evidenced, siliconDRIE provides much smoother

sidewalls as seen in Fig. 4.18(b).

A scanning electron micrograph of the bottom half of a fabricated power combining

module is shown in Fig. 4.19(a). Shown in the lower right corner is a GaAs monolithic

frequency doubler with an incorporated transition probe. Shown in the top left corner

is a transition probe on silicon used for complete on-wafer measurements. Fig. 4.19(b)

displays the frequency multiplier part of a GaAs structure.The thickness of the GaAs

substrate is 100µm and the GaAs structure is sitting in a 100µm deep cradle on the bottom

of the waveguide. The measured DC characteristics of fabricatedQ=2 andQ=3 diodes are

summarized in Table 4.1. The 0.9Ω/contact resistance between the measurement probe

and the gold pad is de-embedded from the series resistances (Rs). Comparison with the DC

parameters reveals that the fabricated Schottky barrier diodes are almost identical to those

in Chapter 2. Then− layer doping level, calculated from theC/V characteristics of a test

diode with an anode area 0.389 mm2, was 1.1×1017 /cm3.

Table 4.1: Measured DC characteristics of theQ=2 andQ=3 Schottky barrier diodes.

Rs [Ω] C jo [fF] Cp [fF] Io [fA] VBR [V] η f c [GHz]

Q=2 3.3 62 16.3 206 12.6 1.14 778

Q=3 3.3 49 15.8 579 12.6 1.07 984
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Figure 4.20: Measured results of the back-to-back transition with silicon probes only. The
distance between the two probes is 0.95 cm

4.5 Experimental Results

To verify the transition performance, the back-to-back transition structure was first mea-

sured with silicon probes only. Calibration was achieved with MultiCal [36], a thru-reflect-

line (TRL) protocol. The measured results are shown in Fig. 4.20. Loss in the FGC lines

is not included, but the loss in the 0.9 cm waveguide section is included in the insertion

loss. As can be seen in this figure, the return loss remains better than 10 dB in most of

the measured range and the insertion loss is better than 1 dB/transition in a majority of the

measured band.

The measurement of the power combining modules is similar tofrequency multiplier

measurements described in Section 2.6. AKa-band TWT and a variable attenuator was

used to vary power levels at the module input. A power meter atthe coupled port of a 20

dB coupler on the input side was used to monitor the power delivered to the multipliers.

Measurements were taken for the input frequency range of 35 GHz to 40 GHz, with 100

MHz steps. For each frequency points, the input power was varied from 10 dBm up to as
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(a) Measured results for the module withQ=2 diode multiplier.
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(b) Measured results for the module withQ=3 diode multiplier.

Figure 4.21: Measured efficiencies and return loss for the fabricated power combining
modules at the input power levels of 18 dBm. Module efficiencies include
multiplier efficiencies, loss in the 3000µm long multiplier output FGC line,
transition loss, and loss in the micromachined waveguide section.
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high as 22 dBm, with increments of 1 dBm. Finally, the DC bias wasvaried at every test

points to achieve the maximum performance. The loss in the input and output measurement

setup, calculated by measuring the return loss of planar short, open and load standards, was

de-embedded in the final efficiency calculation.

Measured efficiencies and return loss versus output frequency for the two types of fab-

ricated modules are shown in Fig. 4.21. As is expected, the module with a lowerQ diode

multiplier shows relatively lower efficiency and wider bandwidth while the module with a

higherQ diode multiplier show relatively higher efficiency and narrower bandwidth. The

peak efficiency of the module employing aQ=2 diode multiplier is 21.8% at the output

frequency of 72 GHz with an input power of 18 dBm. The peak efficiency of the module

employing aQ=3 diode multiplier is 25.0% at the output frequency of 72.2 GHz with input

power of also 18 dBm. These efficiencies include the doubler efficiencies, loss in the 3000

µm long 50Ω output FGC line of the doublers, a GaAs probe transition loss, and loss in

1/2 of the total waveguide section (0.9 cm). By de-embedding these 3 types of losses, effi-

ciencies of the doublers can be calculated. The GaAs probe transition loss and loss in the

waveguide section of the module can be approximated from thesilicon back-to-back tran-

sition measurements Fig. 4.20). This is reasonable since dielectric constants, loss tangents,

and resistivities of silicon and GaAs substrates are similar. According to the simulation

results in Fig. 4.12, with all the substrate parameters taken into account, the transition per-

formances for both substrates are very close around 72 GHz. Loss in the 3000µm long

doubler output FGC line can be obtained from MultiCal [36] by performing a simple TRL

calibration. The calculated doubler efficiencies after de-embedding the losses are plotted

in Fig. 4.21. The peak efficiencies are 30.3% and 33.9%, for the Q=2 andQ=3 diode

doublers, respectively, both with an input power of 18 dBm. The peak efficiencies are very

close to those in Chapter 2. Fig. 4.21 also displays that both modules show excellent return

loss across the whole measured band.

In Chapter 2, theQ=2 andQ=3 diode multipliers showed their peak efficiencies at
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output frequencies of 76.2 GHz and 76.0 GHz, respectively. The frequency multipliers

and thus the power combining modules in this Chapter have their peak efficiencies at 72

GHz and 72.2 GHz, respectively. The shift in the peak efficiency frequency points are due

to the difference in the impedances of FGC lines. The frequency multiplier FGC lines in

Chapter 2 are fabricated on 625µm GaAs substrate, whereas the GaAs structure in this

Chapter are fabricated out of 100µm or thinner GaAs substrate due to fabrication error

during lapping process. For example, the substrate of the frequency multiplier shown in

Fig. 4.19(b) is thinned down to 80µm. As can be seen from this figure, the GaAs wafer

surface is actually lower than the silicon wafer surface. Although full-wave simulations

reveal that the transition performance is barely affected by the 20µm thinner substrate, the

frequency multiplier performance is indeed affected due tothe changes in the FGC line

impedances. FGC lines are relatively insensitive to the substrate thickness as long as the

substrate thickness is much larger than the FGC line width (s+ 2w in Fig. 2.8(b)) [84].

When the substrate thickness is comparable to the FGC line width, the capacitance of the

conductor-backed FGC line is increased, and therefore reducing the line impedance. The

impedance of the 50Ω FGC line in the multiplier circuit at 75 GHz, calculated withSonnet

and ADS, is expected to decrease by 9.4% when the substrate isthinned from 625µm down

to 100µm. If the substrate is thinned even more, for example down to 80 µm, the FGC line

impedance is expected to decrease by 13.5 % from its originalimpedance of 50Ω.

As was the case with the frequency multipliers in Chapter 2, measured multiplier ef-

ficiencies and therefore the module efficiencies as a function of frequency are not smooth

curves. This is due to the fact that the DC bias voltage was varied at every test points,

to maximize the multiplier performance. Typical bias pointwas between -5 V and 0 V,

with higher (more negative) bias required for lower input power levels. With a fixed bias,

smooth efficiency curves are expected as is the case for the frequency multiplier simulated

results shown in Fig. 2.14. For example, each bias level willshow a curve similar to the

gray curves in Fig. 4.22. Since the bias level is adjusted at every test points, the mea-
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Figure 4.22: Example of multiplier efficiency curves illustrating the roughness if measured
efficiency curves in Fig. 2.20, Fig. 2.21, and Fig. 4.21.

sured efficiency curves will be similar to the dark curve shown in the same figure. Another

important factor that contributes to the roughness of the efficiency curves is the ripples

present in the loss of the input and output measurement sub-systems (see Fig. 2.17(a)). In

practice, the small ripples are always seen in everyS-parameter experiments due to various

inevitable measurement errors. In this experiment, the ripples in the loss of the input and

output measurement sub-systems are found to be±0.16 dB and±0.12 dB, respectively.

Therefore, the maximum error of the measured output power can be ±0.16±0.12
2 = ±0.14

dB. For example, when the measured output power level is 11 dBm for an input power level

of 18 dBm, the efficiency is 20.0%. In the extreme case, when themeasured output power

is 10.86 dB, 0.14 dB lower than the actual level due to inevitable errors in the measurement

setup, the efficiency drops to 19.3%. If the measured output power is 0.14 dB higher than

the actual level, the efficiency increases to 20.6%. Although the difference due to the error

is small and this error even reduces for larger output power levels (higher efficiencies), it is

inevitable and is always seen in efficiency curves.
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(a) Module withQ=2 diode multiplier at the output frequency of 72.0 GHz.

Input Power [dBm]

8
0

5

10

15

20

25

30

35

40

Efficiency [%]

Output Power [dBm]

10 12 14 16 18 20 22 24

(b) Module withQ=3 diode multiplier at the output frequency of 72.2 GHz.

Figure 4.23: Measured efficiencies and output power for the power combining modules.
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The module efficiencies can be improved by wafer bonding the two waveguide halves

and also by reducing the length of the 3000µm FGC line section between the doubler output

and the probe. There is a significant amount of loss in this section, for example almost 0.7

dB of loss at 72 GHz. As mentioned previously, the purpose of this section is for proper

handling and placement of the GaAs structure in the cradle. For instance, if this section is

shortened down to 500µm, the output power levels will be increased by more than 0.5 dB

which then increases the peak module efficiencies to 24.8% and 28.4%, respectively. Even

when the doubler output FGC line section is shortened, proper handling and placement of

the GaAs structure in the cradle can still be achieved by providing enough space on the

input side of the multiplier.

Measured module efficiencies and the output power versus theinput power at the output

frequency of 72 GHz and 72.2 GHz are shown in Fig. 4.23. Due to the large amount of

loss (around 9 dB) associated with the input measurement subsystem, the measurement

setup was not able to provide more than 21-22 dBm of input powerto the multipliers at

the frequencies where maximum efficiencies were achieved. Thus, no measurements with

higher input power levels were taken at these frequency points. However, as can be seen in

the figure, the module output power levels are still not saturated. The efficiencies of both

modules start to saturate at the input power level of 16 dBm andare at their peaks at 18

dBm.

4.6 Conclusions

A novel fully-micromachined power combining module that integrates, for the first

time, components micromachined out of GaAs and silicon is demonstrated with two dif-

ferent GaAs monolithic frequency doublers. The experimental results are in reasonable

agreement with the results expected from the performances of individual module compo-

nents. The module shows an RF power efficiency of up to 25.0% at the output frequency of
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72.2 GHz with an input power of 18 dBm. The module efficiency canbe improved further

with a minor modification of the circuit and by wafer bonding the waveguide halves..

The biggest challenge in the development of the presented power combining modules

lies in reactive ion etching of GaAs for the required depth of100µm. Currently, a variety of

plasma etching tools specifically designed for GaAs deep etching are commercially avail-

able. For example, the plasma etching system Oracle from Trion Technology of Tempe,

Arizona, utilizes an electrostatic chuck (E-chuck) to moreeffectively cool the wafer dur-

ing the process with helium from the backside, and thus provides capabilities to deep etch

GaAs substrates. Wafer cooling is perhaps the biggest issuewith deep etching GaAs with

conventional RIE systems. Due to the relatively high substrate temperature, the etch selec-

tivity is greatly reduced. It has been to the author’s experience that a thin (2000̊A) layer of

evaporated nickel, although patterning by wet etching is not straight forward as wet etching

other metals, is a very strong plasma etch mask. Etch selectivity as high as 1000:1 has been

observed. Unfortunately, nickel mask is not suitable for this work, since metal cannot be

directly put on the circuits including diodes. Also, due to the surface topology of diode

mesas and air bridges that are as high as 8µm, photoresist is required to protect the circuit

during RIE. The air bridges and diode fingers, shown in Fig. 4.24, are realized with thicker

metal layers than usual to provide mechanical strengths in the subsequent processes. In

fact, this was the key factor in achieving maximally flat (less than± 2.5µm) mounting for

the substrate lapping process.

The power combining module can be cost-effectively micro-fabricated and the passive

part of the proposed power combining scheme is well applicable to sub-millimeter and THz

range by utilizing the free-standing probe demonstrated inSection 3.5. A silicon micro-

machined horn antenna can be incorporated with the demonstrated module, and a number

of these can be combined together to produce higher output power levels. For example,

close to 100 mW of maximum power can be produced at an efficiency of 25% by combin-

ing six of the presented power combining module. However additional challenges, such
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Figure 4.24: Scanning electron micrograph of air bridges and diode fingers after substrate
lapping. Relatively thick (> 4 µm) metallization was realized so that the air
bridges and fingers can have enough mechanical strength for the subsequent
processes.

as phase locking MMIC output signals with suitable power dividing circuits and designing

efficiency micromachined horn antenna array that still enables 2D-integration of a number

of modules, exist for realizing such a power combining system. Nevertheless, its unique

micromachined arrangement for the integration of the heterogeneous components makes

the demonstrated power combining module a promising candidate of an efficient power

source for millimeter/submillimeter-wave and THz high-power application sources.
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CHAPTER 5

Summary and Suggested Future Work

5.1 Summary

A FULLY micromachined power combining module is demonstrated with an RF

power efficiency of up to 25% at the output power of 72.2 GHz. Inthe module,

the output signal of a GaAs MMIC frequency multiplier is coupled to a micromachined

waveguide via a rectangular transition probe. The waveguide, micromachined in silicon

using “split-block” technique, then can be used to feed a highly directive micromachined

horn antenna and finally, a number of these modules can be combined together to con-

stitute a fully micromachined waveguide-based power combining system for high-power

millimeter-wave applications.

When tested separately, GaAs MMIC frequency multipliers utilized in the demonstrated

power combining module show an excellent RF power efficiency of up to 36.1% at the

output power of 76.2 GHz. This is the highest efficiency reported for a diode-based MMIC

multiplier with the output frequency in theW-band (75-110 GHz). In the power combining

module, the output of this frequency multiplier is coupled to a micromachined waveguide

via a transition probe that couples popular finite ground coplanar line to waveguides. Such

a transition, when tested separately in theW-band, shows excellent return loss and insertion

loss performance across the entire waveguide band. In addition, demonstrated free-standing
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probe proves the potential of such transition to be applicable well into the submillimeter-

wave and THz regime.

The demonstrated module integrates, for the first time, two heterogeneous components,

the compact GaAs MMIC frequency multipliers and silicon micromachined waveguide,

through a unique micromachined arrangement. GaAs monolithic circuits provide optimum

high frequency performance while silicon micromachined components allow low cost fab-

rication. In addition, the module efficiency can be improvedfurther by wafer bonding

the two waveguide halves and also by reducing the length of the 3000µm long 50Ω FGC

line section between the multiplier output and the transition probe. Therefore, the proposed

power combining system is a promising candidate for a low-cost and efficient power source

for high-frequency high-power application sources.

5.2 Suggested Future Work

5.2.1 DRIE Waveguides

In Section 3.4, the deep reactive ion etching (DRIE) technique is utilized to develop

fully micromachined transitions at WR-10. However, waveguides developed via DRIE

have not been investigated alone. Although conventionallymachined rectangular waveg-

uides show superior loss performance, DRIE waveguides are expected to exhibit loss that is

somewhat higher. This is due to relatively rough sidewalls of DRIE features. Indeed, inser-

tion loss of FGC line to waveguide transition was somewhat higher when DRIE waveguides

are employed. Although no measured results are available, WR-3 waveguides (220-325

GHz) have been developed with improved sidewall roughness and sidewall profiles using

an optimized DRIE recipe, as shown in Section 3.3. Also, as suggested in the same section,

thorough investigations on the sidewall roughness of DRIE features, taking into account

the etching time, needs to be performed.

Evaluation of micromachined waveguide performances requires easy use with existing
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(a) Micromachined waveguide flanges of WR-3 (top left), WR-5 (bottom
left), and WR-10 (bottom right).

(b) Micromachined conventionally machined WR-10 waveguideflanges.
The cross sectional dimension of a WR-10 waveguide is 2540µm × 1270
µm.

Figure 5.1: Micromachined waveguide flanges. The flanges arefabricated out of 400µm
silicon via DRIE.
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waveguide measurement systems. Therefore, a suitable waveguide connections (flanges)

need to be developed. The flanges can be also fabricated with the DRIE technique, as

shown in Fig. 5.1. Alignment blocks similar to the one shown in Fig. 3.24 can used to

accurately align and assemble the micromachined flanges with waveguides.

In fact, development of high performance high frequency micromachined waveguides is

an essential part of extending the demonstrated power combining scheme into submillimeter-

wave and THz range.

5.2.2 Multifunctional Module

While the power combining module results are promising sinceit demonstrates the

feasibility of proposed power combining system, there remains aspects to be improved. The

demonstrated module employs micromachined waveguides developed via wet anisotropic

etching of silicon. Although these diamond-shaped waveguides have several advantages,

its limited single-mode bandwidth restricts such waveguides from being fully compatible

with conventional waveguide systems. Since the transitionemploying DRIE waveguides

has already been designed and demonstrated, not much effortis needed to demonstrate the

module with micromachined waveguides with much better compatibility with conventional

waveguides. In addition, incorporating highly directive horn antennas and combining a

number of such modules to construct the power combining system remain as the ultimate

goal. Development of appropriate DC bias network as well as investigations on the power

combining efficiency of such a combining system needs to be addressed.

Demonstrated power combining module can be used at high frequency transmitter ends.

However, perhaps the most intriguing applications of the demonstrated module are those

that utilizes the multifunctionality of the module’s passive circuitry. The module can be

used also at high frequency receiver ends with, for example,frequency mixers or high

frequency detectors in place of the frequency multipliers.High frequency signals, captured

by the antenna that is connected to the micromachined waveguide flange, are coupled to
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Figure 5.2: Schematic of 183 GHz Radiometer.

an FGC line-based mixer, where the signals are down converted to be processed at lower

frequencies. Shown in Fig. 5.2 is a schematic of a radiometeroperating at 183 GHz, the

research of which has already been initiated by Dr. Jack Eastat University of Michigan.

The complete radiometer block consists of a mixer and a multiplier, which requires use of

the demonstrated module’s passive circuitry in both directions. Indeed, the demonstrated

power combining scheme possesses a potential to be extendedto a variety of submillimeter-

wave and THz frequency applications.
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Appendix A

Schematic Diagram of Waveguide Blocks

for Ka-band Transition
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Figure A.1: Schematic diagram of bottom waveguide block forKa-band transition in Sec-
tion 3.2. The block is conventionally machined out of 1/8 in.thick aluminum.
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Figure A.2: Schematic diagram of top waveguide block forKa-band transition in Section
3.2. The block is conventionally machined out of 1/8 in. thick aluminum.
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Appendix B

DRIE Waveguide Cutoff Frequencies

by Perturbation Method

As mentioned in Chapter 3 Section 3.3, the waveguides formed with the DRIE recipe

utilized in this work show somewhat negative or reentrant profiles. The cross section of

a resulting DRIE waveguide is shown in Fig. B.1(b). The cutoff frequency of such “per-

turbed”geometry (DRIE waveguide) can be approximated by thecutoff frequency (fc) of

“unperturbed”geometry (rectangular waveguide, Fig. B.1(a)) using perturbation method,

and can be expressed as [68]:

b

a

E

S

x

y

(a) Rectangular waveguides.

b

a

δ

E

∆S

x

y

(b) DRIE waveguides.

Figure B.1: Cross sections of rectangular waveguide and DRIE waveguide.
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∆ fc
fc

≈
∫∫

∆S

(

µo |Ho|2− εo |Eo|2
)

dS
∫∫

S

(

µo |Ho|2 + εo |Eo|2
)

dS
(B.1)

whereEo andHo represent the fields of the original geometry excluding any transverse

components, i.e. in this caseEx, Ey, Hx, andHy in S.

For TEm0 modes, the electric field and magnetic field components are give as :

Ey =
− jωµomπ

k2
ca

Am0sin
(mπx

a

)

exp(− jβz) (B.2)

Hx =
jβmπ
k2

ca
Am0sin

(mπx
a

)

exp(− jβz) (B.3)

Hz = Am0cos
(mπx

a

)

exp(− jβz) (B.4)

Ex = Ez = Hy = 0 (B.5)

whereAm0 is the amplitude constant for the TEm0 mode andkc =
(

mπ
a

)

, β =
√

k2
o−k2

c, and

ko = ω
√

µoεo.

Even though the magnitude of the electric field (|E|) varies from 0 to 1 inS, the field

in the perturbed area (∆S) can be considered as constant since ifδ ≪ b, ∆S is negligible

compared with the original geometry (S). If the electric field in∆Sand can be approximated

as the electric field atx = 3a
4 , then Equation B.1 can be simplified as :

∆ fc
fc

≈

{(

µo |Ho|2x= 3a
4

)

−
(

εo |Eo|2x= 3a
4

)}

·∆S
∫∫

S

(

µo |Ho|2 + εo |Eo|2
)

dS
(B.6)

Plugging in the expressions forEo andHo in Equations B.2, B.3, and performing the

integral further simplifies the equation :
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∆ fc
fc

≈
aδ
4 ·

(

µo
∣

∣Ysin
(3mπ

4

)∣

∣

2− εo
∣

∣X sin
(3mπ

4

)∣

∣

2
)

ab
2

(

µo |Y|2 + εo |X|2
) (B.7)

whereX = ωµomπ/
(

k2
ca

)

andY = βmπ/
(

k2
ca

)

for TEm0 mode.

Thus, for the TEm0 mode :

∆ fc
fc

≈ δ
2b

· λ2
oβ2−4π2

λ2
oβ2 +4π2 ·sin2

(

3mπ
4

)

(B.8)

whereλo is the free-space wavelength.
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Appendix C

Fabrication Procedures for

GaAs Frequency Multipliers

The fabrication procedure details for GaAs frequency multipliers are provided in this

appendix. The UV light intensity of the aligner is 20 mW/cm2. The given developing time

and etching time are typical ones. They can vary depending onother conditions, such as

humidity. Fresh new developers should always be poured or mixed for consistency. After

each chemical process, the wafer should be rinsed thoroughly in cascade DI water for at

least 4 min. DI rinse should be at least 10 min. after PRS-x000 soaking. Acidic chemicals

such as HF often require longer rinses. Plasma asher settings are 100 W at 250 mT, unless

specified otherwise. For lift-off processes, ultrasonic bath should be used if necessary.

After annealing, the ohmic contacts should be tested by DC probing two adjacent ohmic

pads. Once the ohmic contacts and the Schottky anodes are formed, the test diodes should

be tested by DC probing after each steps.

C.1 Wafer Cleaning

1. Immerse wafer in heated Xylene for 2 min.

2. Immerse wafer in Methanol for 2 min.
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3. Immerse wafer in Acetone for 2 min.

4. Immerse wafer in Isopropyl Alcohol (IPA) for 2 min.

5. Etch native oxide in BHF for 1 min. followed by DI water rinse.

6. Dehydrate bake at 130◦C (hot plate) for 3 min.

C.2 Ohmic Contact Definition

1. Clean wafer by placing in Acetone and IPA for 2 min. each. Dehydrate bake at

130◦C (hot plate) for 1 min. Wait until wafer cools down.

2. Spin HMDS/AZ5214-E at 4.5 krpm for 30 sec.

3. Soft bake for 2 min. at 105◦C (hot plate).

4. Expose edge bead removal patterns for 1.5 min.

5. Develop in AZ327 for 40 sec.

6. Expose ohmic contact patterns for 4.5 sec.

7. Reverse bake for 1 min. at 130◦C (hot plate).

8. Flood expose for 1.5 min.

9. Develop in AZ327 for 40 sec.

10. Plasma ash for 1 min.

11. Etch throughn− layer in H3PO4:H2O2:H2O (1:1:8). Typical etch rate is 100̊A/sec.

Check with DEKTAK before and after etching.

12. Etch native oxide in BHF for 15 sec.

13. Immediately after drying, load into evaporator and deposit Ni/Ge/Au/Ti/Au 250/325/

650/450/2500̊A.

14. Liftoff in Acetone.

15. Immerse in IPA.

16. Immerse wafer in clean Acetone and IPA.

17. Plasma ash at 120 W for 1 min.
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18. Anneal ohmic contact metal layers at 240/405/240◦C for 20/40/20 sec.

C.3 Schottky Anode Definition

1. Clean wafer by placing in Acetone and IPA for 2 min. each. Dehydrate bake at

130◦C (hot plate) for 1 min. Wait until wafer cools down.

2. Spin HMDS/AZ5214-E at 4.5 krpm for 30 sec.

3. Soft bake for 2 min. at 105◦C (hot plate).

4. Expose edge bead removal patterns for 1.5 min.

5. Develop in AZ327 for 40 sec.

6. Expose Schottky anode patterns for 4.5 sec.

7. Reverse bake for 1 min. at 130◦C (hot plate).

8. Flood expose for 1.5 min.

9. Develop in AZ327 for 40 sec.

10. Plasma ash for 1 min.

11. Etch native oxide in BHF for 15 sec.

12. Immediately after drying, load into evaporator and deposit Ti/Pt/Au 500/500/3000

Å.

13. Liftoff in acetone.

14. Immerse in IPA.

15. Immerse wafer in clean Acetone and IPA.

16. Plasma ash at 120 W for 1 min.

C.4 Mesa Formation

It should be noted that in this step, the image-reversal lift-off photoresist AZ5214-E is

used as an etch mask without reversing the image. This is because AZ5214-E provides
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better resistance than other AZ18xx or AZ9260 photoresist to the etch system used in this

step.

1. Clean wafer by placing in Acetone and IPA for 2 min. each. Dehydrate bake at

130◦C (hot plate) for 1 min. Wait until wafer cools down.

2. Spin HMDS/AZ5214-E at 2.5 krpm for 30 sec.

3. Soft bake for 2 min. at 105◦C (hot plate).

4. Expose edge bead removal patterns for 2 min.

5. Develop in AZ327 for 50 sec.

6. Expose mesa patterns for 4.5 sec.

7. Develop in AZ327 for 50 sec.

8. Hard bake for 1 min. at 130◦C (hot plate).

9. Plasma ash for 1 min.

10. Etch mesas in NH4OH:H2O2 (1:24). Typical etch rate is 3.5µm/min. Examine

visually and agitate sample. Use magnetic stirrer if necessary. Etch until all rainbow

patterns disappear. Rinse for 10 sec. and immediately followwith an oxide etch in

NH4OH:H2O (1:15) for 15 sec.

11. Remove remaining photoresist is heated PRS-1000.

12. Plasma ash at 120 W for 1 min.

C.5 FGC Line Patterning

1. Clean wafer by placing in Acetone and IPA for 2 min. each. Dehydrate bake at

130◦C (hot plate) for 1 min. Wait until wafer cools down.

2. Spin HMDS/AZ5214-E at 2.5 krpm for 30 sec.

3. Soft bake for 2 min. at 105◦C (hot plate).

4. Expose edge bead removal patterns for 2 min.

5. Develop in AZ327 for 50 sec.
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6. Expose FGC line patterns for 4.5 sec.

7. Reverse bake for 1 min. at 130◦C (hot plate).

8. Flood expose for 1.5 min.

9. Develop in AZ327 for 50 sec.

10. Plasma ash for 1 min.

11. Evaporate Ti/Au 500̊A/1 µm.

12. Liftoff in Acetone. Use ultrasonic bath if necessary.

13. Immerse in IPA.

14. Immerse wafer in clean Acetone and IPA.

15. Plasma ash at 120 W for 1 min.

C.6 Post Definition

1. Clean wafer by placing in Acetone and IPA for 2 min. each. Dehydrate bake at

130◦C (hot plate) for 1 min. Wait until wafer cools down.

2. Spin HMDS/AZ1827 at 3 krpm for 30 sec.

3. Soft bake for 30 min. at 90◦C (oven).

4. Expose edge bead removal patterns for 1.5 min.

5. Develop in MF351:H2O (1:5) for 40 sec.

6. Expose post patterns for 12.5 sec.

7. Develop in MF351:H2O (1:5) for 30 sec.

8. Plasma ash for 1 min.

9. Contour bake for 5 min. on a metal block that has been heated for at least 30 min.

in a 130◦C oven.

10. Evaporate seed layers of Ti/Au/Ti 500/1500/500Å.
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C.7 Bridge Definition

1. Clean wafer by placing in Acetone and IPA for 2 min. each. Dehydrate bake at

130◦C (hot plate) for 1 min. Wait until wafer cools down.

2. Spin AZ1827 at 3 krpm for 30 sec.

3. Soft bake for 30 min. at 90◦C (oven).

4. Expose edge bead removal patterns for 1.5 min.

5. Develop in MF351:H2O (1:5) for 40 sec.

6. Expose bridge patterns for 12.5 sec.

7. Develop in MF351:H2O (1:5) for 30 sec.

8. Plasma ash for 1 min.

9. Etch exposed top Ti layer in HF:H2O (1:10) for 5 sec.

10. Electroplate∼3.5µm in Orotemp-24 gold plating solution held at 55◦C. The current

level for a certain plating rate differs on various other conditions. Preferred plating

rate is∼0.1µm/min. Check with DEKTAK before and 10 min. after. Electroplate

more accordingly.

11. If electroplating was performed in 3440 EECS Laboratory,wafer should be rinsed

thoroughly before proceeding to next step. Rinse in cascade water (base bench) for

20 min.

12. Flood expose 3 min.

13. Develop remaining photoresist in MF351:H2O (1:5) for 1.5 min.

14. Etch top Ti seed layer in HF:H2O (1:10).

15. Etch Au seed layer in Au etchant. Typical etch rate is 5000Å∼1 µm/min.

16. Etch bottom Ti seed layer in HF:H2O (1:10).

17. Remove sacrificial photoresist in heated PRS-1000.

18. Plasma ash at 150 W for 2 min.

160



Appendix D

Fabrication Procedures for

Transition Probes on 100µm Silicon

The fabrication procedure details for transition probes on100µm silicon are provided

in this appendix. The UV light intensity of the aligner is 20 mW/cm2. The given developing

time and etching time are typical ones. They can vary depending on other conditions, such

as humidity. Fresh new developers should always be poured ormixed for consistency. After

each chemical process, the wafer should be rinsed thoroughly in cascade DI water for at

least 4 min. DI rinse should be at least 10 min. after PRS-x000 soaking. Plasma asher

settings are 100 W at 250 mT, unless specified otherwise.

Special care is required when handling 100µm thick wafers. Before each process step,

always follow the wafer mounting process provided in this appendix. Preferred carrier

wafers are 400µm or thicker silicon, slightly larger than the process waferwith any kind

of dielectric on both sides.

D.1 Wafer Mounting

1. Clean carrier wafer by soaking in Acetone and IPA for 2 min. each. Dehydrate bake

at 130◦C (hot plate) for 1 min. Wait until wafer cools down.
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2. Spin HMDS/AZ1827 on carrier wafer at 3 krpm for 30 sec.

3. Mount process wafer. Tap gently around edges with back of apipet, if possible.

4. Place bonded wafers on a flat surface and wait for 2 min.

5. Bake for 30 min. at 120◦ (oven).

D.2 Alignment Marks

Double side processing ispreferred to avoid exposing Au or other metals, even if buried

under photoresist, during DRIE.

1. Clean wafer by placing in Acetone and IPA for 2 min. each. Handle with care.

Dehydrate bake at 130◦C (hot plate) for 1 min. Wait until wafer cools down.

2. Mount process wafer on a carrier wafer by following wafer mounting steps in D.1.

3. Spin HMDS/AZ9260 at 4 krpm for 30 sec. Spread AZ9260 at 0.5 krpm for 4 sec.

prior to spinning.

4. Soft bake for 30 min. at 90◦C (oven).

5. Expose alignment mark patterns for 25 sec.

6. Develop in AZ400K:H2O (1:3) for 1 min.

7. Mount sample on a 4 in. carrier wafer by following wafer mounting steps in D.1.

8. Deep etch using Recipe 1 in Table 3.3. Use a larger aperture to monitor etch. The

DRIE etch rate varies much in first 30 min. Examine visually. Donot over etch.

9. Release by placing in Acetone.

10. Immerse in IPA.

11. Plasma ash for 1 min. Handle with care.
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D.3 Probe and FGC Line Patterning by Lift-off

1. Clean wafer by placing in Acetone and IPA for 2 min. each. Handle with care.

Dehydrate bake at 130◦C (hot plate) for 1 min. Wait until wafer cools down.

2. Mount process wafer on a carrier wafer by following wafer mounting steps in D.1.

3. Spin HMDS/AZ5214-E at 2.5 krpm for 30 sec.

4. Soft bake for 2 min. at 105◦C (hot plate).

5. Expose metal patterns for 4.5 sec.

6. Reverse bake for 1 min. at 130◦C (hot plate).

7. Flood expose for 1.5 min.

8. Develop in AZ327 for 50 sec.

9. Plasma ash for 1 min.

10. Evaporate Ti/Au 500̊A/1 µm.

11. Liftoff in Acetone. Use ultrasonic bath if necessary.

12. Immerse in IPA.

13. Immerse wafer in clean Acetone and IPA.

14. Plasma ash at 120 W for 1 min. Handle with care.

D.4 Probe and FGC Line Patterning by Nickel Electro-

plating

In order to be suspended in air without the supporting substrate, the metal layers of

free-standing probe in Section 3.5 must be thick (> 5 µm) to provide enough mechanical

strengths. In this work, this is realized by electroplatingnickel described in this section.

Nickel is preferred due to the less amount of inherent stressthan gold, although further

investigation on stress in metal layers is required. It should be noted that wet etching nickel

is not straight forward as wet etching other metals.
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1. Clean wafer by placing in Acetone and IPA for 2 min. each. Handle with care.

Dehydrate bake at 130◦C (hot plate) for 1 min. Wait until wafer cools down.

2. Mount process wafer on a carrier wafer by following wafer mounting steps in D.1.

3. Deposit seed layers by sputtering 2000Å of Ti and evaporating 500̊A of Ni.

4. Spin AZ9260 at 3 krpm for 30 sec. Spread AZ9260 at 0.5 krpm for 4 sec. prior to

spinning.

5. Soft bake for 30 min. at 90◦C (oven).

6. Expose metal patterns for 40 sec.

7. Develop in AZ400K:H2O (1:3) for 1 min.

8. Plasma ash for 1 min.

9. Electroplate∼8 µm of Ni. The current level for a certain plating rate differs on var-

ious other conditions. Preferred plating rate is∼0.1µm/min. Check with DEKTAK

before and 10 min. after. Electroplate more accordingly.

10. Flood expose for 3 min.

11. Develop remaining photoresist in AZ400K:H2O (1:3) for 3 min.

12. Etch Ni seed layer in HCl:H2O (1:1) for 3 min.

13. Etch Ti seed layer in HF:H2O (1:10) for 10 sec.

14. Repeat above two steps, if necessary.

15. Clean wafer in Acetone/IPA.

D.5 Probe Releasing

1. Clean wafer by placing in Acetone and IPA for 2 min. each. Handle with care.

Dehydrate bake at 130◦C (hot plate) for 1 min. Wait until wafer cools down.

2. Mount process wafer on a carrier wafer by following wafer mounting steps in D.1.

3. Spin HMDS/AZ9260 at 4 krpm for 30 sec. Spread AZ9260 at 0.5 krpm for 4 sec.

prior to spinning.
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4. Soft bake for 30 min. at 90◦C (oven).

5. Expose etch patterns for 25 sec.

6. Develop in AZ400K:H2O (1:3) for 1 min.

7. Mount sample on a 4 in. carrier wafer by following wafer mounting steps in D.1.

8. Deep etch using Recipe 1 in Table 3.3. DRIE etch rate varies much in first 30 min.

Examine visually.

9. (For free-standing probe only) Etch exposed Ti layer of probe in HF:H2O (1:10)

for 5 sec. This is done to relieve the stress coming from the interface of nickel and

titanium.

10. Release by placing in Acetone.

11. Immerse in IPA.

12. If necessary, use heated PRS-2000 to clean released probes. Handle with care. Use

petri dishes and teflon tweezers.
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Appendix E

Fabrication Procedures for

Waveguide Transition Structures

The fabrication procedure details for micromachined waveguide transition structures

on 2 mm silicon are provided in this appendix. The UV light intensity of the aligner is

20 mW/cm2. The given developing time and etching time are typical ones. They can vary

depending on other conditions, such as humidity. Fresh new developers should always be

poured or mixed for consistency. After each chemical process, the wafer should be rinsed

thoroughly in cascade DI water for at least 4 min. Acidic chemicals such as HF often

require longer rinses. DI rinse should be at least 10 min. after PRS-x000 soaking. Plasma

asher settings are 100 W at 250 mT, unless specified otherwise.

E.1 2 mm Silicon Wafer Dicing

In order to process 4 in. silicon wafers with 3 in. wafer processing tools (for example

MJB-3 aligner), the wafers need to be scribed into smaller pieces. However, for 2 mm

silicon wafers, this can be done only by dicing. The following are the dicing parameters :

• Spindle speed : 5.0 krpm

This is the speed at which blade spins.
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• Thickness : 84 mils

This is the thickness of the wafer and the wafer-mounting blue film.

• Depth per cut : 4 mils

This is the maximum dicing depth for each travel.

• Height : 2 mils

This is the remaining height after dicing. For through-wafer dicing, the height should

be set slightly less than the blue film thickness (∼ 3.5 µm).

• Cutting Speed : 40 mils/sec.

This is the speed at which the spindle travels with respect tothe wafer.

• After dicing, silicon wafers should be cleaned thoroughly by Piranha cleaning in

H2SO4:H2O2 (1:1). Always add acid to H2O2. If the wafer is bare (without any

dielectric), oxide etch in BHF (or HF:H2O (1:10)) should always follow.

E.2 DRIE Waveguide

Although the procedures described here assumes only photoresist etch masking layer,

additional hard mask such as thermal oxide is preferred to improve sidewall roughness of

DRIE features. This is of critical importance when developing waveguides. When using

thermal oxide as a secondary mask, reactive ion etching (RIE)is preferred than wet etching

for patterning the oxide. If, for any reason, having thermaloxide is not possible, a thin

layer of Ni (2000Å) on 500Å of Ti may provide equivalent masking. In this step, thick

layer of photoresist is realized by coating twice.

1. Clean wafer by placing in Acetone and IPA for 2 min. each. Handle with care.

Dehydrate bake at 130◦C (hot plate) for 1 min. Wait until wafer cools down.

2. Spin first HMDS/AZ9260 layer at 2 krpm for 30 sec and wait 2 min. with wafer

resting on spinner. Spread AZ9260 at 0.5 krpm for 4 sec. priorto spinning.

3. Rest wafer on flat surface for 20 min.
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4. Soft bake for 30 min. at 90◦C (oven).

5. Rest wafer on flat surface for 20 min.

6. Spin second AZ9260 layer at 2 krpm for 60 sec and wait 2 min. with wafer resting

on spinner. Spread AZ9260 at 0.5 krpm for 4 sec. prior to spinning.

7. Rest wafer on flat surface for 20 min.

8. Soft bake for 30 min. at 90◦C (oven).

9. Rest wafer on flat surface for 20 min.

10. Expose waveguide patterns for 240∼260 sec.

11. Develop in AZ400K:H2O (1:3). Developing times from 2 min. to more than 5 min.

have been observed.

12. Mount sample on 4 in. carrier wafer by following wafer mounting procedures in

D.1.

13. Deep etch using Recipe 1 in Table 3.3. Monitor etch rate by placing thinner (100,

200, 400µm) silicon wafers with sizes approximately same as waveguide patterns.

Measure etch depth with Zygo.

14. Release by placing in PRS-2000.

15. Plasma ash for 3 min. at 120 W.

16. Dice to separate top and bottom waveguide halves using dicing parameters in E.1.

17. Sputter 500̊A of Ti and 2µm of Au. Static sputtering is required for Au.

E.3 Diamond Waveguide

Although the etch rate of thermal oxide in TMAH is negligible, it is safe to have at

least 5000Å thermal oxide to form 1.27µm deep V grooves in TMAH. Masks should be

generated taking into account the 001/111 selectivity of roughly 10/1.

1. Clean wafer by placing in Acetone and IPA for 2 min. each. Handle with care.

Dehydrate bake at 130◦C (hot plate) for 1 min. Wait until wafer cools down.
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2. Spin HMDS/AZ1827 at 3 krpm for 30 sec.

3. Soft bake for 2 min. at 105◦C (hot plate).

4. Expose waveguide patterns for 14.5 sec.

5. Develop in MF351:H2O (1:5) for 30 sec.

6. Hard bake for 1 min. at 130◦C (hot plate).

7. Plasma ash for 1 min.

8. (Only when patterning oxide by wet etching) To protect oxide on backside from

etching, mountwafer on a carrier wafer by following wafer mounting steps in D.1.

9. Pattern oxide by wet etching in BHF or HF:H2O (1:10), or by RIE. Typical oxide

etch rate in BHF and HF:H2O (1:10) is 1000Å/min.

10. Check by measuring the oxide thickness with Ellipsometeror other tool capable of

measuring thin film thicknesses. Etch more if necessary.

11. Remove remaining photoresist in Acetone.

12. Immerse in IPA.

13. Immerse wafer in clean Acetone and IPA.

14. Etch oxide for additional 15 sec.

15. Keep sample immersed in DI water. Immediately after removing sample from DI

water, place in TMAH that has already been heated to 80◦C.

16. When etching is finished, rinse in DI water for 20 min.

17. Dice to separate top and bottom waveguide halves using dicing parameters in E.1.

18. Sputter 500̊A of Ti and 2µm of Au. Static sputtering is required for Au.

E.4 Deep Etching Probe Cradles

3000Å of sputtered Ti is used as an additional masking layer in this step.

1. Clean wafer by placing in Acetone and IPA for 2 min. each. Handle with care.
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Dehydrate bake at 130◦C (hot plate) for 1 min. Wait until wafer cools down.

2. Sputter 3000̊A of Ti.

3. Spin AZ9260. Spinning speed varies depending on waveguide structure. Try dif-

ferent spinning speeds and choose one that provides best protection and uniformity

around immediate edges of waveguide. 60 sec. spinning oftenprovides better uni-

formity. Spread AZ9260 for 4 sec. prior to spinning.

4. Soft bake for 30 min. at 90◦C (oven).

5. Expose groove patterns. Set exposure time according to the spinning speed. Typical

exposure time is 25 sec. for 4 krpm spins, 40 sec. for 3 krpm spins, and 75 sec. for

2 krpm spins.

6. Develop in AZ400K:H2O (1:3).

7. Plasma ash for 1 min.

8. Mount sample on 4 in. carrier wafer by following wafer mounting procedures in

D.1.

9. Deep etch using Recipe 1 in Table 3.3. Monitor etch rate by placing 100µm silicon

wafers with sizes approximately same as groove patterns. Ensure etch depth of 100

µm by measuring with DEKTAK. Etch more if necessary.

10. Release by placing in PRS-2000.

11. Plasma ash for 3 min. at 120 W.
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Appendix F

Fabrication Procedures for

GaAs Structure of Power Combining Module

The fabrication procedure details for GaAs structure of thepower combining module

in Chapter 4 are provided in this appendix. The majority of theprocess is the same as the

frequency multiplier process in Appendix C. The differencesare in the air bridge/diode

finger step, and the additional RIE and wafer lapping steps to define and release each GaAs

structures. Relatively thick (> 4 µm) metallization is realized using a thicker photoresist

so that the air bridges and diode fingers have sufficient mechanical for the subsequent

processes.

The UV light intensity of the aligner is 20 mW/cm2. The given developing time and

etching time are typical ones. They can vary depending on other conditions, such as hu-

midity. Fresh new developers should always be poured or mixed for consistency. After

each chemical process, the wafer should be rinsed thoroughly in cascade DI water for at

least 4 min. DI rinse should be at least 10 min. after PRS-x000 soaking. Acidic chemicals

such as HF often require longer rinses. Plasma asher settings are 100 W at 250 mT, unless

specified otherwise. For lift-off processes, ultrasonic bath should be used only if necessary.

After annealing, the ohmic contacts should be tested by DC probing two adjacent ohmic

pads. Once the ohmic contacts and the Schottky anodes are formed, the test diodes should
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be tested by DC probing after each steps.

F.1 Wafer Cleaning

1. Immerse wafer in heated Xylene for 2 min.

2. Immerse wafer in Methanol for 2 min.

3. Immerse wafer in Acetone for 2 min.

4. Immerse wafer in Isopropyl Alcohol (IPA) for 2 min.

5. Etch native oxide in BHF for 1 min. followed by DI water rinse.

6. Dehydrate bake at 130◦C (hot plate) for 3 min.

F.2 Ohmic Contact Definition

1. Clean wafer by soaking in Acetone and IPA for 2 min. each. Dehydrate bake at

130◦C (hot plate) for 1 min. Wait until wafer cools down.

2. Spin HMDS/AZ5214-E at 4.5 krpm for 30 sec.

3. Soft bake for 2 min. at 105◦C (hot plate).

4. Expose edge bead removal patterns for 1.5 min.

5. Develop in AZ327 for 40 sec.

6. Expose ohmic contact patterns for 4.5 sec.

7. Reverse bake for 1 min. at 130◦C (hot plate).

8. Flood expose for 1.5 min.

9. Develop in AZ327 for 40 sec.

10. Plasma ash for 1 min.

11. Etch throughn− layer in H3PO4:H2O2:H2O (1:1:8). Typical etch rate is 100̊A/sec.

Check with DEKTAK before and after etching.

12. Etch native oxide in BHF for 15 sec.
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13. Immediately after drying, load into evaporator and deposit Ni/Ge/Au/Ti/Au 250/325/

650/450/2500̊A.

14. Liftoff in Acetone.

15. Immerse in IPA.

16. Immerse wafer in clean Acetone and IPA.

17. Plasma ash at 120 W for 1 min.

18. Anneal ohmic contact metal layers at 240/405/240◦C for 20/40/20 sec.

F.3 Schottky Anode Definition

1. Clean wafer by soaking in Acetone and IPA for 2 min. each. Dehydrate bake at

130◦C (hot plate) for 1 min. Wait until wafer cools down.

2. Spin HMDS/AZ5214-E at 4.5 krpm for 30 sec.

3. Soft bake for 2 min. at 105◦C (hot plate).

4. Expose edge bead removal patterns for 1.5 min.

5. Develop in AZ327 for 40 sec.

6. Expose Schottky anode patterns for 4.5 sec.

7. Reverse bake for 1 min. at 130◦C (hot plate).

8. Flood expose for 1.5 min.

9. Develop in AZ327 for 40 sec.

10. Plasma ash for 1 min.

11. Etch native oxide in BHF for 15 sec.

12. Immediately after drying, load into evaporator and deposit Ti/Pt/Au 500/500/3000

Å.

13. Liftoff in acetone.

14. Immerse in IPA.

15. Immerse wafer in clean Acetone and IPA.
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16. Plasma ash at 120 W for 1 min.

F.4 Mesa Formation

It should be noted that in this step, the image-reversal lift-off photoresist AZ5214-E is

used as an etch mask without reversing the image. This is because AZ5214-E provides

better resistance than other AZ18xx or AZ9260 photoresist to the etch system used in this

step.

1. Clean wafer by soaking in Acetone and IPA for 2 min. each. Dehydrate bake at

130◦C (hot plate) for 1 min. Wait until wafer cools down.

2. Spin HMDS/AZ5214-E at 2.5 krpm for 30 sec.

3. Soft bake for 2 min. at 105◦C (hot plate).

4. Expose edge bead removal patterns for 2 min.

5. Develop in AZ327 for 50 sec.

6. Expose mesa patterns for 4.5 sec.

7. Develop in AZ327 for 50 sec.

8. Hard bake for 1 min. at 130◦C (hot plate).

9. Plasma ash for 1 min.

10. Etch mesas in NH4OH:H2O2 (1:24). Typical etch rate is 3.5µm/min. Examine

visually and agitate sample. Use magnetic stirrer if necessary. Etch until all rainbow

patterns disappear. Rinse for 10 sec. and immediately followwith an oxide etch in

NH4OH:H2O (1:15) for 15 sec.

11. Remove remaining photoresist is heated PRS-1000.

12. Plasma ash at 120 W for 1 min.
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F.5 FGC Line Patterning

1. Clean wafer by soaking in Acetone and IPA for 2 min. each. Dehydrate bake at

130◦C (hot plate) for 1 min. Wait until wafer cools down.

2. Spin HMDS/AZ5214-E at 2.5 krpm for 30 sec.

3. Soft bake for 2 min. at 105◦C (hot plate).

4. Expose edge bead removal patterns for 2 min.

5. Develop in AZ327 for 50 sec.

6. Expose FGC line patterns for 4.5 sec.

7. Reverse bake for 1 min. at 130◦C (hot plate).

8. Flood expose for 1.5 min.

9. Develop in AZ327 for 50 sec.

10. Plasma ash for 1 min.

11. Evaporate Ti/Au 500̊A/1 µm.

12. Liftoff in Acetone. Use ultrasonic bath if necessary.

13. Immerse in IPA.

14. Immerse wafer in clean Acetone and IPA.

15. Plasma ash at 120 W for 1 min.

F.6 Post Definition

1. Clean wafer by soaking in Acetone and IPA for 2 min. each. Dehydrate bake at

130◦C (hot plate) for 1 min. Wait until wafer cools down.

2. Spin HMDS/AZ1827 at 3 krpm for 30 sec.

3. Soft bake for 30 min. at 90◦C (oven).

4. Expose edge bead removal patterns for 1.5 min.

5. Develop in MF351:H2O (1:5) for 40 sec.

6. Expose post patterns for 12.5 sec.
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7. Develop in MF351:H2O (1:5) for 30 sec.

8. Plasma ash for 1 min.

9. Contour bake for 5 min. on a metal block that has been heated for at least 30 min.

in a 130◦C oven.

10. Evaporate seed layers of Ti/Au/Ti 500/1500/500Å.

F.7 Bridge Definition

1. Clean wafer by soaking in Acetone and IPA for 2 min. each. Dehydrate bake at

130◦C (hot plate) for 1 min. Wait until wafer cools down.

2. Spin AZ9260 at 4 krpm for 30 sec.

3. Soft bake for 30 min. at 90◦C (oven).

4. Expose edge bead removal patterns for 2 min.

5. Develop in AZ400K:H2O (1:3) for 1∼2 min.

6. Expose bridge patterns for 25 sec.

7. Develop in AZ400K:H2O (1:3) for 1 min.

8. Plasma ash for 1 min.

9. Etch exposed top Ti layer in HF:H2O (1:10) for 5 sec.

10. Electroplate∼6 µm in Orotemp-24 gold plating solution held at 55◦C. The current

level for a certain plating rate differs on various other conditions. Preferred plating

rate is∼0.1µm/min. Check with DEKTAK before and 10 min. after. Electroplate

more accordingly.

11. If electroplating was performed in 3440 EECS Laboratory,wafer should be rinsed

thoroughly before proceeding to next step. Rinse in cascade water (base bench) for

20 min.

12. Flood expose 3 min.

13. Develop remaining photoresist in AZ400K:H2O (1:5) for 3 min.
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14. Etch top Ti seed layer in HF:H2O (1:10).

15. Etch Au seed layer in Au etchant. Typical etch rate is 5000Å∼1 µm/min.

16. Etch bottom Ti seed layer in HF:H2O (1:10).

17. Remove sacrificial photoresist in heated PRS-1000.

18. Plasma ash at 150 W for 2 min.

F.8 Structure Definition

1. Clean wafer by soaking in Acetone and IPA for 2 min. each. Dehydrate bake at

130◦C (hot plate) for 1 min. Blow dry with care. Wait until wafer cools down.

2. Spin first HMDS/AZ9260 layer at 2 krpm for 30 sec and wait 2 min. with wafer

resting on spinner. Spread AZ9260 at 0.5 krpm for 4 sec. priorto spinning.

3. Rest wafer on flat surface for 20 min.

4. Soft bake for 30 min. at 90◦C (oven).

5. Rest wafer on flat surface for 20 min.

6. Spin second AZ9260 layer at 2 krpm for 60 sec and wait 2 min. with wafer resting

on spinner. Spread AZ9260 at 0.5 krpm for 4 sec. prior to spinning.

7. Rest wafer on flat surface for 20 min.

8. Soft bake for 30 min. at 90◦C (oven).

9. Rest wafer on flat surface for 20 min.

10. Spin third AZ9260 layer at 2 krpm for 60 sec and wait 2 min. with wafer resting on

spinner. Spread AZ9260 at 0.5 krpm for 4 sec. prior to spinning.

11. Rest wafer on flat surface for 20 min.

12. Soft bake for 30 min. at 90◦C (oven).

13. Rest wafer on flat surface for 20 min.

14. Expose etch patterns for 315 sec.

15. Develop in AZ400K:H2O (1:3). Developing times from 2 min. to more than 5 min.
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have been observed.

16. Prepare a 4 in. silicon carrier wafer with evaporated Ti/Ni 500/2000Å. Spin first

AZ960 layer at 2 krpm for 30 sec. and wait 2 min. with wafer resting on spinner.

Spread AZ9260 at 0.5 krpm for 4 sec. prior to spinning. Rest wafer on flat surface

for 20 min. Soft bake for 30 min. at 90◦C (oven). Rest wafer on flat surface for 20

min. Spin second AZ960 layer at 2 krpm for 60 sec. and wait 2 min. with wafer

resting on spinner. Spread AZ9260 at 0.5 krpm for 4 sec. priorto spinning. Rest

wafer on flat surface for 20 min.

17. Mound GaAs wafer on carrier wafer.

18. Soft bake for 30 min. at 90◦C (oven).

19. Hard bake for 2 hrs. at 110◦C (oven).

20. Etch patterns 100µm deep in PlasmaTherm RIE. Ensure chamber is in good con-

dition prior to etching. Physical cleaning with 6% H2O2 prior to etching improves

selectivity.

21. Release by placing in Acetone.

22. Immerse in IPA.

23. If necessary, use heated PRS-1000 to clean released probes. Handle with care.

24. Plasma ash at 150 W for 2∼3 min.

F.9 Substrate Lapping

1. Clean wafer by soaking in Acetone and IPA for 2 min. each. Dehydrate bake at

130◦C (hot plate) for 1 min. Blow dry with care. Wait until wafer cools down.

2. Spin first HMDS/AZ9260 layer at 2 krpm for 30 sec and wait 2 min. with wafer

resting on spinner. Spread AZ9260 at 0.5 krpm for 4 sec. priorto spinning.

3. Rest wafer on flat surface for 20 min.

4. Soft bake for 30 min. at 90◦C (oven).
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5. Rest wafer on flat surface for 20 min.

6. While GaAs sample is resting, prepare a silicon carrier wafer. Thin 200µm wafers

are preferred. Spin HMDS/AZ960 at 2 krpm for 30 sec. and wait 2min. with wafer

resting on spinner. Spread AZ9260 at 0.5 krpm for 4 sec. priorto spinning.

7. Place the GaAs sample on the carrier wafer upside down. Place a glass slide on

flipped GaAs wafer and 3 weights in Fig. 4.11 on the glass to apply pressure.

8. Rest wafers and weights on flat surface for 60 min.

9. Soft bake for 30 min. at 90◦C (oven).

10. Hard bake for 1.5 hrs. at 110◦C (oven).

11. Using hot plate, heat glass chuck to∼100◦C. Apply small amount of wax on glass

chuck center and wait until wax melts. Heat glass slide and weight as well.

12. Place bonded wafers on melted wax. Place heated glass slide and weight on wafer

to apply pressure. Keep on hot plate for 5 min.

13. Remove from hot plate. Keep the glass slide as well as the weight on wafer. Place

glass chuck on thick clean room towel to avoid direct contactbetween glass chuck

and cold table surfaces..

14. Wait until everything cools down to room temperature.

15. Lap substrate down to 100µm with 3µm grit at rotational speed of 10∼15 rpm.

16. When lapping is finished, clean with DI water.

17. Heat glass chuck on 130◦ hot plate and slide off silicon carrier wafer.

18. Clean wafer by placing in heated Xylene.

19. Release GaAs structures by placing in Acetone. Use petri dishes and teflon tweez-

ers. Handle with care.

20. Clean GaAs structures in heated PRS-1000. Use petri dishesand teflon tweezers.

Handle with care.
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